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Abstract — In order to solve the problem of tradi-
tional high-voltage disconnector mechanism jamming
and improve the thrust of the drive mechanism, a direct-
drive magnetic field modulation transverse flux motor
(MFM-TFM) is proposed in this paper. First, the three-
dimensional structure of MFM-TFM is introduced. The
expression of air gap flux density is derived according
to the permeability method. The air gap flux density of
the lower air gap dominated by the sixth harmonic is
modulated into the air gap flux density of the upper air
gap dominated by the fifth harmonic. The increase in the
amplitude of low-order harmonics can increase the aver-
age thrust. Secondly, the upper and lower air gap widths,
permanent magnets, iron cores, pole shoes and mod-
ulators are optimized. The optimized motor has good
no-load back EMF and current waveform sinusoidality.
Through core lamination, the loss of the transverse flux
motor is effectively reduced. The rated average thrust of
the motor reaches 612.54 N. Finally, the prototype was
manufactured and the experimental test platform was
built. The thrust and back EMF were measured and com-
pared with the experimental values to verify the ratio-
nality of the proposed topology and the accuracy of the
calculated results.

Index Terms — High thrust, magnetic field modulation,
new energy high-voltage disconnector, optimized design,
transverse flux motor.

L. INTRODUCTION

Permanent magnet linear synchronous motor
(PMLSM) is often used as the core drive mechanism
in various circumstances such as aerospace, medical
equipment and power systems [1]. PMLSM has the
advantages of simple structure and strong reliability
[2]. In addition, due to the simple mover structure,
PMLSM has a short response time [3]. Compared with
the traditional electric excitation motors, PMLSM has
no excitation winding copper loss, which makes it more
efficient [4].
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As a type of permanent magnet motor, Servo
PMLSM can accurately control the motor speed and
movement distance. Therefore, servo PMLSM has
important potential in the intelligent development of
power systems [5]. In the operation of large power grids,
servo motors serve as the driving core of high-voltage
disconnectors. The servo motor drives the contact to
move through the transmission mechanism to complete
the opening and closing actions [6—8]. Since the high-
voltage switch operating mechanism is in an inactive
state for a long time, the influence of the external envi-
ronment will cause the components to age [9—11]. At
the same time, during the opening and closing process,
the contacts often melt due to high temperature [12—14].
When the contacts move again, melting may cause prob-
lems such as mechanism jamming [15], which will cause
the switch to fail to work. When the instantaneous thrust
or torque generated by the servo motor is too small to
drive the mechanism to move, the motor cannot rotate.
Stalling will cause the motor to heat up severely, which
will affect the safe operation of the power grid [16-17].
In addition, due to the low speed of the opening and clos-
ing process, the motor has a large power or torque, which
will make the motor have a large volume and low power
density.

At present, in order to increase the torque or thrust
of the motor, the common method is to connect the servo
motor to the mechanical gear. Although the mechani-
cal gear has the function of amplifying the torque of
the motor, it has friction loss. The gear needs to be fre-
quently repaired and lubricated. Mechanical gears often
have problems such as jamming or even freezing, which
leads to high maintenance costs [18-20]. In order to
increase the thrust or torque of the motor, the direct-
drive magnetic field modulation transverse flux motor
(MFM-TFM) has attracted much attention. The direct-
drive transverse flux motor can be directly connected
to the contact without other transmission mechanisms.
It has the characteristics of simple structure and high
efficiency [21]. At the same time, based on the princi-
ple of magnetic field modulation, low-speed motion is
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converted into high-speed motion of the magnetic field,
which effectively improves the power density of the
magnetic field modulation motor.

The magnetic flux direction of the transverse flux
motor is perpendicular to the direction of motion. The
stator part of the motor can be laminated with silicon
steel to reduce losses, which can improve the efficiency
of the motor. The transverse flux linear motor is com-
bined with a magnetic gear to form an MFM-TFM. In
low-speed direct drive applications, the MFM-TFM has
the characteristics of high-thrust density or torque den-
sity. However, there is no literature published on high-
thrust MFM-TFMs for high-voltage disconnectors.

