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Abstract — A linear-rotary flux-switching permanent
magnet (FSPM) generator (LRFSPMG) is a potential
candidate for a wind-wave combined energy conversion
(WWCEQC) system. The linear unit of the LRFSPMG is a
tubular FSPM linear generator (TFSPMLG), which like
other permanent magnet linear generators, has an inher-
ent detent force problem. To alleviate this problem, a
sectional modular technology scheme is investigated to
reduce the detent force of the TFSPMLG. Firstly, the
structure is briefly introduced and the detent force ana-
lyzed. Secondly, the sectional modular TFSPMLGs are
presented and their feasibility verified with respect to the
stator of the TFSPMLG being split into two and three
sections, forming Modulars I and II, respectively. After
that, the detent force suppression principle, and the ef-
fects that the sectional modular structures exert on the
detent force are analyzed. According to the analysis re-
sults, two methods are presented to suppress the detent
force: one is to suppress the magnetic coupling effect;
the other is to reduce the remaining harmonics. Finally,
the three TFSPMLGs, including the initial TFSPMLG,
Modular I, and Modular II, are comparatively analyzed
by finite-element analysis (FEA). The results show that
both the detent forces are greatly reduced without sacri-
ficing the back electromotive force (EMF) and average
electromagnetic force, thereby proving the effectiveness
of the TFSPMLG with a sectional modular structure.

Index Terms — detent force, flux-switching, sectional
modular technology, tubular permanent-magnet linear
generator.
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L. INTRODUCTION

Wind energy and wave energy are significant
sources of renewable energy and have attracted consid-
erable attention owing to the advantages of high en-
ergy density, environmental protection, and wide distri-
bution with large reserves [1} 2]. More recently, wind-
wave combined energy conversion (WWCEC) systems
employing a linear-rotary generator have emerged and
developed rapidly since they can harvest both these en-
ergy sources to generate electrical energy simultaneously
through a single generator, thus improving the efficiency
and economy of such systems [3].

As one of the core components of WWCEC sys-
tems, linear-rotary generators are expected to provide
high power and efficiency with high operational reli-
ability in harsh offshore environments [4]. Since flux-
switching permanent magnet (FSPM) generators inherit
the merits of conventional permanent magnet (PM) gen-
erators (high power) and switched reluctance generators
(robust structure) [15], the FSPM generator is considered
to be a promising candidate for WWCEC systems. Ac-
cordingly, a linear-rotary FSPM generator, comprising
linear and rotary units, is proposed for WWCEC systems
[6L 7]. However, the linear unit, which is a tubular FSPM
linear generator, suffers from the detent force caused by
slot effect and end effect, thereby leading to the deterio-
ration of the electrical generation capability. Hence, re-
ducing the detent force is a key aim in order to improve
the performance of the TFSPMLG.

Existing methods indicate that the problem of detent
force can be largely resolved by reducing the cogging
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force, e.g., by skewing the pole or slot, asymmetrical
distribution of stator teeth [8, [9], optimizing the tooth
pitch, or optimizing the shape of PMs [10, [11]]. How-
ever, these methods are unsuited to a TFSPMLG since
the end force has a greater impact on the FSPM machine
[12]. Another approach involves suppressing the end ef-
fect by methods such as adding assistant teeth or auxil-
iary poles, adjusting the width and length of end teeth,
and optimizing the slot structure [13| [14]. These mea-
sures can improve the flux distribution around the ends to
suppress the end effect, thus effectively reducing the de-
tent force. Meanwhile, compensation windings are also
widely employed to reduce the detent force by injecting
proper current into compensation coils and combining
control strategy [13} [16]. However, this measure gener-
ally needs to be combined with other measures to achieve
better results.

Recently, a modular technology scheme was put for-
ward and implemented in various machines to reduce
the detent force [17H21]. In [17]], each slot of the ma-
chine was dispersed, and the detent force was greatly re-
duced by the mutual influence between the single pri-
mary units. In [[18,[19], the primary iron was divided into
two sections to form a modular structure. In that situa-
tion, the fundamental and odd-order harmonics compo-
nents in the detent force can be eliminated. At the same
time, the primary component with a three-section struc-
ture was also adopted, in which only the third and its
multiple harmonics remained in detent force, and other
harmonics components were offset [20, 21]. Moreover,
this method does not add to the manufacturing com-
plexity. The above modular technology scheme therefore
suggests a new approach to reducing detent force, and
in terms of the existing research findings, can achieve
better results in PM linear machines. As a type of linear
machine, whether the modular technology scheme works
for a TFSPMLG needs further investigation.

