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Improved Analytical Modeling of a Novel Ironless
Linear Synchronous Machine With Asymmetrical
Double-Layer Winding Topology

Zhedong Xie, Qinfen Lu

Abstract—The Ironless Permanent Magnet Linear Synchronous
Motor (ILPMLSM) with nonoverlapping windings is widely used
in precise applications due to its simple structure, low thrust
ripple, and fast response, while the disadvantage is low thrust
density. The novel asymmetrical double-layer winding ILPMLSM
with quasi-Halbach magnets can improve the thrust density while
keeping simple structure. However, the double-layer windings are
asymmetric and the primary has finite length. To solve the problem
of this asymmetry and investigate its influences on electromagnetic
characteristics, an improved 2-D analytical model is proposed,
which introduces ‘“virtual periodic primary” and solves the mag-
netic field of each winding layer. By the results of finite element
and experiments, the proposed analytical model is verified. More-
over, the analytical model requires less computation time, which is
helpful for optimizing design of this motor.

Index Terms—Analytical model, asymmetry, double-layer
windings, ironless permanent magnet linear synchronous motor
(ILPMLSM), longitudinal end effect.

I. INTRODUCTION

HE Ironless Permanent Magnet Linear Synchronous Mo-
T tor (ILPMLSM) is characterized by low thrust ripple, fast
response and easy control. Therefore, it is widely used in preci-
sion applications such as semiconductor processing device, X—Y
driving devices, automation equipment, etc., [1]-[3]. However,
the thrust density of ILPMLSM is low due to the ironless
structure. To further increase the thrust density, some existing
research has tried to adjust the magnetic poles, for instance using
quasi-Halbach arrays [4]. Besides, the layout of windings can
be changed since the ironless structure provides more freedom
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without slot constraints. The three-layer and double-layer wind-
ing configurations are introduced [5]-[7], and the comparative
study has been made with the traditional single-layer structures
[6], [7]. Placing three-phase winding into two layers can increase
winding factor, while the space utilization issue and processing
difficulty caused by the overlapping ends of single-layer dis-
tributed winding can be eliminated [6]. Although the adoption
of double-layer winding configuration can enlarge the thrust
density, it will cause winding asymmetry. The influence of
this asymmetry on electromagnetic performance has not been
discussed in [6] analytically.

As it is common to apply ILPMLSM in high-demanding
applications, accurate modeling is an essential part in the design,
optimization and control of motors. Finite-element analysis
(FEA) can be rather time consuming while analytical model
can accurately describe all complicated boundaries and save
much time. However, none of [6] and [7] builds up an analytical
model considering the asymmetry. An overview of analytical
techniques for linear and planar motor concludes that the surface
charge models are essential for the planar motor and coreless
linear motor, while harmonic model is the most suitable method
for 2-D analysis of slotless motors [8]. Surface charge models
can describe the field of separate PMs and can be applied to
structures without slotting [9]. As for harmonic model, many
analytical models of linear motors have been proposed in pre-
viously published work [10]-[18]. The calculations of no-load
PM field for various magnetization patterns have been widely
studied [10]-[14], especially for quasi-Halbach arrays [13], [14].
And the longitudinal end effect of linear motor is considered
by adding virtual slots to the subdomain model [15]. Armature
reaction field is calculated mainly to deduce the inductances re-
quired for high-precision motion control. However, finite length
of the primary/secondary (or longitudinal end effect) is rarely
considered in previous work. Neglecting the longitudinal end
effect may introduce a direct current-bias (dc-bias) of air-gap
flux density [16], which will reduce the precision of the an-
alytical model. Hence, subdomain model considering the end
regions is proposed, and the magnetic field is calculated in [16]
and [17]. It is complicated to include additional sub-regions,
however. Thus, equivalent magnetic circuit method considering
the finite length of motor is applied to compute the armature
reaction field precisely [18]. To model more complex structures,
a Hybrid Analytical Model (HAM) is introduced, combining the
advantages of analytical solution of Maxwell’s equations and
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Fig. 1.  Schematic of a 9s/6p DW-ILPMLSM with quasi-Halbach magnets.

reluctance networks [19]. Furthermore, HAM in [20] combines
the equivalent magnetic circuit and Finite Element (FE) method
for air-cored linear motor.