An MFM-TFM is proposed in this paper. Firstly,
the three-dimensional structure of the direct-drive MFM-
TFM is introduced. According to the permeance method,
the air gap magnetomotive force and air gap perme-
ance are given. The expression of air gap flux density
is derived. The relationship between the number of low-
order working harmonic pole pairs and the low-order
working harmonic speed is studied. Secondly, the MFM-
TFM structural parameters are optimized and designed.
The effects of upper and lower air gap widths, perma-
nent magnets, cores, pole shoes and modulator sizes on
back EMEF, thrust and thrust fluctuation are studied. The
hysteresis loss, eddy current loss and additional loss of
laminated core and non-laminated core are calculated
and compared. Finally, the prototype is manufactured
and the experimental test platform is built. The motor
thrust and back EMF are measured and compared with
the experimental values, which verifies the rationality of
the proposed topology and the accuracy of the calcula-
tion results.

II. MFM-TFM TOPOLOGY AND WORKING
PRINCIPLE

A. MFM-TFM topology

The three-dimensional structure of the direct-drive
field modulation transverse flux motor is given in Figs. 1
and 2. The two-dimensional structure of the MFM-TFM
is given in Figs. 3-5. The MFM-TFM mainly includes
stator I, stator II and linear mover. Stator I is a seg-
mented structure. The armature windings of phase A,
phase B and phase C are installed in the slots of stator
I. Inclined magnetic conductive materials and inclined
non-magnetic conductive materials are installed in the
middle mover. The magnetic conductive material is made
of laminated silicon steel to effectively reduce the core
loss. The non-magnetic conductive material is made of
stainless steel. Stator II mainly has segmented core,
PM and excitation winding. The excitation winding can
change the size of the excitation magnetic field by chang-
ing the excitation current. The permanent magnet and the
excitation winding are arranged alternately. Based on the
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alternating arrangement, the leakage flux can be reduced.
The air gap flux density is increased to make the motor
power density higher. The detailed dimensional parame-
ters of the MFM-TFM in the front view and oblique view
are given in Figs. 6 and 7. The rated parameters and basic
size parameters of MFM-TFM are shown in Table 1.
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Table 1: Rated parameters of the prototype

Parameter Value Parameter Value
Rated thrust (N) | 612.5 | Rated current (A) 2
Linear speed (m/s) 1 Rated power (W) | 612.5
Modulator pole 11 Upper air gap |
number width (mm)
Upper stator slot 12 Lower air gap |
number width (mm)
Lower stator pole
Upper stator poles | 10 number 12

Due to the inclined structure, when the stator moves
linearly, the velocity component is generated in the direc-
tion of movement and the perpendicular direction of
movement. When the mover moves, the changing mag-
netic flux is generated in the stator I core. The induced
electromotive force is generated in the armature winding
due to the changing magnetic flux, which is the work-
ing principle of MEM-TFM. Therefore, when the stator
I armature winding is supplied with alternating three-
phase voltage and current, a changing magnetic field is
generated in the middle air gap. The mover generates
thrust under the action of the magnetic field and moves
linearly.

In the proposed MFM-TFM, the number of mag-
netic field pole pairs of the stator I armature winding is 5.
The number of poles of the modulator is 11. The number
of magnetic field pole pairs generated by PM and excita-
tion winding is 6. The ratio of the number of modulator
poles to the number of lower stator magnetic field pole
pairs is 11:5. Therefore, the transmission ratio of MFM-
TFM can be defined as 11:5. According to the magnetic
field modulation principle, the speed of the mover is 5/11
of the speed of the stator I armature magnetic field. The
thrust of the mover is 11/5 times that of the stator core I.
Therefore, the thrust of the mover is effectively ampli-
fied. This is the fundamental reason why magnetic field
modulation increases the thrust of the motor.