Accordingly, this paper presents a sectional modu-
lar TFSPMLG approach to reducing detent force. The
paper is organized as follows. In Section II, the struc-
ture of the TFSPMLG is briefly introduced and the de-
tent force is analyzed. Then, the sectional modular TF-
SPMLG is presented in terms of its feasibility, the prin-
ciple of detent force suppression, and analysis of the ef-
fects that the sectional modular structures exert on the
detent force. In Section III, detent force minimization
methods are conducted based on the analysis results.
The three TFSPMLGs, including the initial TFSPMLG,
Modular I, and Modular II, are analyzed comparatively
by two-dimensional finite-element analysis (2D-FEA) in
Section IV. Finally, the conclusions are summarized in
Section V.
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I1. INITIAL AND SECTIONAL MODULAR
STRUCTURE OF TFSPMLG AND THE
DETENT FORCE
A. Initial structure and detent force of the TFSPMLG

Figure [T] (a) show the structure of the LRFSPMG,
which is composed of a linear unit and a rotary unit. Ig-
noring the influence between the linear unit and rotary
unit, the detent force of the LRFSPMG can be regarded
as that of the linear unit. In the interest of simplicity anal-
ysis, the following research focuses on the linear unit in
order to investigate the detent force of the LRFSPMG.
It can be observed from Fig. (1| (b) that, for the linear
unit, it is a 12s/14p TFSPMLG. Both PMs and arma-
ture windings are placed in the stator, and the mover
only consists of the iron core. PMs with opposite magne-
tization are sandwiched between dumbbell-shaped lam-
inated segments, which are wound by toroidal-shaped
coils. Since the magnetic circuit is imbalanced due to
the end effect existing, the end teeth are adopted at the
end sides of the stator. The major parameters of the TF-
SPMLG are listed in Table[1]
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Fig. 1. Structure of generator: (a) LRFSPMG; (b) two-
dimensional structure of linear unit in RZ coordinate
system.

The default mover velocity is 1 m/s and the de-
fault load is 10 Q in this simulation. The detent force
and electromagnetic force of the TFSPMLG are sim-
ulated by 2D-FEA, as shown in Fig. [J] The variation
trend of the electromagnetic force is consistent with the
detent force. Meanwhile, in a fluctuating period of one
mover pole pitch 7, the fluctuation amplitude of the
electromagnetic force is close to that of the detent force,
which indicates that the fluctuation of the electromag-
netic force is mainly affected by the detent force. Thus,



Table 1: Parameter of the TFSPMLG

Item Symbol Value
Outer diameter of mover D, 118 mm
Outer diameter of stator Dy, 73 mm
Diameter of stator yoke Dy 25 mm
Stator pole pitch Ts 24 mm
Mover pole pitch T T,%12/14
Number of slots Ny 12
Number of poles N, 14
Width of stator teeth Wyt 6 mm
Width of slot W 6 mm
Width of PM Wom 4 mm
Width of mover teeth Wint 6 mm
Width of end teeth We 6 mm
100
N N
Z-100 ; Z '
3 _
= \@M
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Fig. 2. Detent force and electromagnetic force of the TF-
SPMLG.

the electromagnetic force ripple can be effectively sup-
pressed by reducing the detent force.

B. Sectional modular structure of the TFSPMLG

For the purpose of suppressing the detent force, this
paper proposes the adoption of a sectional modular tech-
nology structure. If the coils in each section are the same,
the stator can be divided into two, three, four, six, and
twelve sections. However, too many sections may lead to
the waste of the stator volume, which results in reduced
force density [20]. Hence, this study only considers the
case where two or three sections are selected.

