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The tubular linear oscillating machine can achieve reciprocating movement directly without auxiliary transmission mechanisms,
which is widely used in the Free-piston energy conversion system. To achieve a lower thrust ripple and eliminate the eddy current
effect, a circumferential silicon steel stack is usually utilized in the stator, however, it results in assembling difficulties. In this paper, a
radially-split lamination tubular linear permanent magnet oscillating machine with auxiliary configuration (RSL-TLPMOMA) is
proposed to solve the problem. Firstly, the laminated coefficient expression of split-laminated is deduced, the influence of laminated
number and radius ratio on laminated coefficient is discussed, and the optimal combination of the laminated number under different
radius ratios is given. Secondly, the subdomain method is used to analyze RSL-TLPMOMA, the auxiliary teeth, slot, and end effect are

considered. Finally, a prototype is manufactured and tested.

Index Terms— laminated coefficient expression, subdomain conversion method, magnetic field, end effect, auxiliary teeth, tubular

linear oscillating machine.

[. INTRODUCTION

The tubular linear permanent magnet oscillation generator
(TLPMOG) is a viable option in the Free-piston Stirling
energy (FPSE) generating system. It has the advantage of no
crank linkage, fast response, simple structure and
maintenance-free operation [1] [2].

Many special topologies are developed in the FPSE
system[3]-[5]. In[3], a single-phase permanent magnet linear
oscillatory generator (LOG) for FPSE is designed and
analyzed. The electromagnetic including detent force and
eddy-current loss is conducted based on the FEA. In [5], a new
radial lamination method is proposed to use in a linear
oscillating actuator. The teeth and yoke of the outer stator are
laminated in a separated formation. The results indicate that
the stacking factor is improved, and this laminated way has a
higher back electromotive force (EMF) and thrust.

Due to the particularity of the space environment, the
vibration caused by the detent force should be reduced as it
will be leading to thrust ripples and a sensitive impact on the
system accuracy. To reduce the detent force, auxiliary teeth
are introduced in [6]. Since the force prediction is closely
related to the magnetic field, therefore, accurate prediction of
the magnetic field is essential. At present, several methods are
adopted to analyze the magnetic field such as the FEA [7],
magnetic equivalent circuit (MEC) method [8], Schwarz-
Christoffel (SC) conformal mapping method [9] and
subdomain (SD) method [10]. Among these methods, the FEA
method can be considered the whole model without
simplification, but it is time-consuming. MEC method can
take into account the magnetic saturation and armature
reaction, however, the force calculation needs to be improved.
SC method is an effective consideration of slot effects, but it
still has the crowding effect in transformation. So, the SD
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method is an elegant way of predicting magnetic fields.

In this paper, an RSL-TLPMOMA is modeled and analyzed.
The laminated coefficient expression of split-laminated is
firstly deduced, then the subdomain method is used to analyze
RSL-TLPMOMA under no-load conditions. Finally, a
prototype is manufactured and tested.

II. STRUCTURE OF THE RSL-TLPMOMA

The cross-sectional view of the RSL-TLPMOMA as shown
in Fig.1. It consists of three-phase armature windings with
four slots per phase. The PMs are alternatively mounted on the
surface of the back iron. The radially split is applied on the
stator , the fractional pole-slot and auxiliary-teeth are adopted
to reduce the detent force.

Cross-section view
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Fig. 1 Radial-split lamination structure of the linear machine
III. DESIGN AND ANALYSIS OF THE RSL-TLPMOMA
in RSL-

A. Discussion
TLPMOMA

The stator iron is divided into n parts along the
circumference. Each part is laminated by several rectangle
silicon sheets of steel. The geometric diagram is shown in
Fig.2.

the number of split blocks
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Fig. 2 Schematic diagram of RSL-TLPMOMA
(a). 3D lamination of RSL
(b). 2D schematic diagram

In Fig. 2 (b), the OCD is each stator unit area after the
splitting. The laminated iron cores regions are linear AG, BH,
arc GFH and AEB, while ACGA and BDHB regions are voids.
To reduce the computer complex, the laminated iron area is
approximately equal to the rectangle ABHG area. The area of
the ring occupied by each laminated iron is expressed as
follows:

Sispc = 7Z'/n (Rsoz _Rsiz) (1)
The actual area of each piece is calculated as follows:
Sisnc = 2R, sin(;z/n)(Rm -R,) 2
So, the lamination coefficient can be expressed as follows:
&, =& 2nsin(x /n)R, / (R, +R,;) 3)
And nilgl &2nsin(z/n)R, / #(R,+R,) =& 4)

Ry >R
where, & is the traditional laminated coefficient, the empirical
values range from 0.9 to 0.98.