To investigate the influence of winding asymmetry and longi-
tudinal ends on electromagnetic performance, a 9-slot/6-pole
(9s/6p) Double-layer Winding-ILPMLSM (DW-ILPMLSM)
with quasi-Halbach magnets is studied in this article. FEA is
mainly used to investigate the performance of DW-ILPMLSM
in [7]. However, a comprehensive accurate analytical model
considering the winding asymmetry and the finite length of
moving primary is proposed in this article. It not only helps to
understand the influence of motor parameters on performance,
but also helps to optimize the motor structure faster. FEA and
experimental tests are conducted to prove the feasibility of the
proposed analytical model. For some rotary fractional-slot mo-
tors, the asymmetric windings will lead to Unbalanced Magnetic
Force (UMF), which causes vibration and noise [21], [22]. For
bilateral linear motors with asymmetric windings, the normal
force is similar with UMF which is caused by the asymmetry.
Obviously, the thrust will also be affected by this asymmetry.
Thus, the force performance, including normal force, average
thrust and thrust ripple are mainly studied in this article.

The rest of this article is organized as follows: In Section II,
the proposed 9s/6p DW-ILPMLSM model is introduced. DW-
ILPMLSM is analyzed using both analytical and FE model in
Section III. Then, the force performance is investigated, and
the winding asymmetrical property of the DW-ILPMLSM is
fully discussed in Section IV. The experiments are conduct in
Section V. Finally, the corresponding conclusion is drawn in
Section VI.

II. MOTOR STRUCTURE

Fig. 1 shows the 2-D topology of a 9s/6p DM-ILPMLSM.
It has short primary and long secondary. Its moving primary
consists of air-core double-layer concentrated winding. The
upper layer consists of four coils while the lower layer consists
of five coils. All of the coils are molded by epoxy resin. Besides,
the three-phase winding is star-connected. The secondary con-
sists of two quasi-Halbach Permanent Magnet (PM) arrays and
back-irons, forming a bilateral structure. This DM-ILPMLSM
is developed based on a normal ILPMLSM, therefore several
parameters are fixed, including velocity, frequency, and electro-
magnetic force. Therefore, the double layer windings are main
design objective.

In order to obtain the maximum thrust density under the
fixed outer volume and copper loss, several key parameters
are optimized by FEA. Constraints are also kept during the
optimization process, including the reasonable range of the pole
pitch, turns per phase, etc. The aim of optimization was to
increase the average-thrust-to-thrust-ripple ratio. The detailed
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Fig.2. Geometric parameters of the DW-ILPMLSM.
TABLE I
MAIN DESIGN PARAMETERS
Symbol Parameter Value
Tp Pole pitch 20.2 mm
T, Coil pitch 13.47 mm
hg Back iron thickness 6.3 mm
h Magnet thickness 6.0 mm
Ty Main Magnet width 15.0 mm
g Air-gap length 9.6 mm
Wy Coil width 9.3 mm
h. Coil thickness 4.0 mm
w, Coil span 26.93 mm
L Active length along z-axis 60 mm
v Velocity of the mover 2.02 m/s
N, Turns per coil 48
W, Overall machine width 34.2 mm
Ly Overall machine length 296.8 mm

dimensions and specifications are shown in Fig. 2 and Table I.
As adjacent coils are in close contact from Fig. 1, the coil span
we = 27, = 41,/3.

III. ANALYTICAL MODELING

Subdomain method is adopted in this article to analyze
the magnetic field. Because the air-gap is large enough, the
ILPMLSM is hardly saturated. The FE result under full-load
condition that the maximum flux density in the secondary yoke
is about 1.7 T also confirms it. Thus, the resultant magnetic field
can be obtained by the superposition of no-load PM field and
armature reaction field [23].

To simplify 2-D analysis, assumptions are made as follows:

1) the permeability of back-irons is infinite and the perme-

ability of PMs is equal to that of air;

2) PMs are periodically distributed in x-axis;

3) the transverse end effect is ignored; and

4) all regions extend infinitely in x-axis.

A. No-Load PM Field

In the x—y coordinate system, the analytical model of the no-
load PM field is divided into three sub-regions shown in Fig. 3:
air-gap region I, PM region II and back-iron region III.



