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ABSTRACT To enhance the thrust force density and move a part of copper loss from the primary to
the secondary of linear switched flux permanent magnet machines (LSFPMMs), this paper proposes a
novel kind of doubly-fed LSFPMMs (DFLSFPMMs) by adding another set of armature winding on the
secondary of LSFPMMs. The design and working principles of the newwinding are analyzed first. It is found
that the optimal coil pitch depends on the primary structure. Then, the parameters of DFLSFPMMs with
U-core, C-core, E-core, and multi-tooth primary structures are globally optimized, and their electromagnetic
performances are investigated by 2D finite element method. The result shows that the average thrust force of
U-core DFLSFPMM is 30% higher than that of conventional LSFPMM counterpart, and it is also 23%-29%
higher than those of DFLSFPMMs with other three primary structures. Besides, the U-core machine with
tubular structure is analyzed for the potential application of electromagnetic shock absorbers, which shows
the U-core DFLSFPMM has 10% higher peak-to-peak damping force than linear spoken-type PM machine.
Finally, a prototype of U-core DFLSFPMM is manufactured and tested to validate the analysis.

INDEX TERMS Doubly-fed, linear machine, permanent magnet, primary structure, switched flux.

I. INTRODUCTION
By employing high performance permanent magnets (PMs),
PM machines have attracted more and more attention due
to high power density and efficiency [1], [2]. Meanwhile,
a series of stator PM machines, namely, switched flux PM
machines (SFPMMs), doubly salient PM machines (DSP-
MMs), and flux reversal PM machines (FRPMMs), were
proposed and developed in recent decades [3]–[5]. It was
reported that DSPMMs, of which the PMs are inserted in the
stator back iron and number of stator poles between adjacent
PMs is equal to the phase number, suffer unbalanced phase
flux linkages and back-EMFs [6], while FRPMMs with PMs
on the surface of stator teeth have relatively larger effective
air gap length and higher risk of irreversible demagnetization
[7]. As for SFPMMs, besides their balanced three phase and
low demagnetization risk, the flux-focusing structures make
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them exhibit much higher power density than DSPMMs and
FRPMMs [8], [9]. Therefore, much more research works
about SFPMMs were carried out.

The combination of U-core stator and salient rotor is one
of the most common structures for SFPMMs [10]. In such
structure, each PM with circumferential magnetization is
sandwiched between two U-shaped stator core segments,
and the stator pole is defined as one PM with two adjacent
stator teeth. The concentrated windings are wound over the
stator poles while neither PMs nor windings are on the
rotor. Moreover, an E-core stator was proposed by replacing
every alternative stator pole with stator tooth [11]. After
replacement, the stator teeth at the middle of adjacent sta-
tor poles physically and magnetically separate the adjacent
coils, enhancing the fault-tolerant capability of the machine.
Furthermore, the middle stator teeth in E-core stator can be
removed to increase the slot area, which is designated as the
C-core stator [12]. It should be mentioned that the C-core
stator can also be regarded as a U-core stator but with much

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 69401

https://orcid.org/0000-0002-5248-9122
https://orcid.org/0000-0003-0166-9729
https://orcid.org/0000-0003-3270-1154
https://orcid.org/0000-0002-3452-5564
https://orcid.org/0000-0002-8521-4184
https://orcid.org/0000-0002-3153-9338


L. Wu et al.: Comparative Study of Novel DFLSFPMMs With Different Primary Structures

larger slot opening. In addition, based on the C-core stator,
a multi-tooth stator was obtained by splitting the stator tooth-
tips into several small teeth, which helps to increase the rotor
pole number and electric frequency [13].

On the other hand, linear machines have become a hot
spot since they directly transfer the electric energy to the
linearmotionmechanical energy [14], which are favorable for
applications of electromagnetic launch system and railway
transportation [15], [16]. The structures of rotary SFPMMs
mentioned before can also be employed in linear SFPMMs
(LSFPMMs). In [17] and [18], the investigations of LSFP-
MMswith U-core primary showed this kind ofmachines have
higher thrust force density when the secondary pole number
is close to the primary pole number. In [19], the analysis of
LSFPMMs with C-core primary and E-core primary proved
that the 6/13 and 6/11 primary/secondary-pole combinations
are better for C-core and E-core LSFPMMs, respectively.
In [20] and [21], the studies of LSFPMMs with multi-tooth
primary concluded that the secondary pole number about
triple the primary pole number is more preferred in such
machines.

