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ABSTRACT: A hybrid excitation linear machine with all excitations on the primary has the advantage of low cost in long-stroke applications
and flexible flux regulation. The permanent magnet and field winding concurrently contribute to the effective thrust force, that is, the
permanent magnet excitation thrust force and electrical excitation thrust force. However, the insufficient utilization of the two magnetic
fields limits the thrust force enhancement. To enhance the thrust force, this study proposes a flux-modulated hybrid excitation linear
machine with improved concurrent utilization of air-gap magnetic fields from permanent magnets and field windings. First, the topology
and operating principle of the machine are interpreted. An analytical model was built to analyze the air-gap magnetic field harmonics and
flux linkage from the permanent magnet and field winding. In addition, the electromagnetic performance, including the flux regulation
capability and thrust force, was investigated using finite element analysis. It was found that its average thrust force and flux regulation

capability were significantly improved compared with the counterpart.

1. INTRODUCTION

inear motion is the most common motion mode in industrial
Lapplications, and the performance optimization of its drive
system has always been a research focus [1]. Permanent magnet
linear machines (PMLM) have been widely adopted in direct-
drive applications such as computer numerical control machine
tools, electromagnetic launch technology, and new energy ve-
hicles, owing to their advantages of high force density, high
precision and high reliability [2, 3].

In conventional PMLM, armature winding and permanent
magnet (PM) are typically separated into primary and sec-
ondary components, requiring full-length PM placement along
the entire travel range. This leads to a significant increase in the
consumption of rare-earth materials and higher costs for long-
stroke applications. To address this issue, a novel primary-
excited PMLM (PE-PMLM) that integrates both PM and arma-
ture windings into a short primary while employing a salient
long secondary structure is proposed. This design maintains
a high force density while drastically reducing PM usage, of-
fering a cost-effective approach. Research indicates that such
machines exhibit significant cost advantages compared with the
traditional PMLM used in long-stroke scenarios, such as rope-
less elevators, logistics transport systems, and urban rail tran-
sit [4, 5].

Based on PM arrangement, PE-PMLM can be further catego-
rized into three topological structures: flux switching PMLM
(FS-PMLM), flux reversal PMLM (FR-PMLM), and vernier
PMLM (VPMLM). FS-PMLM is proposed by Zhu et al., which
achieves flux switching through segmented PMs [6]. These ma-
chines show promising applications in rail transit and electro-
magnetic launch systems [7, 8]. Although cogging force sup-

* Corresponding author: Liang Xu (xuliang0511@ujs.edu.cn).

doi:10.2528/PIERC26021203

267

pression has been studied in FS-PMLM [9], it still faces chal-
lenges such as significant force ripple and low PM utilization.
FR-PMLM is initially applied in single-phase linear oscillatory
motors [10]. With PMs mounted on primary tooth surfaces, a
simpler and more reliable structure than FS-PMLM is demon-
strated, along with higher robustness [11]. VPMLM shares sim-
ilar robustness with FR-PMLM. And by high pole-pair design,
it achieves superior magnetic transmission. Compared to the
previous two types, VPMLM demonstrates higher force den-
sity [12]. Recent studies have improved electromagnetic per-
formance through flux concentrating structure optimization and
fractional-slot design [13, 14]. With its low-speed high-force
characteristics, VPMLM has become an important research di-
rection in linear drive systems.

The three main types of PE-PMLMs demonstrate notable
cost advantages in long-stroke applications. However, their
flux regulation relies solely on the d-axis current, which risks
irreversible demagnetization and offers a limited adjustment
range. By introducing an additional separated field winding,
various types of hybrid excitation linear machines can be de-
rived from PE-PMLMSs, which inherit the low cost for long-
stroke applications and offer flexible flux regulation capability
by utilizing field windings [13]. It is also shown that these ma-
chines derived from the PE-PMLMs are operated based on flux
modulation principle, thus they are termed as flux-modulated
hybrid excitation linear machines (FM-HELMs).