Based on the above description, the TFSPMLG sta-
tor can adopt either a two-section structure, three-section
structure, or both, in which the stator is split into two
sections and three sections, named Modular I and Mod-
ular II respectively, as shown in Fig. 3] The flux bar-
rier, which can be made of air or nonmagnetic material,
is set between two sectional stators. Each sectional sta-
tor in Modular I/II is the same and combines with the
mover forming a unit generator. According to the design
principle of mutual offset detent force between generator
units [22], the TFSPMLG with the two-section and three-
section structures needs to satisfy equations (I) and @),
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respectively:
2k+1
LI—s+Llfﬂz: ) T, (1)
3kt1
Lys+Lnm= T, @

where L;_; and Lj;_g are the length of the sectional sta-
tor, L;_ ¢, and Ly;_ s, are the length of the flux barrier for
the Modular I and II, respectively, T, is the mover pole
pitch, and £ is a positive integer.

However, irrespective of which structure scheme is
selected, the sectional modular TFSPMLG, while meet-
ing the offset of detent force, should also meet the design
principle requirements of the complementary structure.
To verify the feasibility of the sectional modular technol-
ogy scheme, the design principle of the sectional mod-
ular TFSPML is analyzed with two-section and three-
section structures.

For the non-modular FSPM linear machine, the
complementary structure of the windings requires satis-
fying two conditions [23]. Firstly, the relative distance
A1 between the two adjacent coils of one phase should
satisfy:

M= (k+1/2) 1. 3)

Secondly, the displacement A, between the two coils of
the adjacent two phases should satisfy:

o= (k£1/3) T, or p=(k£1/6)T,. (4

Therefore, under the condition that the complemen-
tary winding characteristics are met, the spacer coils dis-
tance A of one phase should satisfy the following rela-
tionships:

A =kTy. 5)

Meanwhile, if the spacer coils are wound reversely
or the magnetization directions of PMs on both sides
of them are different, the electrical angle difference be-
tween spacer coils of one phase is 180°, i.e., the distance
difference being 7,,/2. Consequently, the preceding anal-
ysis indicates that the relative distance A between spacer
coils of one phase can be expressed as:

A:jrmj:%rm, (6)

where j and m are positive integers.

For the sectional modular TFSPMLG shown in
Fig.[3] the lengths of the sectional stator and flux barrier
have the following relationship with A:

Lis+Li_pp+nt=A, @)
where L; g and L;_ s, are the length of the sectional stator
and flux barrier, respectively, i is I or II, which indicates
Modular I or II, 7, is the stator pole pitch, and n is a
positive integer.

Substituting equation (B)) into equation (7) and com-
bining with pole pitch ratio 7,/7,, of 14/12, the sum of
the sectional stator length and flux barrier length can be
expressed as:

. m n
Li7s+Li—fb:]Tm:tETmi67m~ (®)
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Fig. 3. Sectional modular structure of the TFSPMLG: (a) Modular I; (b) Modular II.

Comparing equations (1), (), and (@), it can be
found that (T) and (@) are special forms of (8); i.e., nis 0
andmis 0 (n=2, 8, 14, ...), separately. In other words,
while satisfying equations (I)) and (2), the complemen-
tary structure of the sectional modular TEFSPMLAG is also
satisfied, which verifies the feasibility of the TFSPMLG
with two-section and three-section structures. Hence, for
sectional modular TFSPMLG, the two-section structure
and three-section structure can both be applied. Accord-
ingly, both sectional modular structures are investigated
in this paper.

C. Theoretical analysis of detent force of the sectional
modular TFSPMLG

For the sectional modular TFSPMLG, the unit de-
tent force of each unit generator can be expressed by
Fourier series expansion as follows:

i . [ 2nm
Sdetenti (x) = Z Fyu—isin (Tx+ 6dni> , 9
n=1 m

where Fg,_; and 04,_; are the amplitude and phase of
the nth component respectively, i is I or II, and x is the
mover position.