XIE et al.: IMPROVED ANALYTICAL MODELING OF A NOVEL IRONLESS LINEAR SYNCHRONOUS MACHINE

I Tmy | Back iron
I« | hu 3 ‘-} 1 ‘Q-| 3 |-}|. . .
1 % Air gap By .
y=0 > X
Fig. 3. Analytical model of no-load PM field.

Based on Maxwell equations, the governing equation of each
region is given as

—
VZAr 1 =0
V2 Arp = —poV x M (1)

where A is the magnetic vector potential; 1 is the permeability
of free space and M is the remanent magnetic intensity. Using
equivalent magnetizing current method [2]-[23], equivalent sur-
face current density of quasi-Halbach arrays can be expressed by
the curl of magnetic intensity M shown in (1). The quasi-Halbach
arrays have PMs excited in x- and y-directions, whose magnetic
intensity M is given by

M =M, e + M,e; )

where M, and M, are the x and y components of magnetic
intensity M, respectively. Although linear motors have end ef-
fect, the length of secondary is long enough relative to that of
primary, which means assumption (2) will introduce little error
in analyzing the no-load PM field. So the magnetic intensity can
be expressed by Fourier series as follows:

M, = Z P, Mo cos (727 ) sin (my, @)
3)

My Ty
My - Z mn'rpuo Sln( 2

) cos (myx)

where B, is the remanence of PM, 7, is the pole pitch, 7,,, is
the width of PMs magnetized in y direction, m,, is given by
m
my,=2n—1)—. 4)
Tp
By applying the variable separation method, the general so-
lutions of Laplace/Poisson equation can be obtained

o0

A.r = [Anrsinh (myy) + Bprcosh (myy)] sin (my,x)

gl

= > [Anrrsinh (myy) + Burrcosh (myy) + Py

n=1

sin (my,x)

4)
where the particular solution P, is given by
4B sin (m”;my )

myTy
All of the coefficients A,,;, Anrr, Bnr, and B,y can be
deduced from the following boundary conditions:

(6)

n =

a3 Hyrrly =2 — Hor [y =

Byr |y =2 =Byir [y =1 ;
Hyrrly =g n,, = My 5 Hor |ly=0=0

)

g =M,
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TABLE II
BACK-EMF HARMONICS

Harmonic order Ex (V) Eg (V) Ec (V)
1%(50Hz) Analytical 26.91 26.91 26.91
FE 26.27 26.27 26.27
Analytical 1.38 1.38 1.38
3d(150Hz) rAted
FE 1.34 1.34 1.34
b Analytical 0.03 0.03 0.03
5™ (250Hz)
FE 0.03 0.01 0.04

The tangential direction is denoted by subscript “x” and the
normal direction is denoted by subscript “y.”” So, the tangential
and normal components of air-gap flux dens1ty are deduced by
magnetic vector potential A, as follows:

00
By[ - - Z My [An
n=1
cos (mpx)

rsinh (myy) + Bprrcosh (my,y)]

B, = Z Moy [Anr cos h (mpy) + Byrsinh (myy)]

sin (mnz) .
(®)
The no-load flux density of air-gap enables the prediction of
the back electromotive force (back-EMF). Accounting for the
displacement of the moving primary xy = vt, the back-EMF of
phase A is given by

— B¢ tws 4o
Ea=Es, —E4 _N/ /
< +xo

e 4z
— N, / / ByrLvdxdy )
< —ws+To hew

E 4 is finally simplified as

ByrLvdxdy

Ej= ZAE sinh (myhe) -sin (myot) .

(10)
n=I1
The coefficient Ag is given by
2N.NsLvBy, we
Ap= —-"—— { 0s [mn (— — w5>]
hcwsmy, 2
— CoS (m"2w0>} (11)

where N, is the number of coils per phase and N, is the number
of turns per coil. The amplitudes of the main harmonics of
back-EMF are given in Table II using (10) and (11). Because
the windings are star-connected, the third harmonic will be
cancelled. Besides, the amplitude of fifth harmonic is 0.1% of the
fundamental. So the harmonics of back-EMF can be neglected.

B. Armature Reaction Field

When analyzing the armature reaction field of a DW-
ILPMLSM, the longitudinal end effect and asymmetry of
double-layer windings should be considered to obtain an ac-
curate result.