The effect of the laminated number and radius ratio on the
laminated coefficient is discussed in Fig. 3. It can be found
that when the laminated number reaches more than 12, the
effect of the laminated factor becomes small, and the radius
ratio is the main factor affecting the laminated coefficient. If
the internal and external radius of the machine is determined,
the number of laminated is preferably at least 12 blocks.
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Fig. 3 Laminated coefficient effect by laminated number and radius ratio
B. Subdomain method for magnetic field prediction on no-
load condition

In the paper, the subdomain (SD) method is used to
estimate the magnetic field of the linear machine. The

auxiliary teeth, end effect and entire slot effects are considered.

The difference from [11], the slot effect is considered by the
SD method which can avoid the crowding effect. A
conversion analytical model is established as shown in Fig.4.

Following assumptions are adopted to simply the computation
complex as state in [10]. The main parameter is shown in
table.1.

TABLE 1
PARAMETERS OF THE RSL-TLPMOMA

Symbol Parameters Value
L, Axial length of primary 281 mm
L. Stator pitch 22 mm
g Length of air-gap 1 mm
B Thickness of permanent magnet Smm
L, Length of permanent magnet 19 mm
Ly Width of auxiliary teeth 8.5mm
hy Length of auxiliary teeth 28.7 mm
L, Pole pitch 24mm

The governing field equation with regard to magnetic
potential in different regions is given as follows. And the PM
model is calculated based on [29] which is not repeated here.
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Fig. 4. FEA model and analytical models of the RSL-TLPMOMA
(a). Quasi-2D model in cylindrical coordinates
(b). Subdomain conversion model in polar coordinates

O’°A, 10A, 1 0°A,
2 = 2
or r- 00,
By using the separation of variables method, the general
solution equations of each subdomain region can be expressed

as follows:
In Region 1 (PM region)

A=A, 00+ YT AR, + B, /R, ) Toos(ke)

pa— =0 (i=2..5) (6)

@)
+21G (/R + D, (r/R,) Isin(k0),)
k=1
where, 4, is a particular solution that can be calculated from

[10].
In Region 2 (Air-gap region)



4., ZZ[AZk (V/Rs)k +sz(V/Rm)'k]COS(k49V)
k=1

i ®)
+ Z [Cor(r/ R, )k +D,,(r/R, )7,{ ]sin(k0,)
k=1
In Region 3 (Auxiliary teeth region)
2 [
A, = ZA3ug3u r) cosﬂ(ﬁs +=2—7) ©)
~ o, 2
where, g, (=(R,/R, )% (r/R)* +(r/R) *
In Region 4 (End effect regions)
= mx [
4., ZZ[A4mg4lm +B4mg42m]cos_(9s +2-7) (10)
m=1 94 2
mz/6, —mr/6,
where, g, = (V/Ra) ! > 8aoom = (V/RS ) !
In Region 5 (slot regions)
> %4 6,
A :ZASVgW(r)cosH—(HS+ 2 -7) (11)
v=1 W

where, g, (N=(R [R)* (r/R)* +(r/R) * . Au, ~ Du,

Ax~Dak, A3y o Aam, Bsm and As, are integration coefficients that
need to be determined. k£ , m, v represents the difference
regions harmonic. 6s is the span angle of the auxiliary end
region. 0y is the span angle of the end region.

The boundary conditions and interface conditions are
defined as follows:

r=R,: H,=0 V0 (12)
r=R,:B,=B,H,=H,V0, (13)
r=R:B,=B, 6 6(71'—%,72’+%) (14)
0. 6.
-H. 0 B WS
r=R:H, n Oelrmmis) 15)
0 otherwise
o, 1
r=R,:B,=8B, 6, e(7r—74,7r+74) (16)
17 6,
=H,, 6 cr-=2 71+
r=Ry i, |~ e G ST (17)
0 otherwise
H' 0W
r=R,:B,=B; 0 € (—7"'+¢9j,7+a/_) (18)
0 0
=H, 6 e(-—+6.,—+0,
=R H, | o 0EC 040 (19)
0 otherwise
By applying the boundary conditions and interface

conditions above, the unknown integration coefficients can be
derived.