B. Calculation of air gap magnetic flux density based
on permeability method

The total permeance per unit area of MEM-TFM can

be expressed as:
1 1 1 1
e e (1)

A ()C7 t) APM Aag Atr ()C, f)

where Apy is the permeance per unit area of the perma-
nent magnet, A, is the permeance per unit area of the air
gap, Ay (x,1) is the permeance per unit area of the mover.
In the stator II of the MFM-TFM, the current of the
DC excitation winding is adjusted to change the excita-
tion magnetic field. The air gap flux density is adjusted
to make the direction of the excitation magnetic field
exactly opposite to the direction of the magnetic field




generated by the permanent magnet. The total perme-
ance per unit area can be expressed by the Fourier series
as equations (2), (3) and (4).

In equations (2), (3) and (4), Ay is the DC part of the
permeance per unit area,wy is the width of MEM-TFM, v
is the speed of the linear mover, xo is the initial position
of the mover, Ny, is the number of effective permeable
materials of the modulator, Ay, is the permeance of the
modulator’s tilted permeable material, A, is the perme-
ance of the modulator’s tilted non-permeable material,
wp 1s the width of the modulator’s tilted permeable
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material, w, is the width of the modulator’s tilted non-
permeable material, /; is the thickness of the modulator.

The magnetomotive force generated by stator II PM
can also be expressed using Fourier series as equations
(5) and (6).

In equations (5) and (6), B, is the residual mag-
netism of PM, ppy is the number of magnetic field pole
pairs generated by PM.

Therefore, the air gap flux density can be expressed
as equation (7):

o 2
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The main harmonic characteristics of the air gap flux
density are shown in Table 2. Since the amplitude of

3 We Nm =+ jppm
”(Nm_ijM) (X— Ntht_meO>:| %)
We Nm — jppm
The pole pitch of the working harmonic is:
Nmw 1
TPMeff = ) = = Gywy, (10)

low-order harmonics is much larger than that of high-
order harmonics, the average thrust can be increased by
increasing the amplitude of low-order harmonics. The
relationship between the number of pole pairs of low-
order harmonics and the speed is:

PpMeft = |Nm — jppm|, ®)
Ny,
VpMelf = ————— = Gy, 9)
Nm — JPPM

where pppesr i the pole pair number of the working har-
monic, vppesr 1S the speed of the working harmonic, G;
is the transmission ratio.

Table 2: Harmonic distribution of main air gap magnetic
flux density

Pole Pairs Speed
JPpm 0
N+ jpem NmIYF“}'?PM
[Nm — jpewm| R

2(Nm—jpem) 2

where Tppefr 1S the pole pitch of the working harmonic,
wy is the width of the modulator’s tilted non-magnetic
material.

The losses of the proposed MFM-TFM mainly
include permanent magnet eddy current loss, core loss
and copper loss. By increasing the armature current
amplitude, the iron loss, copper loss, output power and
efficiency of MFM-TFM are calculated. Iron loss mainly
includes hysteresis loss, eddy current loss and additional
loss, which can be expressed as:

Diton = Ph Tt Pec + Pe = kthg] +kecszr2n + kefl'SBrlriSa
(1D
where ky,, kec and k. are the hysteresis loss coefficient,
eddy current loss coefficient and additional loss coeffi-
cient, @ = 1.69, ky = 32, kec = 0.13, ke = 0.45, By, is the
maximum magnetic density, f is the frequency.
Copper loss can be expressed as:

MNP peyley
b

Pcu = MN]chu =
Seu

12)
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where R, is the winding resistance, [ is the current, pcy
is the copper resistivity, I, is the winding length, S¢,
is the winding cross-sectional area, M is the number of
slots, N is the number of winding turns.

II1. MFM-TFM DESIGN AND
OPTIMIZATION ANALYSIS
A. Calculation and analysis of air gap magnetic flux
density based on finite element method

The air gap flux before and after modulation is cal-
culated as shown in Figs. 8—11. The lower air gap flux
and the upper air gap flux are shown in Figs. 8 and
10. The lower air gap flux in Fig. 8 is transformed by
fast Fourier transform (FFT) to obtain the harmonic flux
amplitude before modulation as shown in Fig. 9. The
upper air gap flux in Fig. 10 is transformed by FFT to
obtain the harmonic flux amplitude after modulation as
shown in Fig. 11.