First, attention should be paid that the assumptions (4) will
introduce a dc-bias of armature reaction field because of the
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Fig. 4. Armature reaction subdomain model. (a) Proposed model. (b) Upper

layer subdomain model. (c) Lower layer subdomain model.

finite length of moving primary [16]. It may reduce the accuracy
of inductance calculation. Actually, the finite length of primary
causes the nonperiodic distribution of current density, making it
unable to be expanded into Fourier series. To solve this problem,
it is assumed there are infinite groups of armature windings
periodically distributed along the x-axis, which is called “virtual
periodic primary.” While the distance between adjacent arma-
ture windings 75 is large enough, so that the coupling between
adjacent windings is negligible with such a long distance. Under
such condition, the current density distribution of each phase can
be expressed by Fourier series.

As for asymmetric “virtual periodic primary” shown in
Fig. 4(a), the upper layer has less coils than lower layer. So,
the winding region should be divided into upper layer region
and lower layer region. The overall armature reaction field is
the superposition of magnetic fields generated by these two
regions. Considering that the PMs are not excited, the upper
layer and lower layer analytical model are both divided into three
subregions: winding region; upper air-gap region; and lower
air-gap region, as shown in Fig. 4(b) and (c).

The Maxwell equation of each region is as follows:

Vv? XI) = —poJa B,C
V2 Arrrrr = 0. (12)

As the armature windings are periodically distributed, the
current density distribution J(x) of phase A, B, C in the winding
region can be expanded to Fourier series as follows:

Ja(z) = él bpasin (k,x)
Jp (z) = zi:l bpsin [ky (x — w,)] (13)
Jo (x) = i::l bpesin [k, (2 — 2w,.)]
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Fig.5. Comparison of no-load PM field in the air-gap (y = 1 mm).

where the Fourier coefficient b,; is given by (14) and k,, =

207 /74
2 s (2)] e (2 -]}

1 = (14)

bni =

a,b,c.
The symmetric three-phase current densities .J; are given by

Jo = Ng I, sin (wt) / (wshe)
Jp = N L, sin (wt — 27/3) / (wshe)
Je = Ng Ly, sin (wt — 47/3) / (wshe)

5)

where I, is the peak value of phase current and w is the angular
frequency, respectively.

The boundary conditions for upper layer and lower layer
subdomain model are given as

Byr' ly =n. = Byri' |y =n. s Hut' |y =n. = Hurr' |y =n,
Byi' |y =0 =Byrri' |y =0; Het' |y =0 =Haorrt' |y =0
Hert' ly =g 4n, = 05 Herrr' |y = —g-p,, = 0

(16)
Byt ly=-h. = Byri1'ly=—n.; Het |y=—h. = Hur11'ly=—n.,
Byr' |y =0 =By ly=0; Hat' |y =0 =Hari' |y =0
Hmlll |y =4 +hy — 0; HzIII, |y =—9—hm — 0.

2 m

a7

Hence, the armature reaction field solutions of each layer can
be deduced by applying the boundary conditions above.

A. Calculation Results

Based on the former analytical model, the magnetic field
is calculated, where the validation is conducted by 2-D FE
model. Figs. 5 and 6 show the comparison of the air-gap flux
density distributions between analytical model and FE model. It
is illustrated that the results obtained by analytical model agree
well with FE results.

For no-load PM field, the error mainly arises from the finite
length of secondary. But, its influence can be omitted from Fig. 5.
For armature reaction field, the error is big when using the ana-
Iytical model with infinite length, i.e., applying the assumption
(4). When considering the finite length of primary, the error
mainly arises from the value of 7. In this article, 207, is enough
to obtain an accurate result, as shown in Fig. 6.
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TABLE III
HARMONICS OF NO-LOAD AIR-GAP FLUX DENSITY

Harmonic order

Model T
ocerType 1(T) 31(T) 5% (T)
Analytical 0.816 0.083 0.005
FE 0.797 0.080 0.005

150

Detent Force (mN)

-150

0 90 180 270 360
Electrical degree (°)

Fig. 7. Detent force of the DW-ILPMLSM.

Because the Halbach arrays are not ideal, results from ana-
Iytical model and FE model both show that no-load air-gap flux
density has some odd-order harmonics, as given in Table III.

