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Comparative Study of Linear Variable Flux
Reluctance Machine with Linear Wound Field
Flux Reversal Machine
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Abstract—As members of doubly salient magnetless linear
machines, linear variable flux reluctance (LVFR) and wound field
flux reversal (LWFFR) machines inherit the merits of
conventional magnetless linear machines such as low cost, high
flux adjustment capability and high reliability. Furthermore, like
linear switched reluctance machine, they have a very simple and
compact long secondary, which are very attractive for long stroke
applications. However, low force capability is their major defect.
To solve this issue, new LVFR and LWFFR machine topologies
were proposed in recent work, while lacking studies on their force
improvement mechanism and further force evaluation. In this
paper, LVFR and LWFFR machines with improved force
performance are comparatively studied with the emphasis on
their force capabilities. The operation principle of the two
machines is analyzed based on magnetic field harmonics produced
by flux modulation. Contributions of air-gap flux density
harmonic components to no-load back electromagnetic forces of
the two machines are analyzed and the average force equation is
derived. Moreover, force capabilities of the both machines are
investigated by means of the time-stepping finite-element analysis
to verify the theoretical analysis.

Index Terms—Wound field, Variable flux reluctance, Flux
reversal, Linear machine, Finite-element analysis.

L INTRODUCTION

S the core power unit of actuator, machine is widely used

in various field [1]-[3]. According to the transmission way,
the machine can be divided into rotary machine [4], [5] and
linear machine [6], [7]. Linear machines can directly serve in
linear movement applications without the intermediate device
to convert rotational movement to linear movement. Owing to
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the elimination of the intermediate device, the linear machines
offer the advantages of simpler system structure and improved
reliability, which have been widely applied in a lot of fields
such as manufacturing industry, rail transportation and
electromagnetic launch [8]-[17].

According to the case that whether permanent magnet (PM)
material is employed, linear machines can be classified as PM
linear machine and magnetless linear machine [18], [19].
Owing to the introduction of PMs, the PM linear machine has
high force density and efficiency, while it suffers from the
difficulty in flux adjustment and high cost of the PMs. Recently,
in order to reduce the manufacturing cost and improve the
flexibility of flux adjustment, there is a rapidly growing trend to
develop the magnetless linear machines [16]-[22].
Conventional switched reluctance linear machines need not
consume PMs, which can achieve the low cost and high flux
adjustment capability, while suffering from relatively low force
density. This is because that only inductance rising region in the
full electrical period can be utilized to yield force. To improve
the force performance and retain the merits of low
manufacturing cost and simple secondary structure of the
switched reluctance linear machine, various new kinds of
magnetless doubly salient linear machines have been proposed.
These new magnetless linear machines are characterized by the
salient poles existed in the double sides, which is the same as
the switched reluctance linear machine. Differing from the
switched reluctance linear machine, the inductance in the full
electrical period of these new magnetless linear machines can
be utilized, which is conducive to improving force.

Linear wound field flux reversal (LWFFR) and linear
variable flux reluctance (LVFR) machines are two typical
machines, which belong to the new magnetless doubly salient
linear machines. Recently, a few efforts were made to further
improve their force capabilities. In [23], the LWFFR machines
were designed based on magnetic gear effect. It manifested that
with the consideration of the magnetic gear effect, force
capability of the LWFFR machine is improved by about 37% as
compared to conventional LWFFR machine. In [24],
multi-tooth technique was employed in LVFR machine. It
revealed that the multi-tooth LVFR machine can offer about 27%
larger force than single-tooth LVFR machine. Actually, the
proposed LWFFR and LVFR machines in [23], [24] exhibit
very similar primary and secondary structures, i.e., multi-tooth
in the primary and simple salient pole in the secondary. Also,
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the difference is the location of field winding.