It can be seen in Fig. 9 that the 6th harmonic flux
amplitude is the largest. This is mainly because the num-
ber of magnetic field pole pairs generated by the perma-
nent magnet and the excitation winding of the lower sta-
tor is 6.
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Therefore, the flux in the lower air gap is mainly
dominated by the 6th harmonic. That is, before the mod-
ulator is applied, the 6th harmonic flux amplitude in the
lower air gap is the largest. The number of poles of the
modulator is 11.

According to equation (8), in the upper air gap, the
5th harmonic flux amplitude is the largest. In Fig. 11,
according to the finite element calculation, the 5th har-
monic flux amplitude in the upper air gap is the largest,
which is also consistent with the theoretical derivation.
Therefore, when the 5th harmonic magnetic field is gen-
erated by the upper stator winding, stable energy transfer
can be achieved, which is the basic working principle
of the proposed MFM-TFM. Therefore, when the num-
ber of magnetic field pole pairs generated by the stator I
winding is 5, stable power transmission can be achieved.

The distribution of magnetic field lines of the mover
at different positions is shown in Fig. 12. At position A,
the flux linkage of phase A is maximum. At position B,
the flux linkage of phase A is short-circuited. The flux
linkage of phase A is 0. At position C, the flux linkage
of phase A is maximum in reverse direction.
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B. MFM-TFM optimization design and loss calcula-
tion

In this paper, a multi-objective optimization algo-
rithm is used to optimize the main parameters of
the MFM-TFM. The average thrust, output power and
efficiency of the MFM-TFM are focused on. The influ-
ence of structural parameters on average thrust and
thrust fluctuation needs to be considered comprehen-
sively. The initial structural parameters and optimiza-
tion design process of the MFM-TFM are shown in
Table 3 and Fig. 13. First, the structural parameters of
the MFM-TFM are analyzed by correlation to obtain the
main structural parameters. According to the parameter
variation range in Table 3, the electromagnetic perfor-
mance of the MFM-TFM is parametrically calculated.
The multi-objective optimization algorithm is used to
find the optimal solution for the parameter optimization
results. Compared with the width of the modulator, the
electromagnetic performance of the MFM-TEM is more
obviously affected by the modulator length. Although a
larger modulator length can reduce thrust fluctuation and
increase back EMF within a certain range, the reduc-
tion in average thrust is also very obvious. High average
thrust and low thrust fluctuation are set as optimization
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targets. The number of winding turns and slot fill rate
are comprehensively considered to obtain the optimized
structural parameters as shown in Table 3.

In this paper, the second-generation non-dominated
sorting genetic algorithm-II (NSGA-II) is adopted to
optimize the proposed MFM-TFM structure. NSGA-II
is an improved version of the non-dominated sorting
genetic algorithm (NSGA), which improves the conver-
gence of the algorithm by adopting a fast non-dominated
sorting algorithm and a crowding algorithm.

Table 3: Optimization range of the main parameters

Optimization Step | Final
Parameters Symbol | Range Length | Value
PM width wpy 4-14 1 10 mm
Upper stator
tooth boots Li—stator | 16-24 2 20 mm
length
Modulator I | 1428 1 |20mm
length
Lower stator
tooth boots L_stator | 16-24 2 20 mm
length
Modulator
width W 3-12.5 0.5 10 mm
PM length Lom 4-30 2 14 mm
Upper stator
yoke width Wy—stator | 10-24 2 16 mm
Lower stator
yoke width Wi_stator | 6-14 2 10 mm
Start
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In the design of MFM-TFM, the performance indi-
cators of the MFM-TFM, such as load average thrust
and thrust fluctuation, are used as objective functions.
The optimization variables mainly include the structural
parameters of MFM-TFM, such as permanent magnet
shape, modulator shape and tooth slot shape as shown
in Table 3. The optimization objectives are mainly the
electromagnetic performance of the MFM-TFM, such as
maximizing the average thrust and minimizing the thrust
fluctuation.

The optimization process based on the multi-
objective optimization algorithm is shown in Fig. 14. The
specific steps are as follows:

(D The optimization objectives and design vari-
ables are determined. The optimization objectives of the
designed MFM-TFM are lower thrust fluctuation and
higher average thrust.