Ignoring the magnetic coupling effect between sec-
tional stators, each unit generator is independent. In that
case, the amplitudes of the unit detent force are the same,
but their phases are different. Considering the relative
distance between the unit generators, the whole detent
forces of the sectional modular TFSPMLGs can be ex-
pressed as:

Sfw1 = faetentx () + faetenis (*+Li—s+Li—g), (10)

Swar = faetent 11 (¥) + faeteneat (X +Lr—s +L-)
+ faetentat (X +2L 11— +2L11-1p) ’ N
(1
where f,, 1 and f,,_11 are the whole detent force of Modular
I and II, respectively.
According to the design principle of mutual offset
detent force in Section II-B, the whole detent force can
be calculated as:

o . (2nm
fox= Y, 2Fup 1sin <x+ 9dn—1) ;o (12
n=2,4.6,... Tm

- . (2nm
fomr= Y, 3Fum_usin <X+ 9dnn> .13
n=3.609,... Tm

According to equations (12) and (T3), after setting
the sectional modular structure, the fundamental and
some higher harmonics in unit detent force can be off-
set. For Modular I, the whole detent force consists of the
remaining second and its multiple harmonics, while the
whole detent force is composed of the remaining third
and its multiple harmonics for Modular II.

D. Detent force of the sectional modular TFSPMLG

In the initial design, the sectional stator lengths L;_
and Ly_ satisfy:

Li_y=637,/8 Ly_s=1331,/24. (14)

By substituting equation (14) into equations (I)) and
(]ZI), the flux barrier lengths L;_ ¢, and Ly 75, can be equal
to 57,,/8 or 137,,/8 and 7,,/8, 197,,/24, or 97,,/8, respec-
tively.

Figure [ show the whole detent forces of Modular I
and II under the different lengths of the flux barrier. For
Modular I and II, both the whole detent forces are de-
creased as the flux barrier lengths are increased, which
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Fig. 4. Whole detent force: (a) Modular I; (b) Modular II.

indicates that the magnetic coupling effect exists be-
tween unit generators and exerts a negative effect on the
whole detent force. Hence, the flux barrier length should
reach a certain length to reduce the influence of the mag-
netic coupling effect. When the flux barrier length of
Modular I is 137,,/8 and that of Modular II is 97,,/8,
the whole detent force is 27.39 N and 15.01 N, which
is 35.86% and 67.71% higher than the theoretical value
of 20.16N and 8.95 N, respectively. This means that the
magnetic coupling effect needs to be further suppressed
by other methods under a certain flux barrier length.
Moreover, the Fourier analysis results of unit detent
force, as shown in Fig. |§|, indicate that the second and its

N
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Fig. 5. Harmonics distribution of unit detent force: (a)
Modular I; (b) Modular II.

345678
Harmonic orders

-
-
N

, SI, FENG, WANG: SECTIONAL MODULAR TECHNOLOGY FOR REDUCING DETENT FORCE LINEAR UNIT LINEAR-ROTARY

multiple components for Modular I are relatively large,
and the third and its multiple components of Modular II
are relatively little. So, according to the relationship be-
tween the whole detent force and the unit detent force in
Section II-C, the theoretical whole detent force of the
Modular I is relatively large, and that of the Modular
II is relatively little, which are 20.16 N and 8.95 N, re-
spectively. Hence, the actual whole detent force of Mod-
ular I is greater than that of Modular II, although the
magnetic barrier length of Modular I is larger than that
of Modular II, for example, when the magnetic barrier
length is 137,,/8 and 97,,/8, respectively. Consequently,
the whole detent force can be diminished by the reduc-
tion of the remaining harmonics in the unit detent force.

From the aforementioned analysis, it can be found
that the whole detent force results from the magnetic
coupling effect and remaining harmonics in the unit de-
tent force. If both these contributing elements decrease,
the whole detent force will decrease, and this can guide
the optimization needed to reduce the detent force.

III. DETENT FORCE MINIMIZATION

In this section, the whole detent force is further re-
duced. Based on the analysis above, the whole detent
forces of Modular I and Modular II are large, which are
due not only to the magnetic coupling effect between unit
generators but also to the remaining harmonic compo-
nents in the unit detent force. Therefore, the whole detent
force can be further reduced by suppressing the magnetic
coupling effect, as well as reducing the remaining har-
monics components.