To date, the force improvements of the two machines have
been confirmed by comparing their counterparts. However,
there is a lack of studies on force improvement mechanism and
further force evaluation of the two machines. The aim of this
paper is to carry a comparison study of the two existing LVFR
and LWFFR machines with the emphasis on the force
capability. In Section II, operation principle of the two
machines will be analyzed from the perspective of harmonics
produced by flux modulation. Performance comparison will be
conducted in Section III. Then, the parameter analysis of the
superior LVFR machine is investigated in Section IV. Last,
some conclusions will be given in Section V.

II.  ANALYSIS AND OPERATION PRINCIPLE

A. Topology

Fig. 1 depicts the topologies of the LWFFR and LVFR
machines. As shown, the two machines share very similar
topology features. Specifically, the PMs are removed in the two
machines. The armature and field windings are all
accommodated in their short primary, while they have simple
and robust long secondary without PMs and windings. The
armature and field windings are wound in a concentrated and
non-overlapped manner, which is beneficial to reducing end
length of windings and copper loss. The two machines have the
same numbers of armature tooth and multi-tooth on the short
primary, namely, 6 and 18 respectively. Apart from these
similarities, there exist some differences in the two machines.
The armature and field windings of the LVFR machine are both
wound on the armature tooth, while that of the LWFFR one are
wound on the armature tooth and multi-tooth, respectively. The
connection of the windings is shown in Fig. 2. As can be seen,
the armature winding of the two machines are wound in the
same way, while the connections of field winding are different.
Also, the salient pole numbers in the long secondary of the
LWFFR and LVFR machines are 11 and 19, respectively. The
design of different salient poles in the long secondary of the two
machines is to achieve their optimal force performance.

Armature windin, Short pri
o 2 o /prlmary

é

\

\
Long secondary

v
Field winding
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Long secondary
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Fig. 1. Machine topologies. (a) LWFFR machine. (b) LVFR machine.

w

(©)
Fig. 2. Connection of the windings. (a) Armature winding of the two machines.
(b) Field winding of LWFFR machine. (c) Field winding of LVFR machine.

B.  Operation Principle

The two machines possess double side saliency due to the
multi-tooth in the primary and salient pole in the secondary.
With the flux modulation effect by the double side saliency,
field winding magnetomotive force (MMF) can be modulated
to produce plenty of air gap flux density harmonics. Fig. 3
shows the field winding MMF waveform of the two machines.
Under the two successive armature teeth, the field winding
MMF waveform of LWFFR machine forms three periods while
of LVFR machine forms one period. The MMF excited by field
winding can be written as

0

F(&:Z

i=1,3,5..

(1

o

£ (0)=

j=135...

where Fi(6) and F»(6) are the MMF of LWFFR and LVFR
machines, respectively. F; is the amplitude of the i MMF of
LWFFR machine and Fj is the amplitude of the ;" MMF of
LVFR machine. i andj are the odd number and N is the number
of armature tooth. The F; and Fj can be expressed as
( 1)(z+3)/2 4N ldc Sin(i Nsemt )[
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where Ny, igc and Oy are the number of field winding turns, the
current of field winding and the arc of multi-tooth, respectively.
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Fig. 3. MMF excited by field winding. (a) LWFFR machine. (b) LVFR
machine.

Then, the permeance model about secondary salient pole is
established, as shown in Fig. 4. Since the two machines have
the same salient pole structure, their permeance model can be
expressed as

0

P(0,5)=R+ ).

k=1,2,3...
where k is the positive integer, Py and Py are the 0™ and ;" order
harmonic component of secondary salient pole, respectively. 6y
and v are the initial position and the velocity of the primary,
respectively. Py and Py can be written as
R+P,
2

P, cos[kN, (0 —vi—6,)] 3)

P, =

4)

P-P, b
P, =- 2sin(kNr?p)

where P; and P are the maximum and minimum values of the
permeance waveform, respectively. b, is the secondary pole
width.
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Fig. 4. Permeance of the salient pole in the secondary.