@ Based on ANASYS Maxwell software, the thrust
fluctuation and average thrust data of MFM-TFM with
different structural parameters are calculated. The sensi-
tive parameter analysis method is used to calculate and
analyze the sensitivity function of the design variables to
the optimization objectives. Structural parameters with
high sensitivity are selected to generate the required sam-
ple points. Based on the sample points, the response sur-
face model is built.
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@ The surrogate model is built. According to the
sample points, the fitted model is obtained based on
Advanced Latin Hypercube Sampling.

@ The improved NSGA-II algorithm is used to
solve the model in step ). In order to better solve
the multi-objective optimization problem of MFM-TFM
design, the normal distribution crossover (NDX) opera-
tor and the efficient non-dominated sorting (ENS) sorting
were adopted. The joint model was built in Maxwell &
Workbench & OptiSLang. According to the variable con-
straints and target requirements, the pareto front solution
was generated.

® The slot fill rate, magnetic flux saturation, slot
width and assembly of MFM-TFM were comprehen-
sively considered to determine the final parameters of the
design variables. Based on the finite element method, the
back EMF, average thrust and thrust fluctuation were cal-
culated and experimentally verified.

The influence of different structural parameters
on electromagnetic performance is studied. The motor
thrust under different air gap widths is shown in Figs. 15
and 16. It can be seen that as the air gap width increases,
the thrust of the modulator decreases. This is because
when the air gap increases, the air gap magnetic resis-
tance also increases, and the effective magnetic flux
change decreases. So, the thrust also decreases. How-
ever, the air gap width needs to consider the performance
and assembly difficulty comprehensively. The influence
of PM and core width on thrust is given in Figs. 17 and
18. It can be seen that as the width of the permanent mag-
net increases, the thrust also gradually increases. How-
ever, the influence of the width of the permanent magnet
on the thrust is not significant. The change of thrust under
different width coefficients is given in Fig. 18. It can
be seen that when the core width coefficient gradually
decreases, the thrust of the mover gradually increases.
But the thrust increase rate gradually decreases. When
the width coefficient reaches 0.57, the thrust increase
gradually reaches saturation.
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In order to study which variables have a greater
impact on the performance of MFM-TFM, the sensitiv-
ity analysis is employed. The sensitivity index can be
expressed as:
9f a  Af/f
oAz / Zi
where f is the optlmlzatlon target response, z; is the
design variable. The load average thrust and thrust fluctu-
ation are the optimization target. Then, the weight coef-
ficient is used to comprehensively evaluate each vari-
able, and the comprehensive sensitivity index G(ni) is

Sni = |NOP (13)
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introduced, which can be expressed as: 5.0

Gni = wy SFAverage‘ +wp |SFFluctuati0n| s (14) ‘+PhﬂSGA —%—Phase B —&— Phase C|

S}
n

where SFaverage and SFrjuctuation are the sensitivity indices

of the load average thrust and thrust fluctuation, respec-

tively, w; and w, are the weight coefficient of load aver-

age thrust and thrust fluctuation. The sum of w; and

wyis 1. 25
The objective function is given in equation (15). The

range of optimization variables and other constraints are o j il . i i il

given in Table 3 and equations (16), respectively: 0 10 20 30 40 50 60 70 80
Relative position(mm)

Current(A)
(=}
=)

The objective functions

{ max {Faverage ' (15) Fig. 20. Armature current of MFM-TFM.
min {F Fluctuation
Other restrictions
0.45 < Slot fill rate < 0.7 . (16)
{ 1.5 < Magnetic density value < 2.2

The voltage and current curves of MFM-TFM are
given in Figs. 19 and 20. It can be seen that the wave-
form sinusoidality of the back EMF is relatively high.
The waveform sinusoidality of the load current is also
relatively high. This shows that the electromagnetic per-
formance of the MFM-TFM proposed in this paper is
relatively good. The influence of the modulator, perma-
nent magnet and pole shoe on the electromagnetic per-
formance of the motor is given in Figs. 21 and 22. It can
be seen that when the modulator width is 10 mm and
the length is 20 mm, the thrust of the mover is relatively
high. For thrust fluctuation, it can be seen that the length
of the stator I shoe has a greater influence on the thrust
fluctuation.