A. Suppression of the magnetic coupling effect

The magnetic coupling effect exists between unit
generators. Set Modular I with a flux barrier length of
137,,/8 as an example with which to analyze the mag-
netic coupling effect. The magnetic flux line distribution
of the flux barrier is shown in Fig. [f] (a). The magnetic
flux lines indicated by blue ellipses pass through the flux
barrier or mover and connect the two adjacent unit gen-
erators, resulting in magnetic coupling. This is because
the PMs on both sides of the flux barrier are magnetized
in the same direction, and thus the equivalent magneto-
motive force between two ends increases, which leads to
the enhancement of the connection between adjacent unit
generators. Hence, these magnetic flux lines can be sup-
pressed by changing the magnetization direction of one
of the PMs. Figure |§| (b) shows the magnetic flux line
after changing the magnetization direction, i.e., reversed
magnetization. The magnetic flux lines in the flux barrier
are greatly suppressed, which indicates that the magnetic
coupling effect is weakened.

Table 2] lists the comparison of the whole detent
force of Modular I under two different magnetization
directions. Compared with the whole detent force with
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Fig. 6. Magnetic flux line distribution: (a) same magne-
tization; (b) reversed magnetization.

Table 2: Comparison of the whole detent force

Flux Same Reversed Theoretical
Barrier | Magnetization | Magnetiza-
Length tion

5/87 56.05N 31.35N

13/81; 27.39N 23.60 N 20.16N

the same magnetization, when the flux barrier length is
57,,/8 and 1371,,/8, the whole detent force with the re-
versed magnetization declines by 44.07 and 13.84% re-
spectively, but it is still greater than the theoretical value.
It proves that the above method can suppress the mag-
netic coupling effect to a certain extent.

B. Reduction of remaining harmonics

Without considering the magnetic coupling effect,
the whole detent force is the superposition of the remain-
ing harmonics in the unit detent force. Thus, the whole
detent force can be reduced through the diminishment
of the remaining harmonics, which are the second and
its multiple harmonics and the third and its multiple har-
monics for Modular I and Modular II, respectively. Ac-
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cording to the aforementioned literature, the end teeth
width w, and mover teeth coefficient ky (kg = Wy /wg:
the ratio of the mover teeth width w,,;; to the stator teeth
width wg) have a great influence on the detent force
24]). Therefore, the above two parameters should be
adjusted to reduce the remaining harmonics in the unit
detent force.

Figure [7] show the whole detent force of Modular I
calculated by equation (12), and that of Modular II cal-
culated by equation (13). For Modular I, when the end
teeth width and mover teeth coefficient are 9 mm and
1.3 respectively — indicated by a magenta dot in Fig. [7]
(a) — the minimum amplitude of the whole detent force
is 2.46N. The corresponding flux barrier length can then
be determined, although theoretically there are countless
values for the flux barrier length because of k in equation
(T with countless values. According to equation (), the
flux barrier length can be 7,,/3, 47,,/3, or 77,,/3 (k = 8,
9, and 10), etc. Considering a certain flux barrier length
to suppress the magnetic coupling effect and the stator
volume limitation, the flux barrier length is selected as
47,,/3 (k=9). For Modular II, under the same mover teeth
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Fig. 7. Whole detent force: (a) Modular I; (b) Modular II.



coefficient, the whole detent force initially decreases and
then rises with the increase of the end teeth width. Within
the end teeth width range from 4 mm to 6 mm, the whole
detent force is relatively small, in which the minimum
value is 2.65N when the end teeth width and mover teeth
coefficient are 5 mm and 1.4 respectively, as shown by
the magenta dot in Fig. [7] (b). Then, according to the
determined end teeth width and combined with equa-
tion (2), the flux barrier length of Modular II is equal
to 27,,/9, 87,,/9, 117,,/9, or 177,,/9 (k= 6 and 7), and so
on. Finally, under comprehensive consideration, the flux
barrier length is determined to be 117,,/9, with k =7 and
minus sign in equation (2).

IV. COMPARATIVE ANALYSIS
In this section, the three TFSPMLGs, including the
initial TFSPMLG, Modular I, and Modular II, are an-
alyzed comparatively by 2D-FEA. Apart from the end
teeth width and mover teeth coefficient, all other param-
eters are identical.

A. Winding arrangement of the sectional modular
TFSPMLG

The winding arrangements need to be determined
first. The electrical degrees a between two adjacent coil-
EMEF vectors can be calculated by [23]:

360°
o= N, Ny, (15)
where N; and N, denote the number of stator slots and
mover poles, respectively. In this paper, the a of the
12s/14p PMLSM is 60°, thus the phase sequences of the
initial TESPMLGs are A-C-B-A-C-B-A-C-B-A-C-B, as
shown in Fig.[T](b).