However, compared with U-core LSFPMMs, although
C-core, E-core, and multi-tooth LSFPMMs exhibit some
superior characteristics, the thrust force density is not
improved significantly. Meanwhile, since the PMs are sur-
rounded by the iron core and armature winding, it is not easy
to manage the PM temperature in LSFPMMs. A partitioned
primary structure was proposed to solve these problems [22],
[23]. In this structure, the primary is separated into two parts
and placed at two sides of the secondary. The PMs are on the
one part of primary and the armature winding is on the other
part, while the secondary only consists of iron pieces. It has
been evidenced that LSFPMMswith partitioned primary have
higher thrust force density than U-core and E-core LSFP-
MMs [24], [25]. Nevertheless, the complicated structures of
partitioned primary LSFPMMs increase the manufacturing
inaccuracy, and hence reduce the performance of prototype
machine [23], [24].

For conventional LSFPMMs, the armature windings are
wound on primary poles since the flux through primary poles
varies with the mover motion, while this variation also exists
in secondary poles. Thereby, it is possible to produce power
by injecting AC current into windings wound on secondary
poles, enhancing the thrust force density as well as moving a
part of copper loss from the primary to the secondary.

In this paper, four flat doubly-fed LSFPMMs (DFLSF-
PMMs) are proposed by adding another set of armature
winding on the secondary of the U-core, C-core, E-core,
and multi-tooth LSFPMMs, respectively. In Section II, the
topologies and operation principles of these DFLSFPMMs
are introduced. Then, the electromagnetic performances of
DFLSFPMMs and their LSFPMMs counterparts are com-
pared in Section III. Afterwards, the potential application
of DFLSFPMM is analyzed in Section IV. Finally, a pro-
totype machine is manufactured to validate the analysis
results.

FIGURE 1. Topologies of DFLSFPMMs. (a) U-core. (b) C-core. (c) E-core. (d)
Multi-tooth.

FIGURE 2. Flux path variation with mover position in U-core DFLSFPMM.
(a) 0 elec. degree. (b) 90 elec. degree. (c) 180 elec. degree. (d) 270 elec.
degree.

II. MACHINE TOPOLOGY AND OPERATION PRINCIPLE
The topologies of U-core DFLSFPMM with 6/7 primary/
secondary-pole, C-core DFLSFPMM with 6/13 primary/
secondary-pole, E-core DFLSFPMM with 6/11 primary/
secondary-pole, and multi-tooth DFLSFPMM with 6/19
primary/secondary-pole are shown in Fig. 1. Obviously,
the DFLSFPMMs have similar structures with the LSFPMMs
counterparts, except the armature windings on the secondary.
Hence, the design and working principles of primary winding
in the DFLSFPMMs are similar to those in the LSFPMMs.

As for the secondary winding, its working principle can
be analyzed by a simplified model, as shown in Fig. 2.
The primary can be divided into two parts in terms of PM
magnetization direction, i.e. positive part and negative part,
and they are alternately distributed on the primary. When the
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TABLE 1. Fixed parameters of LSFPMMS and DFLSFPMMS.

FIGURE 3. Power supply circuit of DFLSFPMM.

secondary pole is between two adjacent PMs [e.g. in negative
part shown in Fig. 2(a)], the coil wound on this pole has nega-
tive flux linkage. As the mover moves to a position where the
secondary pole aligns the PM, the flux is short circuited and
thus the coil flux linkage is zero. Then, the secondary pole is
in the next primary part [e.g. positive part shown in Fig. 2(c)],
where the flux direction becomes opposite and the coil has
positive flux linkage. After that, the secondary pole aligns
the next PM and the coil flux linkage is zero again. Finally,
the secondary pole is in the next negative part, which is the
same condition as that shown in Fig. 2(a). Consequently,
the secondary coil can obtain bipolar flux linkage with the
mover motion.