The flux density of two machines can be written as
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According to (5), the spatial order and the velocity of the
corresponding harmonics of the two machines can be expressed
as

H,(i,k) =94, v,(i,k) =0

+11kv (6)
H.(i,k)=9i+11k, v,(i,k) = ———
() =91 M@k 9i+11k
H,(j,k)=3j, v,(j,k)=0
+19kv (7

H,(j,k)=3j+19%, v,(j,k)=——o—
,(J,k)=3j v,(J,k) 3219k

The harmonics of the two machines are both divided into two
groups by the harmonic velocity. The harmonics with 97 and 3;
orders are stationary and the harmonics of 9i+11k and 3;+19k
are rotary. Substituting the relevant parameters, Table I lists the
main harmonics of the two machines. Although the two
machines have the number of armature teeth, the period of field
winding MMF and the salient pole of secondary are different.
Therefore, the working harmonics have different orders.

TABLE I
MAIN HARMONICS OF TWO MACHINES

Harmonic order

Group

LWFFR LVFR

ilj 1 3 5 7 ..]1 3 5 7

I 9 27 45 63 ...[3 9 15 21
- 20 38 56 84 ..[22 28 34 40 ...

2 6 34 52 ..|16 10 4 2

Based on the winding theory [25]-[31], the virtual no-load
phase back electromagnetic forces (back-EMFs) of the two
machines can be derived as (8). The virtual no-load back-EMF
is obtained when the field windings are excited with a direct
current and the armature windings are open-circuited. The
virtual no-load back-EMF is analogous to the no-load
back-EMF produced by PMs in the PM machine.

n
1)’

e, =2, N, sinv)y g ko )

where Lgx and N, are the stack length and armature winding
turns per phase. Hn and By are the working flux density
harmonic order and amplitude. #; is used to distinguish the
positive or negative contribution of the flux density harmonic to
the no-load back-EMF. k. represents the winding factor of the
corresponding flux density harmonic.

Further, since their reluctance forces in the total average
forces are negligible in the total average forces, d-axis zero
current control is generally adopted for the two machines. Thus,
their average forces can be given as:

Fo -2 =3AL,N IZN 7

avg

m Bmkw(i) (9)
where E and 7 are the fundamental amplitude of virtual no-load
phase back-EMF and phase armature current.

Fig. 5 illustrates the air-gap flux density waveforms of the
two machines under only field winding excited. The analyzed
machines have the same machine size. Also, the copper losses
of field windings are kept the same as 60W, which correspond
to 6414 ampere turn (A-t) for LWFFR and 6000 A-t for LVFR
machines. As shown, in despite of relatively higher ampere
turns applied in the LWFFR machine, its magnitude of air-gap
flux density is only around ~ a third of that of the LVFR one. It
is mainly resulted from the different field winding layouts,
where the magnetic field modes on the multi-tooth in the short
mover by the field windings are NSN-SNS-NSN and
SSS-NNN-SSS for the LWFFR and LVFR machines,
respectively.

Fig. 6 depicts the air-gap flux density harmonic spectra of the
two machines under only field winding excited. According to
the flux modulation principle, abundant air-gap flux density
harmonics are generated in the two machines. It can be seen
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that the results of finite-element analysis (FEA) are in
agreement with the theoretical analysis.
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Fig. 5. Air-gap flux density waveforms of the two machines under only field
winding excited. (a) LWFFR machine. (b) LVFR machine.
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Fig. 6. Air-gap flux density harmonic spectra of the two machines under only
field winding excited. (a) LWFFR machine. (b) LVFR machine.

Table 1II lists the fundamental back-EMFs by analytical
method and FEA. Considering the fact that the low order
harmonics dominate the contribution of back-EMF, only the
working flux density harmonics with amplitude exceeding
0.04T and order not exceeding 35 are considered in analytical

calculation to the fundamental back-EMFs of the two machines.

As shown in Table II, the LVFR machine has more working

flux density harmonics than the LWFFR one when only the
working flux density harmonics with amplitude exceeding
0.04T and order not exceeding 35 are considered.