The coil connection in the sectional modular TF-
SPMLG is different from the traditional one, due to
the existence of the flux barrier. In Fig. [3] there are
six and four coils in each section, and the phase se-
quences of the coils in Section 1 are A-C-B-A-C-B
and A-C-B-A, respectively, which is the same as that
of the corresponding part in the initial TFSPMLG.
However, the coil connections of Sections 2 and 3
need to be adjusted to obtain symmetrical three-phase
complementary windings.

For Modular I, the sum of the sectional stator and
flux barrier length satisfies equation (7), which means
that the relative positional difference between the first
coil of Sections 1 and 2 is 7,,/2, corresponding to an elec-
trical angle of 180°. In addition, to weaken the magnetic
coupling effect in Section III-A, the magnetization di-
rection of the PMs is changed, which again results in the
shift of the coil-EMF vector, with an electrical angle of
180°. Hence, the coil-EMF vector of the two sections is
the same, and the phase sequence in Section 2 of Mod-
ular I is also A-C-B-A-C-B. The phase coil vector and
the winding arrangement can be determined, as shown in
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Figs.[§land[T0|(a), where coil X and X" in Fig. [§|represent
opposite polarity.

@ (b)

Fig. 8. Phase coil vector of Modular I: (a) Section 1; (b)
Section 2.

For Modular II, the sum of the sectional stator and
flux barrier length satisfies equation (2) with k = 7 and
minus sign, which indicates that the first coil of Section
2 (the 5th one) lags behind that of Section 1 by the elec-
trical angle of 120°. Likewise, the first coil of Section
3 (the 9th one) also lags 120° behind that of Section 2.
Therefore, in consideration of the magnetization direc-
tion of the PMs, the coil-EMF vector of Sections 2 and
3 can be determined as shown in Figs. E] (b) and (c), re-
spectively. It can be found from Fig. [0 that coils No. 1,
4,7, and 10, coils No. 2, 5°, 8, and 11, and coils No. 3,
6’, 9, and 12 all have the same electrical angles, and the
phase difference between them is a 120° electrical angle.
Meanwhile, coils No. 5, 6, 7, and 8 in Section 2 are with
opposite polarity, which are marked with apostrophes,
thus they are wound reversely. So, the coil connection
in Sections 2 and 3 are Z-Y-X-Z and B-A-C-B, respec-
tively, and Fig. (b) shows its winding arrangement.
The idealized arrangement of both the three-phase com-
plementary windings confirm that the theoretical analy-
sis in Section II-B is correct.

3 2 6 8 9,12

4
n\
4= ne

@) (b) ©

Fig. 9. Phase coil vector of Modular II: (a) Section 1; (b)
Section 2; (¢) Section 3.

B. Performances comparison

Figure [[1] shows the detent force curves of three
TFSPMLGs, of which the amplitudes are 63.09, 8.97,
and 5.41 N, separately. Compared with the initial struc-
ture, the latter two structures are reduced by 85.78% and
91.42%, respectively. It is clear that for TFSPMLG, the
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Fig. 11. Detent force curves of three TFSPMLGs.

detent force can be significantly suppressed by adopt-
ing the sectional modular structure scheme. In addition,
though both the actual detent forces of the Modulars I
and II are larger than the theoretical detent forces with
the amplitude 2.46 and 2.65 N due to the magnetic cou-
pling effect, they are at an acceptable level. It proves
the effectiveness of the sectional modular technology
scheme for the TFSPMLG.

The back-EMF curves of three TFSPMLGs are
shown in Fig. [I2} It is worth noting that, for Modulars I
and II, the back EMFs are the sum of that of each section.
From the picture, the three back-EMF curves almost co-
incide, with very little difference between the three. The
Fourier analysis results show that the fundamental com-
ponents are 42.94, 43.17, and 44.29 V, with the total har-
monic distortion (THD) 2.42%, 4.08%, and 1.47%, re-
spectively. It can be found that, compared with the initial
TFSPMLG, the THD of Modular I is increased greatly,
whereas that of Modular II is decreased.