Meanwhile, the coil pitch should be optimized to achieve
higher coil pitch factor. The secondary coil pitch factorKps of
DFLSFPMMs can be calculated by (1), where Np is the num-
ber of primary poles,Ns is the number of secondary poles, and
ns is the secondary coil pitch (i.e. number of secondary poles
one coil spans). It indicates that to achieve high Kps, the sec-
ondary coil pitch should be close to the secondary to primary
pole number ratio. Therefore, for the U-core DFLSFPMM
which has comparable secondary and primary pole numbers,
the non-overlapping secondary winding is more desirable,
while the overlapping secondary windings with ns = 2

FIGURE 4. Illustration of geometric parameters.

are more suitable for the C-core and E-core DFLSFPMMs
since their secondary pole numbers are roughly twice the
primary pole numbers. As for the multi-tooth DFLSFPMM,
the overlapping secondary winding with ns = 3 is better.

Kps = cos
[
π

2

(
Npns
Ns
− 1

)]
(1)

Besides, due to the prime number of secondary poles,
the secondary phase number is equal to the secondary pole
number in each DFLSFPMM. Thus, the secondary wind-
ing factors of the U-core, C-core, E-core, and multi-tooth
DFLSFPMMs are 0.975, 0.993, 0.990, and 0.997, respec-
tively. The power supply circuit of DFLSFPMM is shown
in Fig. 3. Because of two armature windings, each machine
needs two multi-phase full-bridge converters.

III. ELECTROMAGNETIC PERFORMANCE COMPARISON
By using the parametric sweep and 2D finite element (FE)
methods, these four DFLSFPMMs and their conventional
counterparts without secondary winding are globally opti-
mized. The cross-sections of optimized DFLSFPMMs are
shown in Fig. 1 while the parameters are listed in TABLE
1 and TABLE 2.Meanwhile, Fig. 4 illustrates the key geomet-
ric parameters of the machines. During the optimization, the
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TABLE 2. Optimized parameters of LSFPMMS and DFLSFPMMS.

FIGURE 5. Magnetic field distributions excited by secondary winding in
DFLSFPMMs. (a) U-core. (b) C-core. (c) E-core. (d) Multi-tooth.

primary end teeth are employed to reduce the longitudinal end
effect and the primary middle teeth in the E-core LSFPMM

FIGURE 6. D- and q-axes of secondary in DFLSFPMMs. (a) U-core. (b)
C-core. (c) E-core. (d) Multi-tooth.

are remained for the fault tolerant capability, while the other
parameters are optimized for the maximum average thrust
force under the fundamental AC current injection. It should
be noticed that the electric frequency for primary fep and
secondary fes in the DFLSFPMMs are different, which can
be expressed by (2) and (3), respectively.

fep =
v
ls

(2)

fes =
v
2lp

(3)

Besides, to achieve similar thermal conditions, the copper
loss only produced in the secondary with the same length
of primary without end teeth is considered as the secondary
copper loss. Moreover, because the total copper loss within
active length, rms value of rated AC current, and packing
factor are fixed, the number of turns per coil should be varied
with the slot area, as shown in (4) and (5). The Asp and Ass
stand for the primary and secondary slot areas for one coil
side respectively, lcp and lcs stand for the one-turn-length of

69404 VOLUME 8, 2020



L. Wu et al.: Comparative Study of Novel DFLSFPMMs With Different Primary Structures

FIGURE 7. Waveforms of open-circuit phase flux linkage with
Ncp = Ncs = 1. (a) LSFPMMs. (b) Primary of DFLSFPMMs. (c) Secondary of
DFLSFPMMs.

primary and secondary coils respectively. In addition, the split
ratio is defined in (6), where hs is the secondary height.