When the length of the stator I shoe gradually
increases, the thrust fluctuation also gradually increases.
This is mainly caused by the interaction of the tooth slot
force. The thrust fluctuation is relatively less affected by
the width of the permanent magnet.

For the adopted NSGA-II, the genetic algorithm
population size is 200. The crossover probability is 0.8.
The mutation probability is 0.02. The number of itera-
tions is 200 generations.

500

‘—B—Phase A —e&—Phase B —&—Phase C‘

[5)
w
(=}

Voltage(V)
(=}

|
(3]
wn
(=}

&

-500 ; ; 1 I
0 10 20 30 40 50 60 70 80
Relative position(mm)

12
i 10
dfh(m,,,) 14 &Qa

Fig. 22. Effect of permanent magnet and stator shoe on
Fig. 19. Back EMF of MFM-TFM. thrust fluctuation.



Scatter plots of average thrust and thrust fluctua-
tion of MFM-TFM with different designs are given in
Fig. 23. Sensitivity analysis of optimization parameters
to average thrust and thrust fluctuation is given in Fig. 24.
According to the variation range of MFM-TFM opti-
mization parameters, the thrust fluctuation and average
thrust are calculated and analyzed.

0.28
= Pareto front
024F = _-' . * Selected solution
.I
[=} n l. =I
EEE L X v,
g ‘:s- .f'l ﬁl‘.l .I.
£ e A
—~ -I. ] a
o i
0.08 |

70 80 90 100 110 120
Average thrust( N)

Fig. 23. Scatter plots of average thrust and thrust fluctu-
ation of MFM-TFM with different designs.

- F Average

0.50 ]
- F Fluctuation |

o

(3]

[
|

Sensitivity
=)
o
S
1

-0.25

Wn

Deg; I
CSIgn Va”.a bles u-stator f

I-stator

Fig. 24. Sensitivity analysis of optimization parameters
to average thrust and thrust fluctuation.

In the calculation results, the pareto front solution
is obtained. According to the comprehensive sensitivity
index, slot filling rate and magnetic flux saturation con-
straints, the optimized design parameters are determined.
For the selected design points, the sensitivity of different
optimization parameters to the average thrust and thrust
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fluctuations are analyzed. In Fig. 24, the sensitivity of the
permanent magnet length and the lower stator tooth boots
length to the average thrust is relatively large. The sensi-
tivity of the modulator length and the permanent magnet
width to the thrust fluctuation is relatively large.

In order to further verify the stability and reliabil-
ity of the designed structure, the magnetic flux distribu-
tion under no-load and rated-load conditions is shown in
Figs. 25 and 26.

In Fig. 26, it can be seen that, except for the high
magnetic flux saturation of the upper stator teeth, the sat-
uration of most of the motor magnetic flux is low. There-
fore, according to the magnetic flux calculation results, it
can be seen that the electrical load selection of the MFM-
TFM is reasonable.

In order to further study the loss and efficiency of
the proposed MFM-TFM, the hysteresis loss, additional
loss, eddy current loss and total loss are shown in Fig. 27.
It can be seen that as the armature current gradually
increases, the loss also gradually increases. Since the sta-
tor core is made of laminated silicon steel sheets, the
hysteresis loss, additional loss, eddy current loss and
total loss are much smaller than those of non-laminated
sheets. At the rated current of 2 A, the average thrust of
the motor reaches 612.54 N.

In order to reflect the advantages of the structure
proposed in this paper, the electromagnetic performance
comparison between MFM-TFM and different linear
motors is shown in Table 4. When the armature current

B/T

2.00
1.81

1.57
1.33
1.08

- 0.84

0.60
0.36
0.12

Fig. 25. No-load magnetic flux density distribution.