As regards FM-HELMs for long-stroke applications, their
primaries are considerably congested because all the excitation
sources, including armature windings, field windings, and PMs
are located on the primary, which reduces the thrust force [14].
Recently, an integrated winding technique, which was first pro-
posed for a variable flux reluctance machine drive, was devel-
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FIGURE 1. Topology of FM-HELM. (a) Separated winding. (b) Integrated winding.

oped and employed for FM-HELMs [15]. For HELMs adopting
the integrated winding technique, the armature and field wind-
ings can be integrated into one set of windings with a dc-biased
sinusoidal current. Thus, the spatial conflict between the arma-
ture and field windings can be eliminated, which reduces the
copper loss to improve the thrust force output and expand the
flux regulation capability. In [16], an integrated winding FM-
HELM with slot PM was proposed. The thrust force was im-
proved with the integrated winding, whereas the PM utilization
was low because the horizontally magnetized PM flux almost
did not pass through the air gap. In [17], vertical magnetiza-
tion PM was employed in the FM-HELM. The PM flux leak-
age was relieved, and the thrust force was improved. As a flux-
modulated machine that operates based on the air-gap magnetic
field harmonic, the efficient utilization of the air-gap magnetic
field harmonics generated by both PM and field winding exci-
tations remains a challenging obstacle that restricts the thrust
force FM-HELMs [18].

To improve the thrust force density, this study proposes an
FM-HELM featuring improved concurrent utilization of the
two magnetic fields. The inset PM array mounted on the tooth
surface is designed to have the same pole pair as that of the field
winding, which allows efficient utilization of air-gap magnetic
fields from the PM and excitation current (EC). Meanwhile,
the introduction of EC not only generates electrical excitation
thrust force but also relieves direct current (DC) magnetic sat-
uration in primary iron core. The remainder of this paper is
organized as follows. Section 2 describes the machine topol-
ogy and operation principle. Section 3 elucidates thrust force
enhancement by calculating the air-gap magnetic field and an-
alyzing the relief of dc magnetic saturation in the primary iron
core. The electromagnetic performance analysis and compari-
son are presented in Section 4. Finally, Section 5 provides the
concluding remarks.

2. MACHINE TOPOLOGY AND OPERATION PRINCI-
PLE

2.1. Machine Topologies

The machine topologies of the 6-primary-teeth and 17-
secondary-teeth FM-HELM with separated and integrated
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windings are illustrated in Fig. 1. The two machines share
the same topology, except for the winding schemes. Fig. 1(a)
shows the FM-HELM with separated windings, which suffers
from a spatial conflict between the armature and field wind-
ings. Fig. 1(b) shows an integrated winding configuration
that combines the armature with field windings into a unified
structure, thereby eliminating spatial conflict.

In the FM-HELM, each primary tooth shoe is notched with
two auxiliary slots, thereby forming three split-teeth. The aux-
iliary slots are embedded with Halbach PM arrays, featuring
flux-concentrating effects. Each Halbach PM array consisted of
three PMs with different magnetization directions, that is, one
piece of vertically magnetized PM in the center and two pieces
of horizontally magnetized PMs on both sides. This unique ar-
rangement enhances the magnetic field strength in the vertical
direction of the device. Two identical Halbach PM arrays were
placed under each primary tooth, forming one PM elementary
unit. Adjacent primary teeth are equipped with one PM ele-
mentary unit of opposite polarity. The PM flux forms closed
loops between adjacent primary teeth, resulting in a PM field
with three pole pairs.

The EC should form a magnetic field with the same three
pole pairs to cooperate with the PM field. Therefore, the field
winding in the FM-HELM with a separated winding is fed with
a DC current having an alternating direction between adjacent
slots (see Fig. 1(a)). Furthermore, because the armature and
field windings have the same wound direction on every tooth,
the two types of windings can be merged into an integrated
winding with the appropriate DC current direction, as shown
in Fig. 1(b). By comparing Figs. 1(a) and 1(b), it can be ob-
served that the same magnetic field produced by the EC can be
built, verifying the effectiveness of the integrated winding.

The pole-slot combinations of the proposed FM-HELM sat-
isfies the following relationship

{ N, =2mk 1
Ng=nN,*j

where IV, and N, are primary and secondary teeth numbers;
m is the phase number; n is the number of split-teeth of each

primary tooth; k£ and j are positive integers.
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In this study, three-phase winding and six primary teeth are
adopted, i.e., m = 3 and k = 2. Also, to achieve a high pole
ratio and high thrust force density, N should be close to the
total number of primary split-teeth, so j is taken as 1 or 2.

By comparing FM-HELM models for n = 2, 3, and 4 using
finite element analysis (FEA), the FM-HELM with n, j, and
Ny, being 3, 1, and 17 offers the best thrust force performance.
Then, it is ultimately selected for in-depth study.