Ncp =

√
PcupPf Asp
NpI2rmsρlcp

(4)

Ncs =

√
PcusPf Ass
NsI2rmsρlcs

(5)

λ =
hs + g
h

(6)

A. SECONDARY ARMATURE REACTION FIELD
DISTRIBUTION
Since the open-circuit and primary armature reaction field
distributions have been widely analyzed [10]–[13], this sub-

FIGURE 8. Flux path variation with mover position in C-core DFLSFPMM.
(a) 0 elec. degree. (b) 70 elec. degree. (c) 90 elec. degree. (d) 110 elec.
degree.

section only investigates the secondary armature reaction. In
the conventional LSFPMMs, the primary armature reaction
field, whether excited by q-axis current or d-axis current,
only has a little flux passing through the PMs [3], thus
the LSFPMMs have the merit of low demagnetization risk.
However, as shown in Fig. 5, much more flux penetrates
the PMs when the field is excited by the d-axis current
of secondary winding. The d- and q-axes of secondary in
DFLSFPMMs are illustrated in Fig. 6. When the winding
axis aligns the d-axis, the winding has the maximum pos-
itive flux linkage, and the q-axis leads d-axis by 90 elec.
deg. As can be noticed, if the DFLSFPMMs are designed
to operate under the flux-weakening condition, it is more
necessary to check themachine capability of demagnetization
withstanding, especially for the C-core, E-core, and multi-
tooth DFLSFPMMs, whose PMs are relatively thinner.

B. OPEN-CIRCUIT FLUX LINKAGE
The waveforms of open-circuit phase flux linkage with one
turn per coil are shown in Fig. 7. Regardless of primary struc-
tures, all the LSFPMMs and DFLSFPMMs have sinusoidal
primary phase flux linkages. On the contrary, the waveforms
of secondary phase flux linkages in four DFLSFPMMs are
obviously different. For the U-core DFLSFPMM, it has trape-
zoidal secondary flux linkage, which is consistent with the
operation principle analysis. As for the C-core DFLSFPMM,
more fluctuations are observed in its waveforms. This phe-
nomenon can be analyzed as follows. When two secondary
poles wound with the same coil are in the same negative
part shown in Fig. 8(a), the coil has negative flux linkage.
Then, as one of the secondary pole moves into the positive
part shown in Fig. 8(b), the flux directions in two poles are
opposite. Since the overlapping area between primary and
secondary teeth in the positive part is larger than that in the
negative part, the coil flux linkage becomes positive. After
that, as the mover continue moving, the air gap permeance
reduces in the positive part but increases in the negative part,
thus the coil flux linkage reduces to zero [Fig. 8(c)] and even
becomes negative again [Fig. 8(d)]. Finally, when both of the
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FIGURE 9. Waveforms of open-circuit phase back-EMF with
Ncp = Ncs = 1. (a) LSFPMMs. (b) Primary of DFLSFPMMs. (c) Secondary of
DFLSFPMMs.

secondary poles are in the positive part, the coil flux link-
age changes to positive once more. The similar phenomena
also exist in the E-core and multi-tooth DFLSFPMMs, while
the fluctuations are not as apparent as those in the C-core
DFLSFPMM due to the primary middle teeth and primary
small teeth.

C. OPEN-CIRCUIT BACK-EMF
Fig. 9 and Fig. 10 show the waveforms and spectra of open-
circuit phase back-EMF, respectively. It can be found that
the total harmonic distortions (THDs) of the primary phase
back-EMF in these machines are relatively small, while a
large number of harmonic components exist in the secondary
phase back-EMF of DFLSFPMMs. Comparatively, the U-
core DFLSFPMM has the largest fundamental component
of secondary phase back-EMF, thus it has the largest split

FIGURE 10. Spectra of open-circuit phase back-EMF with Ncp =Ncs =1.
(a) LSFPMMs. (b) Primary of DFLSFPMMs. (c) Secondary of DFLSFPMMs.

ratio among four DFLSFPMMs. By contrast, the smallest
fundamental component in the C-core DFLSFPMM makes
its optimized parameters similar to those of the C-core LSF-
PMM.