The working harmonics generating fundamental no-load
back-EMF of the LWFFR machine are 2" and 10" and that of
the LVFR machine are 2", 4t 10, 16%, 20t 227 28t and 34t
as summarized in Table II. As shown, the LVFR machine has
many more flux density harmonics to yield back-EMF than the
LWFFR one. Also, the LVFR machine offers a significantly
larger back-EMF than the LWFFR one. Besides, the analytical
back-EMF results agree well with the FEA results, which verify
the effectiveness of the theoretical analysis.

TABLE II

FUNDAMENTAL BACK-EMF PRODUCTION BY FLUX DENSITY HARMONICS OF
THE TWO MACHINES

LWFFR machine
Harmonic order 2 20
Back-EMF (V) 22.58 225
(analytical results)
Back-EMF (%)
(Analytical results)
Total back-EMF (V)
(Analytical results)/
(FEA results)

111.1 -11.1

20.3/21.5

LVFR machine
Harmonic order 2 4 10 16 20 22 28 34
Back-EMF (V)

(Analytical results) 20.37 21.68 6.18 9.61 135 -7.2 -2.33 -2.65
Back-EMF (%)

(Analytical results) 392 417 119 185 2.6 -13.86 -449 -5.1
Total back-EMF (V)

(Analytical results)/ 52.0/56.2

(FEA results)

III. PERFORMANCE COMPARISON

In order to obtain a fair comparison, the primary width,
machine high, stack length and air gap length of the two
machines are designed with the identical size. The genetic
algorithm is adopted and coupled with FEA to maximize their
average forces at the fixed total copper loss. Fig. 7 illustrates
the key design parameters of the two machines. In the
optimization algorithm, numbers of generations and individuals
are set as 10 and 20, respectively. Optimization results are
listed in Table III.

»
»|

l¢
)

Fig. 7. Illustration of the key design parameters of the two machines.
TABLE 111
SPECIFICATIONS OF THE TWO MACHINES

Item LWFFR [ LVFR
Primary width, by, (mm) 240
Machine high, /., (mm) 80
Stack length, Ly (mm) 100
Air gap length, 6 (mm) 0.5
Total copper loss, P. (W) 120
Number of armature winding turns, N, 100
Number of field winding turns, N¢ 100
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Primary/secondary materials Laminated silicon steel

Primary high, /, (mm) 56.4 56.6
Multi-tooth width, b,,, (mm) 6.5 4.5
Multi-tooth high, A, (mm) 17.9 5.4
Secondary pole width, b, (mm) 8.6 4.5
Secondary pole high, A, (mm) 7.8 6.9

A. No-Load Flux Density Distribution and back-EMF

Fig. 8 shows the flux density distributions of the two
optimized machines under no-load condition in which only
field windings are excited. It can be observed that the heights of
the multi-tooth are distinct, in which the height of the
multi-tooth of the LWFFR machine is much larger than that of
the LVFR one so as to accommodate the field windings. Also,
as shown, the LWFFR machine has more flux leakage between
adjacent small teeth as compared to the LVFR machine.

Furthermore, no-load phase back-EMFs of the two
optimized machines with the same number of armature winding
turns are illustrated in Fig. 9. Both of them possess sinusoidal
and symmetrical waveforms. Also, the fundamental
components are dominant in the two machines while harmonic
components are negligible. Much larger fundamental
back-EMF is achieved in the LVFR machine, which coincides
with the aforementioned operation principle analysis.

And, the fundamental back-EMF with different copper loss
is plotted in Fig. 10. The copper loss is only the loss of field
winding current under the no-load condition. It can be seen that
the fundamental back-EMFs increases and then decrease as the
copper loss increases for the LVFR machine. The fundamental
back-EMF reaches the maximum at the copper loss is 60W. For
the LWFFR machine, the fundamental back-EMF increases as
the copper loss increase. The fundamental back-EMFs of
LVFR machine are obviously higher than that of LWFFR
machine.