2.2. Operation Principle

Figure 2 depicts the flux distribution at typical secondary po-
sitions within one electrical cycle under the flux-enhancing
(4+14.) condition. The green lines represent the EC flux en-
tering the air gap through the split-teeth, and the blue lines rep-
resent the PM flux entering the air gap. The split-teeth config-
uration yields parallel flux circuit integration of the PM and EC
fluxes. In addition, it effectively blocks the direct penetration
of EC flux through PMs, thereby significantly mitigating the
risk of irreversible demagnetization of PMs.

FIGURE 2. Schematic flux distribution excited by PM and EC (+14.).
(a) The a position. (b) The b position. (c) The ¢ position. (d) The d
position.

As illustrated in Fig. 2, the directions of both EC flux and
PM flux remained constant during the secondary movement,
although they opposed each other. Consequently, the flux link-
ages generated by the PM (v,,,) and EC (1)) exhibit unipolar
characteristics with opposite polarities.

Figure 3 presents the waveforms of the open-circuit flux
linkage and back electromotive force (back-EMF) during one
electrical cycle under PM, EC, and hybrid excitation condi-
tions, where the labeled positions (a)—(d) correspond to those
in Fig. 2. The direction of the flux from the air gap to the pri-
mary winding is defined as positive, which aligns with the EC
flux shown in Fig. 2. The following analysis elaborates on the
flux, flux linkage, and back-EMF characteristics at these four
critical positions.

When the secondary core is at position a, the PM arrays align
with the secondary teeth, resulting in the maximum permeance
of the PM flux circuit (A,,). This causes the PM flux linkage
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to reach its negative maximum. Simultaneously, the split-teeth
align with the secondary slots, leading to the minimum per-
meance of the EC flux circuit (A.), which causes the EC flux
linkage to reach its positive minimum. For the quarter elec-
trical cycle in the case of the secondary movement from posi-
tion a to position b, the magnitude of PM flux linkages reduces
with decreases of A,,,. Also, the EC flux linkage increases with
the increase of A.. At position c, it presents an inverse sce-
nario compared to position a, namely, the PM arrays align with
the secondary slots while the split-teeth coincide with the sec-
ondary teeth. Under this condition, A,, reaches its minimum
whereas A, attains its maximum. This results in the PM flux
linkage achieving its negative minimum and the EC flux link-
age achieving its positive maximum. In another quarter electri-
cal cycle, the secondary core moves from position ¢ to position
d. The magnitude of PM flux linkages increases with the in-
crease of A,,. Also, the EC flux linkage decreases with the
decrease of A..

By analyzing the variations in permeance and flux, the trend
in flux linkage was deduced, as shown in Fig. 3(a). Although
the PM and EC flux linkages have opposite polarities, their
phases are aligned. The introduction of the EC increases the ac
component of the flux linkage while reducing its dc component.
The reduction in the dc component relieves primary iron core
saturation to improve iron core utilization. Furthermore, be-
cause the flux linkages of the PM and EC share the same phase,
their induced back-EMFs are also in phase, thereby improving
the thrust force and flux regulation capability.

When the integrated winding is fed with an opposite direc-
tional DC current, the polarity of the EC is reversed, and the EC
flux linkage undergoes a 180° phase shift relative to the PM
flux linkage. The ac component of the resultant flux linkage
diminishes, leading to a reduction in the back-EMF. Evidently,
bidirectional flux linkage regulation can be realized by adjust-
ing both the polarity and magnitude of the EC.

3. ANALYTICAL MODELING AND ANALYSIS

In the proposed FM-HELM, the PM and EC work synergisti-
cally and jointly generate an electromagnetic thrust force that
conforms to the flux modulation theory. To further reveal its
intrinsic operating mechanism, analytical calculations are con-
ducted based on the magnetomotive force (MMF) permeance
model. In addition, the flux density and flux linkage can be
analyzed based on this.

3.1. Permeance Function

Owing to the dual-salient structure, the slotting effects of both
the primary and secondary sides must be considered. The con-
formal transformation method can be employed when calculat-
ing the permeance functions for the primary and secondary.
Because the widths of the primary virtual slots, split-teeth,
and slot openings are inconsistent, the primary permeance func-
tion )\, can be divided into two parts: the slot opening perme-
ance function A, and the virtual slots permeance function A,.
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critical saturation line

FIGURE 3. Open circuit flux linkage and back-EMF within one electrical cycle under different excitation conditions. (a) Flux linkage. (b) Back-EMF.