For Modular I, the main reasons can be described
as follows: on the one hand, the winding arrangement of
Section 2 is the same as that of Section 1 — see Fig. [10]
(a) — with the result that the middle phase (phase C) is
always in the middle of the sectional stator, and the side
end phase (phases A and B) are always at the ends; on the
other hand, the two-section structure is adopted to dou-
ble the number of ends from 2 to 4; finally, the magnetic
circuit of the three-phase windings is more unbalanced
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Fig. 12. Back EMF of three TFSPMLGs.

in such way that the corresponding THD increases. Dif-
ferent from that of Modular I, the arrangement of three-
phase windings for Modular II, shown in Fig. [T0] (b), is
spatially symmetrical in that the numbers of each phase
coil located on the side ends are the same, leading to the
decrease of THD. Therefore, Modular II has better back-
EMF characteristics.

The electromagnetic forces of three TFSPMLGs are
compared in the resistive load with 10 Q, as shown in
Fig.[13] The average electromagnetic forces are 219.56,
220.85, and 230.01 N, and the electromagnetic force
ripples, which is the ratio of the peak-to-peak value to
the average value of electromagnetic force, are 59.78%,
30.21%, and 5.81%, respectively. Compared with the ini-
tial TFSPMLG, the electromagnetic force ripples of the
sectional modular TFSPMLGs are suppressed due to the
drop of detent force without sacrificing the average elec-
tromagnetic force.
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-200
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Fig. 13. Electromagnetic force curves of three TF-
SPMLGs.

However, according to the above analysis results for
Modular I, the reduction degree of the electromagnetic
force ripple is much lower than that of the detent force.
This is because the force ripple is not only related to the
detent force but is also associated with the harmonics in



Table 3: Comparison summary

Item Initial | Modular | Modular
I I
Amplitude 8{1 )detent force 63.09 | 897 541
Back-EMF (V) 4294 | 43.17 | 44.29
THD (%) 242 4.08 1.47
Average electromagnetic 21956 | 220.85 |230.01
force (N)
E]ectrqmagnetlc force 5978 | 3021 53]
ripple (%)
Core losses (W) 5.95 6.85 7.23
Copper losses (W) 8.86 8.91 9.28
Efficiency (%) 93.43 | 93.07 | 93.04

the back EMF [18]]. For Modular II, both the detent force
and back-EMF THD are declined, thus the electromag-
netic force ripple is small.

The efficiency 1 of three TFSPMLGs is calculated
only considering the copper and core losses as:

=Ll 00%, (16)

P+ Py

where 1, P., P, and P are efficiency, electromagnetic

power, copper loss, and core loss, respectively. The elec-

tromagnetic power is the product of the electromag-

netic force and the mover velocity, and copper loss and

core loss are computed by 2D-FEA, thus efficiency can
be obtained.

Table [3] lists the comparison results of three TF-
SPMLGs. Based on the analysis of the detent force,
back-EMF, and electromagnetic force, Modular II not
only reduces the detent force most effectively, but also
possesses the optimal back-EMF and electromagnetic
force characteristics, with nearly the same efficiency. In
addition, each sectional stator structure in Modular II is
the same, thus the manufacture is simple. Hence, the pro-
posed Modular II is a better choice for the TFSPMLG.

V. CONCLUSION

In this paper, sectional modular TEFSPMLGs are pro-
posed and investigated to reduce the detent force by
adopting two-section and three-section structures, re-
spectively. The sectional modular technology applies the
particular harmonics in the unit detent force of each
section to mutually offset, thereby reducing the whole
detent force. First, the topology of TFSPMLG is de-
scribed, and its detent force is analyzed. Then, the feasi-
bility, detent force suppression principle, and the effects
that the sectional modular structures exert on the de-
tent force are investigated for the two sectional modular
TFSPMLGs.

In addition, to suppress the magnetic coupling ef-
fect and reduce the remaining harmonics, two minimiza-
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tion methods are presented. Finally, electromagnetic per-
formance comparisons between the initial TFSPMLG,
Modular I, and Modular II are conducted based on 2D-
FEA with respect to detent force, EMF, and electromag-
netic force. The results show that the sectional modular
technology structure is proved to effectively reduce the
detent force without sacrificing the back-EMF and av-
erage electromagnetic force, especially with respect to
Modular II.
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