D. DETENT FORCE
Fig. 11 compares the detent force of these machines. In this
paper, the machines have short primary structures. Thus, the
period of detent force is equal to the electric period of pri-
mary. As can be observed, the U-core machines have large 6th

harmonic components in the detent force, which are mainly
caused by the slot-effect. For other machines, the components
caused by the end-effect dominate the detent force. On the
other hand, the U-core machines exhibit much larger detent
force than the others, while it can be mitigated by reducing
the slot-effect (e.g. skew the secondary poles).
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TABLE 3. Force performance of LSFPMMS and DFLSFPMMS.

FIGURE 11. Detent force waveforms. (a) LSFPMMs. (b) DFLSFPMMs.

E. THRUST FORCE
The thrust force performances of LSFPMMs and DFLSFP-
MMs are compared in Fig. 12 and TABLE 3. It shows that
the U-core, C-core, E-core, and multi-tooth DFLSFPMMs
exhibit 30%, 4%, 15%, and 11% higher average thrust force
than their LSFPMMs counterparts, respectively. On the other
hand, the U-core LSFPMM is sometimes not the best one
among the LSFPMMs since the other three machines can
achieve comparable average thrust force with much higher
PM usage efficiency (i.e. thrust force per PM volume).
However, although the PM usage efficiency of the U-core
DFLSFPMM is still relatively low among the DFLSPMMs,
its average thrust force is much higher than the others. As for
the thrust force ripple, which is defined as the ratio of peak-
to-peak force to average force, it is 22.9% in the U-core
DFLSFPMM, smaller than those of the U-core LSFPMM and
C-core DFLSFPMM, but larger than those of the E-core and
multi-tooth DFLSFPMMs.

Fig. 13 shows the variation of average thrust force with
primary and secondary current angles in the DFLSFPMM.
The current angle is defined as the phase difference between

FIGURE 12. Thrust force waveforms. (a) U-core LSFPMM and DFLSFPMM.
(b) C-core LSFPMM and DFLSFPMM. (c) E-core LSFPMM and DFLSFPMM.
(d) Multi-tooth LSFPMM and DFLSFPMM.

back-EMF and current. For each DFLSFPMM, the maximum
average thrust force is achieved when both primary and sec-
ondary current angles are around 0 elec. deg. It indicates that
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FIGURE 13. Thrust force versus primary and secondary current angles in
DFLSFPMM, the unit of current angle is elec. deg. (a) U-core. (b) C-core.
(c) E-core. (d) Multi-tooth.

both armature windings in the DFLSFPMMs can be operated
with the zero d-axis current control strategy.

F. NORMAL FORCE
Fig. 14 compares the normal force of these machines. The
DFLSFPMMs have larger normal force than their LSFPMM

FIGURE 14. Normal force waveforms. (a) LSFPMMs. (b) DFLSFPMMs.

FIGURE 15. Efficiencies of DFLSFPMMs, the base value of total
secondary/primary length is the active machine length. (a) Short primary
structure. (b) Short secondary structure.

counterparts due to the increased PM usage. Especially,
the normal force of U-core DFLSFPMM is much higher than
the others, while it can be reduced when the machine has
double sided or tubular structures.
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FIGURE 16. Tubular machine structures. (a) U-core DFLSFPMM. (b)
LSTPMM.

TABLE 4. Key data of tubular machines.

G. EFFICIENCY
Taking the copper loss and core loss into account, the effi-
ciencies of these machines are calculated. In LSFPMMs,
the winding is only on the primary. Therefore, when short
primary structure is employed, the efficiencies of LSFP-
MMs are not varied with the total secondary length. In this
paper, the efficiencies of the U-core, C-core, E-core, and
multi-tooth LSFPMMs are 82%, 81%, 79%, and 78%,
respectively. On the contrary, the windings are wound on
both primary and secondary poles in DFLSFPMMs. When
the segment-powered method is not used, the copper loss
increases with the total machine length, and thus reduce
the efficiency. Fig. 15 shows the variations of efficiency
with total machine length in short primary and short sec-
ondary structures. For each structure, the active machine
length is equal to that shown in TABLE 1. Since the U-
core DFLSFPMM has large secondary copper loss within
the active length, its efficiency decreases significantly with
the total secondary length when such machine has the short
primary structure. On the other hand, with the short sec-
ondary structure, the efficiency of U-core DFLSFPMM is
still over 80% when the primary is three times as long as the
secondary.