Thus, A\, can be expressed as

Ap(T) = Aps(2) - /\gom(x)
Aps(2) = Aps.o — 3 Aps.p €OS (wx)
h=1

(o]
Apm,0 = 32 Apm,iy €0
=1

00
2lo Ny (x—x*)
: [/\pm,o — 2= Apmyi; €08 Lo

lo=1

Apm () =

2y Ny (z+z*)
Hnlyloter) ] 2

where N, is the number of primary teeth; Ly is the total length
of the primary; and x* is the relative displacement between
the primary auxiliary slot and the center of the primary tooth.
Where A\ps 0, Aps,h> Apm,0 and Apm 11, Apm,i2 are the primary
permeance coefficients. A schematic diagram of the primary
permeance function is shown in Fig. 4.

FIGURE 4. Primary permeance function.

The secondary core undergoes translational motion, and its
permeance function A4 can be expressed as

> 2jm N t— x5
(@) = Aoo — 3 Ay cos (@t vt —2) )

L
i=1 0

where N is the effective number of secondary teeth; ¢ is
the secondary initial position; v is the translational velocity;
As,0 and A, ; are the permeance coefficients. A schematic of
the secondary permeance function is shown in Fig. 5.
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The permeance coefficient can be calculated as

Ax,O =1- 1656
2
Aow = % [0'5 +o7 (wg)
_ bayso

s otwry? | Sin(l.6wre)? w=1,2,...
p=05- N Oy ELE

we
0.5
€T =ps,pm,Ss

“)
where b, s, is the slot opening width, and 7, is the length of the
corresponding pole pitch.

3.2. MMF

For the FM-HELM, each primary tooth is equipped with two
Halbach PM arrays. The two Halbach PM arrays in conjunction
with the other two Halbach PM arrays in the adjacent primary
tooth form two independent magnetic circuits as shown in Fig.
6(a). As shown, the flux of each magnetic circuit starts from a
Halbach PM array and passes successively through the air gap,
secondary iron core, air gap, oppositely polarized Halbach PM
array, primary iron core, and finally returns to the originating
Halbach PM array.

Because the two magnetic circuits are identical, it is suffi-
cient to analyze only one closed magnetic circuit. The MMF
generated by the Halbach PM array can be regarded as the
superposition of the MMFs produced individually by the ver-
tically magnetized PMs and horizontally magnetized PMs.
Based on this, ideal equivalent MMF models for vertically and
horizontally magnetized PMs were established, as illustrated in
Figs. 6(b) and 6(c), respectively.

Based on simplified magnetic circuits and the equivalent
MMF model, the MMF generated by the vertically magnetized
PM (Fj1) and horizontally magnetized PM (Fj2) amplitudes
can be calculated as

Fy =
Fyo =
where hy,, is the height of the PM; w; is the width of the verti-
cally magnetized PM; w; is the width of the horizontally mag-
netized PM; B, and p,. are the remanence and relative perme-

ability of the PM, respectively; g is the thickness of the air gap;
and g is the vacuum permeability.

2B,wiwag
1o (gh%m +2wiwohpm+2prgwiwse)
2Brwiwzhpmg
10 (2gwahpm 424, gwi hpm +2wiwa+prws)

)
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FIGURE 5. Secondary permeance function.
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FIGURE 6. Simplified magnetic circuits and equivalent MMF models. (a) Simplified magnetic circuits. (b) MMF model of vertically magnetized
PM array. (¢) MMF model of horizontally magnetized PM array.
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Based on (4), the MMF produced by the Halbach PM array
can be expressed as

o
. 2imP
Fo(x)= Y Fni sm(Q”Lrom )
i=1,3...
Fm,i _ S(Fgli;:FgZ) (_1)% sin iﬂ'}zgwl (6)
cos 17 Py, (w3 +2wa+w1)

Lo

where P, is the number of pole pairs in the PM field, and w;
is the width of the primary split-teeth.

The EC MMF is related to the number of turns in the inte-
grated winding and the amplitude of the EC. The EC MMF can
be expressed as follows:

o0
F.(z)= >, Fppsin( 2kn Pe x)
k=13... Lo 7
F.j = 4N’;;rldc

where P, is the number of pole pairs of the EC field; N, is
the number of turns in the integrated winding; and I, is the
root-mean-square value of the DC current component in the in-
tegrated winding.