(b
Fig. 8. Flux density distributions of the two machines under no-load condition.
(a) LWFFR machine. (b) LVFR machine.
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Fig. 9. No-load phase back-EMFs of the two machines. (a) Waveforms. (b)
Spectra.
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Fig. 10. No-load phase fundamental back-EMFs with different copper losses.

B.  On-Load Force and Magnetic Flux Density

Under the on-load condition of armature winding copper loss
is 60W and field winding copper loss is 60W. Fig. 11 shows
their force results of the two machines. As can be seen, the
LVFR machine has the merit of the enhanced average force as
compared to the LWFFR one. Also, both the machines suffer
from relatively large force ripples. It can be calculated that the
average forces of the LWFFR and LVFR machines are 149.4 N
and 362.5 N, respectively, while their ripple coefficients are
17.3 % and 15.7 %, respectively. The LVFR machine offers a
142% higher average force than the LWFFR one. Furthermore,
the magnetic flux density of the two machines is plotted in Fig.
12. The maximum magnetic flux density area of LWFFR and
LVFR machines are in the multi-tooth and armature tooth,
respectively. Then, the force with the different armature
winding current angle of two machines is investigated in Fig.
13. For the LWFFR machine, the force decreases with the
increase of current angle. The force rises slightly and then
decreases with the increase of current angle in the LVFR
machine.

In Fig. 14, under total copper loss is 120W, ratio of the
armature winding copper loss to the total copper loss on the
force capability of the two machines is analyzed. As depicted,
the LVFR machine offers the enhanced force capability under
the same distribution ratio of copper loss in the whole region.
Also, the forces of the two machines increase with the ratio of
the armature winding copper loss to the total loss then reduce. It
reveals that both the machines achieve their maximum forces
when the distribution ratio of copper loss is 0.4.

IV. KEY PARAMETER ANALYSIS OF THE LVFR MACHINE

By the above comparison of the two machines, it can be
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Fig. 11. Electromagnetic force of the two machines.
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Fig. 12. Magnetic flux density of the two machines under on-load condition. (a)
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Fig. 13. Electromagnetic force variation with armature current angle.
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Fig. 14. Electromagnetic force variation with ratio of armature winding copper
loss to total copper loss of the two machines.

found that the LVFR machine has better force capacity with the
same copper loss. Then, the superior LVFR machine is selected
to further investigate.

The force variation with multi-tooth width b, and secondary
pole width b, are plotted in Figs 15 and 16, respectively. It can
be seen that the force increases first and then decreases with the
increase of b, and b,. And, according to the variation range of

the force, the two parameters have a great influence on the force.

The optimal values of by, and b, are both 4.5mm.
Fig. 17 shows the influence of copper loss on force. In the
condition of different copper loss, the ratio of armature winding

copper loss to the total loss is 0.4. It can be seen that the force
increases with increase of the copper loss. Due to the influence
of saturation, the force appreciation is obviously slow when the
copper loss exceeds 140W.
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Fig. 15. Electromagnetic force variation with multi-tooth width by,
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Fig. 16. Electromagnetic force variation with secondary pole width b,,.
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Fig. 17. Electromagnetic force variation with copper loss.

V. CONCLUSION

In this paper, two typical doubly salient magnetless linear
machines, namely, the LWFFR and LVFR machines have been
comparatively investigated with the emphasis on the force
capability. The operation principle of the two machines was
analyzed from the perspective of the harmonics produced by
flux modulation. The harmonic contribution to fundamental
no-load back-EMF was derived and calculated. It was shown
that more harmonics in the LVFR machines engage to produce
force. So, significantly enhanced force capability is achieved in
the LVFR machine. The FEA results proved that the force
capability of the LVFR machine is superior to the LWFFR one
under the same condition. Hence, the LVFR machine is more
suitable for some applications which need a high force. And,
the influence of key parameters on force is analyzed about
LVFR machine.
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