IV. FORCE PERFORMANCE ANALYSIS

A. Force Characteristics

Usually, the thrust of a DM-ILPMLSM can be divided into
two parts: detent force and electromagnetic thrust. As a result
of ironless structure, the cogging force can be neglected. The
detent force is mainly consist of end force and it can be simply
obtained from no-load FE model, which is shown in Fig. 7. The
air-gap length is 9.6mm and the maximum element length of
air-gap is 0.5mm. From Fig. 7, the peak-to-peak value of detent
force is 219 mN, only 0.31% of the average thrust obtained in the
consequent analysis. Thus, the electromagnetic thrust is mainly
analyzed in this article, regardless of the detent force.

For ILPMLSM, the electromagnetic thrust F, can be easily
computed by Lorentz’s force law

F, = /(Jx Byr)dV (18)
where B, is the normal component of the no-load air-gap flux
density, J is the current density of armature winding, and V is

1415

the conductor volume. The total thrust exerted on a couple of
coils F),0il can be obtained by adding the thrust of upper layer
coil to that of lower layer coil

Frconl = qupA + FriowaA. (19)

The calculations of F,, 4 and F 1oy 4 are as follows:

he p=5¢4ws+zo
qupA = / / JaLBy[dedy
0 _

w
o

he Stz
— / / Jo LByrdxdy
0 e —w,+w0o
00

= Z Apsinh (myh.)

n=1

0 = 5L tw,+ao+2mp
Fa:lowA :/ / JaLBy[d.Tdy
—he J—

w
TC +xo+27p

(20)

zc +x0+27,

0 2
— / . Jo LBy rdxdy
—he J 2L w0427
o0

= Z Apsinh (myh.)

n=1

21

where the coefficient Ap is given by
—2J, LBy sin (myx) we
fo o (12

mnp

o (2],

As can be seen from (20) and (21) that the thrust of any upper
layer coil or lower layer coil has the same value. Hence, the
overall thrust of phase A can be expressed by

Ap =

)

(22)

o0
Fpa = Ne Frupa = Ne Y Apsinh(mphe).

n =1

(23)

Similarly, the method can be applied to phase B and C. The
overall thrust of the motor F,, can be obtained by superposition
of thrust produced by each phase, which is finally simplified as

F,=F, + N, Z (Ap + Bp + Cp)sinh (mphe) (24)

n =2

where the coefficient B and C'r are as follows:

Brp=

_ —2J, LBy sin [my (zo 4 w.)] { [ (wc )]

My

oo ()

Cpe —2J:.LBy1 sin[my, (zo + 2w,)] {cos [mn (wc )]

mn

—eon (T}
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The average thrust Fj is given by
3NNl LBy — 1) sinh (my,he)

Ws hcmn(n =1)

o (22 )] s (222)).

In conclusion, when the DW-ILPMLSM is fed by symmetrical
three-phase current source, the average thrust can be calculated
by (27). As can be seen from the second term in (24), the
harmonics of no-load air-gap flux density will eventually lead to
thrust ripple. But, the amplitude of these harmonics is small
given in Table III, so the thrust ripple is tolerable in some
high-precision applications.

Similarly, the normal force F, can be obtained by the same
way

0=

27

F,= /(J>< B.r)dV. (28)

Substituting the tangential component of the no-load air-gap
flux density B, into (28), the normal forces of upper coil and
lower coil are obtained as

Fyupa = > An[cosh (myh.) — 1]

n=1
00

FylowA = E AN [1 —cosh (mnhc)]

n=1

(29)

where the coefficient Ay is given by
2J, LBy, cos (myx)

My
X {cos [mn (w—c — ws)} — cos (mnwc)} . (30
2 2
From (29), total normal force of a couple of coils is zero.
Hence, if the number of upper layer coils and lower layer coils are
equal (i.e., the total number of coils is even), the overall normal
force can be eliminated. Although the structure of the 9s/6p
DW-ILPMLSM is bilateral, it still has normal force as a result
of nine coils in total. Besides, the normal force is proportional to
current density J. So the impact of normal force in high electric
loading can be significant.