3.3. The Air-Gap Flux Density

The PM MMF calculation incorporates the primary permeance
function. Considering the modulation effect of the secondary

E ' L »x ngtl-
-Fy,
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[

permeance function on the PM MMF, the air-gap flux density
under PM excitation can be expressed as

oy

Bm($7t>: p m(m))\s(x,t) (8)

By multiplying the EC MMF and primary and secondary per-
meance functions, the air-gap flux density under EC excitation
can be expressed as

B B ()Ap () - Ag(z, 1)

B.(x,t) =
(z,t) ’

)

Table 1 lists the air-gap flux density harmonics under PM and
EC excitations. The air-gap flux density harmonics in groups
1-3 were produced by PM excitation, and those in groups 4-6
were produced by EC excitation. The harmonics in groups 1
and 4 are stationary, which are produced from the MMF mod-
ulated by 0-order harmonic of the secondary permeance func-
tion. The harmonics in the other groups are moving, produced
by the MMF modulated by j-order harmonics of the secondary
permeance function.

Figures 7 and 8 depict the comparison of the air-gap flux
density under PM and EC excitations by analytical and FEA
calculation. It can be seen that the waveforms and harmonics
calculated by analytical and FEA are in good agreement. The
major harmonics are labeled in Figs. 7(b) and 8(b). As shown,
the major harmonic orders are also consistent with the results
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FIGURE 7. The air-gap flux density under PM excitation. (a) Waveforms. (b) Harmonics.
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FIGURE 8. The air-gap flux density under EC excitation. (a) Waveforms. (b) Harmonics.

TABLE 1. The air gap flux density harmonic characteristic.

Group Harmonic combination = Harmonic order Velocity
1 @, 0) iPrm 0
2 @, §) iPm+jNs ViN s /(iPm-+jN )
3 () [Py —jN s| ViNs/(iPm—jNs)
4 (k, 0) kP. 0
5 (k, 7) kPc+jN s ViNs /(kPe+jNs)
6 (%, 5) |kPe—jN| ViNs/(kPe—jNs)

in Table 1. The air-gap flux density harmonics with j = 0
are stationary. They include the 3rd, 15th, and 21st harmonics
produced by PM, as well as the 3rd, 9th, 15th, and 21st harmon-
ics produced by the EC. They yield dc component of the flux
linkage, which have no contribution to back-EMF. The air-gap
flux density harmonics with j = 1 represent the harmonics pro-
duced with the modulation of 1st permeance harmonics of sec-
ondary core. They are 2nd, 4th, 14th, 20th harmonics produced
by PM excitation and 2nd, 4th, 8th, 14th, 20th harmonics pro-
duced by EC excitation. They are moving harmonics, yielding
the ac component of flux linkage and contributing back-EMF.

3.4. Flux Linkage

A flux linkage calculation model can be established based on
the air-gap flux density distribution. It should be particularly
noted that the calculation of the flux linkage generated by the
EC must account for the influence of the leakage flux (¢)e;).
Fig. 9 presents a simplified magnetic circuit model of the leak-
age flux paths, and numbers 1 and 2 represent the coil sides of
different phases.
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FIGURE 9. Simplified leakage flux paths produced by EC.

According to (7) and (8), the open-circuit flux linkages pro-
duced by the PM and EC excitation modes can be expressed
as

{

where | and z; are the initial and end positions of the solution
subphase respectively; Ly, is the stacking length; 1€ and 1)2¢
represent the dc and ac components of the PM flux linkage,
respectively; 19¢ and 1)2¢ represent the dc and ac components
of the EC flux linkage, respectively.

m(t) = NeLik, [, By, t)de = iie + e

e(t) :NcLstk: f;lz Be(xat)dx‘f'wel ngc-i-l/lgc (10)
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As derived from (9), the stationary air-gap flux density har-
monics and v).;, which are not generated by the air-gap flux
density, contribute to the dc component of the flux linkage,
whereas the moving air-gap flux density harmonics with orders
of [iP,,, £jN,| and |kP. +jN,| generate the ac component of the
flux linkage. Furthermore, these harmonics with j = 1 gener-
ate the fundamental component of the flux linkage.

Figure 10 shows the amplitudes of both the dc and funda-
mental components of the flux linkage calculated using the
semi-analytical and FEA methods. The semi-analytical method
refers to using (9) and the amplitudes of the air-gap flux den-
sity harmonics calculated from the FEA solutions for an accu-
rate harmonic analysis. As shown, excellent agreement was
achieved, confirming the validity of the analytical flux linkage
formulation.