IV. RESULTS AND DISCUSSION

Due to the circular symmetry principle, only one-twenty of
the machine is analyzed, the 3D-FE model is shown in Fig.5.
And a prototype machine is fabricated and tested as shown in
Fig.6.
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Fig. 5. 3D FE model of RSL-TLPMOMA machine
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Fig.6. Prototype and test platform of the RSL-TLPMOMA
(a). RSL structure of the stator
(b). Test platform of test linear machine

Validation of the Analytical Model with FEM And Experiment

According to the previous subdomain conversion method,
the flux density distribution of the air gap can be calculated.
The radial magnetic flux density distribution of air gap in
typical positions is given in Fig.7. From Fig. 7, it can be seen
that the analytical method for account of the auxiliary teeth,
slot and end effects has good compared with the 3D-FEA
method. The small discrepancy between analytical method and
FEM solutions might be affected by the radially-split
lamination structure of the stator, the effective area of the iron
core is reduced in the 3D-FEA model, meanwhile, the
nonlinearity of the iron cores is also affecting it.
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Fig. 7. Air-gap flux density distribution between the analytical result and the
FEA method at the middle position
(a). Radial air-gap flux denstiy distribution
(b). Tangential air-gap flux density distribution

The magnetic flux distribution of the auxiliary-teeth, and

end regions when the mover is at the central position are



shown in Fig.8. respectively. It can be inferred from Fig.8 that
the radial flux density in the auxiliary teeth region is from
0.2T to 0.8T, and the end regions are from -0.4T to 0.4T,
different position has different relative permeances. The
tangential flux density of the auxiliary region ranges from -
0.4T to 0.45T, and the max value in the end region is about
0.55T. The little deviation is due to the maximum number of
harmonic considered and the void effect of stator.
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Fig.8. Comparison of the flux density distribution of Aus-region between
analytical method and FEA method at the central oscillating position of the
machine

(a). Radial flux density of the aux-region

(b). Tangential flux density of the aux-region

(c). Radial flux density of the end-region

(d). Tangential flux density of the end-region

According to the above air-gap flux density, the
distributions of the back-EMF obtained from the analytical
and 3D-FEA simulation results are compared in Fig. 9. Fig. 9
shows that the amplitude and frequency of the output voltage
change continually with time. A comparison of these results
indicates that the analytical results are about 4.7% higher than
that calculation from the 3D FE model. Since the stator cross-
sectional area in the 3D model is reduced compared to those
which are implicit in an axis-symmetric model of the same
machine.
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Fig. 9. Distribution of the back-EMF obtained using the analytical and FEM

Fig. 10 shows a comparison of the detent force among the
analytical, FEA solutions and experiments. From Fig.10, it can
be seen that the detent force from the analytical model and
FEM results are in good agreement with the experimental
results. The error between theoretical and experimental
measurement is 5%. This is because the force is sensitive to

the mesh quality in FEM and the analytical model ignored the
higher harmonics to reduce the computation time.
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Fig.10. Distribution of the detent force obtained using the analytical, FEM and
experiment

V. CONCLUSION

In the paper, a three-phase tubular linear oscillating
generator with a radially-split configuration is modeled and
researched. The laminated coefficient expression and the
number of the laminated block are deduced. The relationship
between the laminated number and radius ratio is discussed.
From the discussion, it can be found that the radius ratio is the
main factor that affects the laminated coefficient, and when
the number of laminated reaches more than 12 blocks, the
effect of the laminated factor becomes small. Then, the
subdomain conversion method is used to predict the magnetic
field under no-load conditions. Good agreement was obtained
from the analytical model with the FEM and experiment
results. The small discrepancy is mainly from the voids that
exist in the stator and the vibration and friction of the
experimental platform. The maximum error from the
experiment is about 5% which can be accepted. In general, the
analytical process offers universal guidance in the initial
design of a linear oscillating machine.
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