Ay =

B. Asymmetric Characteristics

The asymmetric windings may result in asymmetric elec-
tromagnetic parameters. The characteristics of inductances are
studied firstly. Neglecting the effect of saturation, the induc-
tances are independent of current. Besides, as the air-gap length
is constant, the inductances are independent of position. Thus,
the self- and mutual inductances can be obtained by flux linkage
method shown as

€1V}

where I; is the current of excited phase, and 1);; is the flux
linkage of another phase which is created by current I; only.
The expression of 9, is given by

vy = NeN. [ By ds (32)
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TABLE IV
SELF AND MUTUAL INDUCTANCES

M= M=  Mau=

Inductance L, Ly L. M M.y M..
Analytical (uH) 390.6 390.6 390.6 39.6 1.5 39.6
FE (uH) 385.3 3844 386.1 394 0.5 39.7

where B, is the normal component of armature reaction flux
density in the air-gap.

For example, when calculating the inductance of phase A, the
flux linkage of upper layer is as follows:

’C +x0
wA _up — / / / ch
2L —ws+o Ea

X (Byl(()<y<hc)up + By[(y>0)d0wn) drdzdy. (33)

Similarly, the flux linkage of the phase A of lower layer is

)
wA low — / / / ch
C —wgs+mo T

X (Byl(()<y<hc)up + Byl(y>())d0wn) dmdzldy (34

where Byro<y<h.yups Byr(y<oyup 1S the flux density caused
by upper layer windings of phase A, and Byr(y>0)down>
By1(~h.<y<0)down i$ caused by lower layer windings of phase
A, and p. = Ny /(hows).

Adding the flux linkages of coils of upper and lower layers,
the total flux linkages of phase A 1044 is obtained. Then, the
self-inductance of the phase A is deduced by

L, = Yaa
I
When the phase A is excited, the total flux linkage of phase

B can be computed by the same way. The mutual inductance is
deduced by

(35)

Ypa
I

Table IV shows that the mutual inductance M, is far less
than M,;, and M,., which demonstrates the asymmetry of
mutual-inductances arise from the asymmetric double-layer
winding rather than longitudinal end effect. However, the self-
inductances still remain symmetric.

Generally, it is common to use current source in analysis.
However, if the terminal currents are balanced, the force perfor-
mance would not be affected by longitudinal end effect and the
asymmetry of windings. Considering the real control situation,
voltage source is recommended as the excitation to explore the
asymmetric characteristics of DW-ILPMLSM.

When the motor is fed by a29.6 V balanced voltage source, the
waveform of resultant three-phase currents and the correspond-
ing harmonics are shown in Fig. 8 and Table V, respectively.
The current density in this case is about 5.8 A/mm?. Because
star-connection is applied in winding configuration, the third-
harmonic is eliminated. The amplitude of seventh-harmonic is
almost zero. The fundamental component is obviously asym-
metric. So, the FE results proves that the resultant three-phase

Mpa = (36)
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Fig. 8. Waveform of three-phase currents of the DW-ILPMLSM.
TABLE V
CURRENT HARMONICS
Harmonic order I, (A) Iz (A) Ic (A)
1*(50 Hz) 3.618 3.646 3.591
5% (250 Hz) 0.026 0.028 0.028
7" (350 Hz) 0.004 0.008 0.007
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Fig. 9. D- and g-axis inductances of the DW-ILPMLSM.

currents are unbalanced. As the three-phase voltage source ap-
plied is balanced, the main cause is the asymmetric inductances.

As a result, the asymmetry of inductances may lead to the
increase of thrust ripple. To explore the origin of thrust ripple,
the three-phase inductances, PM flux linkages and three-phase
currents are transformed dq reference frame through the Park
transformation. As can be seen from Table IV, the three-phase
self-inductances have the same value denoted as L. Assuming
that M, = M,. = M, , M. = M, , the differences between
mutual inductances AM = M; — M,. Hence, the three-phase
inductance matrix [Ls] is given by

Ly M, M,
[Les] = | My Ly M, (37)
M, M, I

The d- and g-axis inductance matrix [Lg,] is shown in
(38), the relationship between [Lg] and [Lqgq] is given by (39).
Because the inductances are asymmetric, the d- and g-axis
mutual-inductances Mgq, Myq # 0. Besides, the d- and g-axis
inductances L, and L, alternate at a double fundamental fre-
quency. The FE results of d- and g-axis inductances shown in
Fig. 9 also confirm it

o = | gt o]

38
M, L, (38)
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Fig. 10.  Prototype of the DW-ILPMLSM.

(b) ©

Fig. 11. Primary structure of the DW-ILPMLSM. (a) Upper layer coils.
(b) Lower layer coils. (c) Mover.