220
Il Hybrid (FEA) Hybrid (Semi-analytical)
[ PM (FEA) PM (Semi-analytical)
BB EC (FEA)  [B*# EC (Semi-analytical)

—
N
(V)]

Amplitude (mWb)
W -
()] S

Harmonic order

FIGURE 10. Comparison of subphase flux linkage harmonics between
semi-analytical and FEA method.

As shown in Fig. 10, compared with PM excitation, the hy-
brid excitation achieves a 72.4% reduction in the dc component
of the flux linkage, which effectively relieves the magnetic sat-
uration in the primary iron core. Meanwhile, the fundamen-
tal component increased by 41.5%, thereby enhancing both the
back-EMF and thrust force.

The contributions of the stationary air-gap flux density har-
monics, that is, groups 1 and 4 in Table 1, to the dc component
of the flux linkage are summarized in Fig. 11. The analysis
revealed that the 3rd harmonic exerted the most significant in-
fluence. This dominance stems not only from the highest am-
plitude among all harmonics in the air-gap flux density but also

o)
=
\
o
B 50
E 00l M v NNV EC
<
-150¢

15 21 33y,

Harmonic order

FIGURE 11. The dc component of the open circuit flux linkage con-
tributed by the air-gap flux density harmonics and flux leakage under
PM and EC excitations.
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from the lowest harmonic order. Notably, the dc components
of the flux linkages by the 3rd air-gap flux density harmonics
under PM and EC excitations exhibit opposite polarities and
weaken each other. Additionally, the polarity of 1),; is identi-
cal to the EC flux, thereby further decreasing the dc component
of the flux linkage produced by the PM. Overall, the introduc-
tion of the EC led to a reduction in the dc component of the flux
linkage under hybrid excitation.

The contributions of the moving air-gap flux density harmon-
ics, that is, groups 2, 3, 5, and 6 in Table 1, to the fundamen-
tal component of flux linkage are summarized in Fig. 12. The
results show that the 2nd, 4th, 14th, and 20th harmonics con-
tribute most significantly. The subphases of the flux linkages
generated by these air-gap flux density harmonics are either in
phase or in 180° phase shift. For example, the 2nd air-gap
flux density harmonics generated by PM and EC excitations
share identical phase angles, consequently producing in-phase
flux linkage. Overall, the fundamental flux linkages generated
by both EC and PM excitations enhanced each other. Con-
sequently, the fundamental component of the flux linkage in-
creased under hybrid excitation.

10
§ 0
£
< -10}
E
2 B PM AN EC
<
30

10 14 16 20 26 32
Harmonic order

2 4 8

FIGURE 12. The fundamental component of open circuit flux linkage
contributed by the air-gap flux density harmonics under PM and EC
excitations.

Figure 13 shows the flux linkage waveforms of C1 subphase
under various excitation conditions. It can be observed that
the waveforms of flux linkage are sinusoidal under all excita-
tion conditions; therefore, the high-order harmonics in the ac
components can be negligible. Furthermore, the dc component
of the flux linkage under hybrid excitation is significantly re-
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Flux linkage (mWb)
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FIGURE 13. Subphase open circuit flux linkage waveforms under dif-
ferent excitations.
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duced, which helps to relieve magnetic saturation in the pri-
mary iron core. As shown, the amplitude of the ac component
of the flux linkage increased from 29.48 mWb under PM exci-
tation to 41.61 mWb under hybrid excitation. In addition, the
amplitude of dc component of the flux linkage decreased from
139.84 mWb under PM excitation to 35.75 mWDb under hybrid
excitation.

The electromagnetic thrust force is generated by the interac-
tion between the hybrid excitation and armature fields. In addi-
tion, owing to the negligible reluctance thrust force, the d-axis
current, I, is set to zero. Therefore, the thrust force expression
is

67 67
F= ?(wm,l + wE,l)Iq = 7(%1,1 + '(/Je,l)lac (11)

where 1, 1 and 1), ; are the fundamental amplitudes of flux
linkages produced by the PM and EC excitations, respectively.
1, is the g-axis current, and I, is the amplitude of the AC cur-
rent component in the integrated winding, which is equal to I,
when I; = 0. It can be observed that the thrust force is propor-
tional to both the EC and armature current.

4. ELECTROMAGNETIC PERFORMANCE ANALYSIS
AND COMPARISON

The machine is optimized by using genetic algorithm coupled
with FEA. The maximum average thrust force and minimum
thrust force ripple are selected as the optimization objectives.
The total copper loss produced by both dc and ac currents is
fixed to 100 W. Fig. 14 shows the geometric parameters of the
proposed FM-HELM.