FIGURE 17. Performances of U-core DFLSFPMM with 10 Hz, 0.1m/s peak
velocity vibration. (a) Mover position and velocity. (b) Current of the
phase having the maximum magnitudes. (c) Damping force.

FIGURE 18. Peak-to-peak damping force versus peak velocity of vibration.

IV. APPLICATION
For long stroke applications, the LSFPMMs are desirable
choices since both PM and winding can be assembled on the
short mover. However, due to the windings on both mover
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FIGURE 19. Prototype machine photos. (a) Primary core and PMs.
(b) Secondary core. (c) Test rig.

and stator, the DFLSFPMMs are less competitive for such
applications in terms of cost and efficiency. Similar with
linear secondary PM machines, the DFLSFPMMs are more
suitable for short stroke applications, e.g. machine tools and
electromagnetic shock absorbers [26]-[28]. For flat DFLSF-
PMMs applied in machine tools, their performances can be
deduced from Section III. Hence, in this section, a tubular
U-core DFLSFPMM and a tubular linear spoken-type PM
machine (LSTPMM) are analyzed and compared for the
application of electromagnetic shock absorbers. The struc-
tures of two machines are shown in Fig. 16 while the main
parameters are listed in TABLE 4. The PM usages of two
machines are the same. Fig. 17 shows the performances of
U-core DFLSFPMM when its mover is excited by a 10 Hz,
0.1 m/s peak velocity sinusoidal vibration and its windings
are short circuited with star connection. Meanwhile, as com-
pared in Fig. 18, the U-core DFLSFPMM can achieve>10%
higher peak-to-peak damping force than LSTPMM when the
peak velocity of vibration is between 0.1-0.4 m/s.

V. EXPERIMENTAL VALIDATION
The flat U-core DFLSFPMM is manufactured to validate the
previous analysis, as shown in Fig. 19. For easy manufac-
turing, a convex structure is introduced next to the primary
tooth-tips to help fix the PMs, and the PM height is reduced

FIGURE 20. 2D FE predicted and measured phase back-EMFs. (a) Primary.
(b) Secondary.

FIGURE 21. 2D FE predicted and measured force-current characteristics.

by 1 mm to fit such structure. Besides, a T-shaped assist part
is added on both primary and secondary cores, which is used
for assembling machine on the stainless steel frame.

The phase back-EMFs are measured when the ball screw
as well as machine primary is driven by a servo motor.
As compared in Fig. 20, in general, the back-EMFwaveforms
of FE prediction and measurement have a good agreement,
while the magnitudes of measured results are 20% lower than
the FE prediction. This is mainly caused by the transverse
end effect, which is similar to conventional SFPMMs and
LSFPMMs. The 2D FE predicted and measured force-current
characteristics are shown in Fig. 21. In each case, the magni-
tudes of q-axis current injected in the primary and secondary
windings are the same. During the measurement, the machine
primary is fixed first, and then the winding current is injected
by DC power supplies. The injected current is equal to q-
axis current of the corresponding primary position. As can
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be seen, for each value of q-axis current, the measured thrust
force is approximately 20% lower than the FE prediction,
which is consistent with the back-EMF measurement. Over-
all, the measured results validate the previous 2D FE analysis.

VI. CONCLUSION
In this paper, four DFLSPMMs are proposed by adding
secondary windings in the conventional LSFPMMs. The
secondary coil pitch should be close to the ratio of sec-
ondary to primary pole number, thus the winding types of
these DFLSFPMMs are different. The electromagnetic per-
formance analysis shows that the U-core DFLSFPMM with
concentrated secondary winding can achieve the highest aver-
age thrust force among these machines, while the C-core,
E-core, and multi-tooth DFLSFPMMs with distributed sec-
ondarywindings havemuchmore harmonics in the secondary
phase flux linkages and back-EMFs. Moreover, different
with LSFPMMs, the DFLSFPMMs are more competitive for
short stroke applications, such as the electromagnetic shock
absorber. The dynamic performances and experiment under
such applications are required in future investigations.
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