Ly = (L1 — M, — %AM) — gAMCOSZQ
Ly = (Ly — M, — $AM) + $AM cos26 (39)
qu = qu = % AM sin 20.
The d- and g-axis flux linkages v, , 1, are given by
Vg = Lqlg+ Magly + ¢ (40)
g = Mag Ia+ Lqlq

where 1) is the PM flux linkage. If I; = O control strategy is
applied in practical application and assume other conditions are
ideal, the overall thrust is thus given by

37

F R

N 27, “h

2 .
{gAMlé sin 20 + el | .
As a result, the thrust will fluctate at a doubly fundamen-
tal frequency arising from asymmetric inductance parameters.
However, AM is about 38.1 uH in this case. Thus, the thrust
ripple is less than 0.1% of the average thrust.

V. PROTOTYPE AND EXPERIMENT

To verify the proposed analytical model, a 9s/6p DW-
ILPMLSM has been prototyped, as shown in Fig. 10. Detail of
primary structure is shown in Fig. 11, including coils of the upper
[see Fig. 11(a)] and lower layer [see Fig. 11(b)]. Two layers
windings are tightly glued on the epoxy resin, and then two parts
are fixed together as mover [see Fig. 11(c)]. The specification of
the prototype is the same as those given in Table 1.

The test platform is shown in Fig. 12. The experimental
measurement of back-EMF is carried out first and compared
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Fig. 13.  Comparison of predicted and measured back-EMFs of the prototyped
DW-ILPMLSM.
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Fig. 14.  FFT results of predicted and measured back-EMFs of the prototyped
DW-IPMLSM.

with analytical and FE results. The prototype motor is driven by
another ILPMLSM with a constant speed of 60 mm/s.

Fig. 13 compares the back-EMFs (phase A) obtained by
analytical model, FE model and experimental test, and the Fast
Fourier Transform (FFT) results of back-EMFs are given in
Fig. 14. Tt shows that the analytical prediction of back-EMF
is in good agreement with FE and experimental results. The
amplitude error between calculated back-EMF and experimental
result may arise from the magnetic flux leakage, end windings
and mechanical tolerances.

Fig. 15 gives the thrusts obtained by the analytical model, FE
model and experimental test under the unit current of 1 A. One
load cell with full scale of 500 N and precision of 0.2% is used to
measure the thrust. The difference is mainly due to measurement
errors of the load cell under the small detent force condition. The
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Fig. 15. Comparison of predicted and measured thrusts of the prototype DW-
ILPMLSM with the mover position.
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Fig. 16.  Comparison of predicted and measured thrusts of the prototype DW-

ILPMLSM with the increase of the peak current.

total computational time of proposed analytical model is only
0.0194s, compared with the 38min16s of the FE method (CPU
is Intel i5-8250U, and RAM is 8 GB). Besides, the variation of
the thrust with peak current is statically measured, as shown in
Fig. 16. The thrust is basically linear with the amplitude of peak
current, and the analytical results agree well with the experiment
results.

VI. CONCLUSION

In this article, an accurate analytical model considering finite
length of moving primary is established. As the finite length of
primary causes the nonperiodic distribution of current density,
“virtual periodic primary” is introduced as infinite groups of
armature windings periodically distributed along the x-axis.
Because the two winding layers are asymmetrical, the magnetic
field of each layer should be computed independently. As a
result, the analytical solutions of characteristics in terms of back-
EMEF, thrust, normal force, self- and mutual inductances have
been derived. The analytical model saves a lot of time compared
with the FE method, thus it is helpful for optimizing the motor.
And the results match well with corresponding experiments.

After investigating the influences of asymmetric structure
analytically and numerically, it is found when DW-ILPMLSM
is fed by symmetric current source, the force ripple mainly
comes from harmonics of no-load field. When DW-ILPMLSM
is fed by symmetric voltage source, the asymmetric inductances
caused by asymmetric double-layer windings, together with the
resultant unbalanced currents lead to the increase of force ripple.
When appropriate control method is applied, the force ripple can
be small enough for precise applications.
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