FIGURE 14. Geometric parameters of the proposed FM-HELM.

The constant geometric parameters of the machine are set
as follows: The primary pole pitch (¢,,) is 49 mm; the primary
height (h),) is 45 mm; the air gap length (g) is 2 mm; the sec-
ondary pole pitch (75) is 17.29 mm; the secondary height (hs)
is 18 mm; the stack length (L.s) is 120 mm. In genetic algo-
rithm, the initial population size and number of iterations are
set to 100 and 50. Table 2 lists the optimal values of design
parameters.

4.1. Flux Regulation Capability

Figure 15 shows the open circuit flux linkages under flux-
enhancing, PM, and flux-weakening excitation conditions. The
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TABLE 2. Optimal values of design parameters of the proposed FM-
HELM.

Symbol Design Parameters Unit  Value
hpm PM height mm 6.97
wy Vertically magnetized PM width mm  5.55
w> Horizontally magnetized PM width mm  2.52
Wps Primary slot opining mm  9.66
Wptm Primary tooth width mm 11.65
i Back iron height mm 8.17
hiip Tooth height mm  7.27
s . 12.01
Wt Secondary slot width mm
Wsh mm 12.80
hst lhs Secondary pole height ratio / 0.45
60
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FIGURE 15. Subphase open-circuit flux linkage under flux enhancing,
PM and flux weakening excitation conditions.

flux-enhancing and flux-weakening excitation conditions are
hybrid excitations, where both PM and EC excitations are in-
volved. The flux-weakening excitation condition has the oppo-
site EC direction to that of the flux-enhancing excitation condi-
tion. Compared to the PM and flux-weakening excitation con-
ditions, the amplitude of the dc component of flux linkage under
the flux-enhancing excitation condition decreases noticeably.
In addition, the ac component of flux linkage under the flux-
enhancing excitation condition increased significantly. This
contributes to relieving the primary iron core magnetic satu-
ration and improving the flux regulation capability.

Figure 16 presents the open-circuit magnetic field distribu-
tions under PM and flux enhancing excitation conditions. It is
noted that the primary and secondary iron core magnetic sat-
uration under flux-enhancing excitation conditions is relieved
compared to that under PM excitation conditions, which is con-
sistent with the above theoretical analysis.

Figure 17 shows the open-circuit flux linkage under varying
DC currents. The DC component of the flux linkage is seen to
decrease gradually with increasing DC current. Ata DC current
of 5 A, this component approaches zero, suggesting that mag-
netic saturation caused by DC flux linkage in the primary core
is almost entirely suppressed.

Figure 18 depicts the open-circuit back-EMF waveforms un-
der flux enhancing, PM, and flux-weakening excitation con-
ditions. Compared with the PM excitation condition, the am-
plitude of the open-circuit back-EMF significantly increased
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FIGURE 16. Open-circuit magnetic field distribution. (a) PM excitation. (b) Flux-enhancing excitation.
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FIGURE 17. Variation characteristics of open circuit flux linkage with
different DC currents.

and decreased under the flux-enhancing excitation condition
and flux-weakening excitation conditions, respectively. In ad-
dition, the switch between flux-enhancing and flux-weakening
excitation conditions can be simply realized by reversing the
direction of the DC current in the integrated winding. Further-
more, by adjusting the magnitude of the DC current, an ad-
justable back-EMF amplitude can be achieved.

Flux regulation capability is a crucial indicator of electro-
magnetic performance. To quantitatively evaluate this capabil-
ity, the concept of the flux regulation ratio is defined as

_ Erp— Erw

k= o

(12)

where Erg, Erw, and Ej represent the fundamental ampli-
tudes of the subphase back-EMF under flux-enhancing, flux-
weakening, and PM excitation conditions, respectively. Cal-
culations show that Frg, Ery, and Ey are 21.97, 5.68, and
15.67V, respectively. This yielded a 104% flux regulation ra-
tio, which confirmed the superior flux regulation capability of
the FM-HELM.
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FIGURE 18. Open circuit back-EMF waveforms under flux enhancing,
PM and flux weakening excitation conditions.

4.2. Thrust Force Characteristic

Figure 19 illustrates the variation in the average thrust force
with the dc copper loss ratio (kqc). The kg is defined as

{ Idc =V kdclrms

Iac =V 2— decIrms
where I, is the root-mean-square value of the total current in
the integrated winding, and I, and I, are the amplitudes of the
dc and ac components of the current in the integrated winding,
respectively.

The results demonstrate that for any given copper loss, an
optimal k4. exists that maximizes the average thrust force. No-
tably, the average thrust force was large and exhibited minimal
variation when the kg is below 0.4. Subsequently, the aver-
age thrust force showed an obvious decline as the proportion of
the DC current increased. As can be seen, under the condition
of 100 W copper loss (3.6 A/mm?), the FM-HELM achieves
a 24.84% improvement in average thrust force compared with
PM excitation (k4. = 0).

Figure 20 illustrates the variation in the average thrust force
under flux-enhancing and PM excitation conditions. It can be
observed that under the same copper loss conditions, compared
to PM excitation, the FM-HELM in the flux enhancing exci-
tation exhibits a 24.84% increase in average thrust force and a

(13)

WWwWw.jpier.org



PIER C

Xu, Zhao, and Jiang

850

=——50W =O—100W =—O—500W
680 -

510 Optimal value

340

170

Average thrust force (N)

0.0

0.2

1.0

FIGURE 19. Variation of average thrust force with dc copper loss ratio

435
Flux enhancing = = = PM

~ 406 F

£

o

E 377¢ F,,,=398.17N, F,,=4.91%

Rl F,=318.94N, F,, =7.10% i

& 319-’"/,-""\-,\-'\,'

290 1 1 1 1 1
0 60 120 180 240 300 360

Electrical degree (°)

FIGURE 20. Thrust force comparison of flux enhancing and PM exci-

kdc. tation conditions under rated copper loss (100 W).
Primary Integrated winding (i, +ix)
Secondary Halbach PM arrys
FIGURE 21. Topology of the existing FM-HELM.
__ 800 . TABLE 3. Performance comparison of two machines.
Z Proposed = = = Existing
Q
g 600 Performance Proposed  Existing
; 200 P Average thrust force (N) 398.14 229.08
R =T Force ripple (%) 438 20.13
:%) s00l =" Flux regulation ratio (%) 104% 32%
) % s Copper loss (W) 100 100
< Nl , , , Iron loss (W) 313 18.6
0 2 4 6 R 8 10 PM eddy current loss (mW) 311.6 464.23
Current density (A/mm’) Efficiency (%) 81.90 74.27

FIGURE 22. Average thrust force comparison of the proposed and ex-
isting machines with different current density.

30.84% reduction in thrust ripple. This indicates that a signif-
icant overall improvement in the thrust force performance was
achieved under flux enhancing conditions.

To assess the electromagnetic performance of the proposed
machine, it was compared with an existing optimal FM-HELM
with the same machine size [19]. The topology of existing FM-
HELM is illustrated in Fig. 21.

Figure 22 shows the average thrust force characteristics of
the existing and proposed FM-HELMs with different current
densities. The proposed machine exhibits a higher average
thrust force than its counterpart under all conditions, that is,
small, moderate, and high current densities. In addition, the
improvement in the average thrust force is more pronounced
under high current density conditions, which is attributed to the
anti-saturation characteristic of the proposed FM-HELM.

Table 3 shows a detailed comparison of the two machines
under copper losses of 100 W. Overall, the proposed machine
offers superior thrust force performance, i.e., higher average
thrust force and lower force ripple. Also, the flux regulation
capability of the proposed machine is much higher than that
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of the existing one. Both machines have negligible PM eddy
current loss as compared to their iron loss and copper loss. In
spite of higher iron loss in the proposed machine, it offers higher
efficiency due to its higher thrust force output.

5. CONCLUSION

In this study, an FM-HELM suitable for long-stroke linear ap-
plications is proposed. The integrated winding avoids the prob-
lem of winding space contradiction and improves the utiliza-
tion rate of the winding. The EC in the integrated winding
not only relieves the magnetic saturation in the primary iron
core but also generates working air-gap flux density harmon-
ics. Thus, improved thrust force and flux regulation capability
are achieved. Based on the flux modulation theory, the MMF
permeance model is used to deduce the air-gap flux density un-
der hybrid excitation, and the mechanism of relieving magnetic
saturation is further revealed. The flux regulation capability
and thrust force characteristics were analyzed using FEA. Com-
pared with the case of PM excitation only, the average thrust
force of hybrid excitation can be effectively increased. In ad-
dition, it offers good overload capacity and flux regulation ca-
pability.
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