Fig. 26. Magnetic flux distribution at rated load.
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Table 4: Comparison of machine performances

ACES JOURNAL, Vol. 40, No. 05, May 2025

Proposed TF-FRLM TF-PMLM |EDT-PMLSM | CT-PMLSM
MFM-TFM [22] [23] [24] [25]
Rated thrust (N) 612.5 278.6 117.8 3335.7 2612.9
Rated power (W) 612.5 278.6 117.8 1214.9 951.1
Active volume ( m>) 6.2e—3 1.8e—3 1.3e-3 3.8e—2 3.8e—2
Thrust ripple (%) 17.4 344 2.6 5.0% 8.4%
Thrust per active volume ( kN/m?>) 98.8 153.5 91.6 87.8 68.8
Power per active volume ( kW/m3 ) 98.8 153.5 91.6 35.2 27.1
Efficiency (%) 81.6 - 80.8 91.1 90.7
—s=—TJ amination Hysteresis loss —=— Non-laminated Hysteresis loss 900
—e—Lamination Additional loss —»— Non-laminated Additional loss 77
—*—La:mination:Eddy current loss —<—N0n-laminated:Eddy current loss 800 + % Output POWEL
—o—leaminationfTotal iron loss —T—Non-lmninate(iﬁifon 1075(5) 700 b észssssszs; Core loss - 7
e - §600 Yy Copper loss
&r <500 7
P '/'.//"'/I _ o
gL T ./-/ —; 50 % 400 F -
8 : : S L
S ; : ‘ o}
— 0 05 1 15 2 25 3
2r 10 Armature current(A)
olt 0 Fig. 28. Loss of MFM-TFM with the variation of arma-

0.0 0.5 1.0 1.5 2.0 2:5 3.0
Current(A)

Fig. 27. Loss calculation and analysis of single stator.

is 2 A and the mover speed is 1 m/s, the calculated thrust
of the mover is 612.5 N. It can be seen from Table 4
that the proposed MFM-TFM has a higher thrust den-
sity compared with the conventional PMLSM, which is
mainly due to the magnetic field modulation effect of the
mover. In addition, the thrust fluctuation of the proposed
MFM-TFM is relatively small.

The proposed MFM-TFM has two very significant
advantages. First, the mover of the ordinary PMSLM
is covered with permanent magnets. Due to the high
cost of permanent magnets, the manufacturing cost of
the motor is very high when the mover is long. How-
ever, the mover of the proposed MFM-TFM is made of
cheap ferromagnetic materials. The manufacturing cost
of the MFM-TFM is lower. The MFM-TFM is very suit-
able for long stroke applications. Therefore, the MFM-
TFM proposed in this article has huge application poten-
tial in new energy high-voltage disconnector. Second,
based on the modulation effect of the magnetic field,
the MFM-TFM has the advantages of high-power den-

ture current.

05 1 15 2 25 3
Armature current(A)

Fig. 29. Output power and efficiency of MFM-TFM with
the variation of armature current.

sity and small thrust fluctuation in low-speed direct drive
applications.

Loss of MFM-TFM with the variation of armature
current is given in Fig. 28. Output power and efficiency
of MFM-TFM with the variation of armature current are
given in Fig. 29. As can be seen from Figs. 28 and 29, the



main loss of the motor is copper loss. As the armature
current gradually increases, the loss and output power of
the motor gradually increase. When the armature current
exceeds 2 A, the increase in output power is no longer
obvious. When the armature current is 2 A, the motor
efficiency is 81.6%.

IV. PROTOTYPE AND EXPERIMENTAL
TESTING

In order to verify the rationality of the MFM-TFM
topology proposed in this paper and the accuracy of the
calculation results, a prototype was designed and manu-
factured. An experimental platform was built to test the
thrust and no-load back EMF of the motor at different
armature currents.

Stator I punching, modulator and stator II punching
are given in Fig. 30. The thrust curves at different posi-
tions of the mover are shown in Fig. 31. It can be seen
from Fig. 31 that the calculated thrust value is larger than
the measured value. On the one hand, this is mainly due
to the fact that the mover will be affected by friction dur-
ing the test.

On the other hand, there will be some errors dur-
ing the motor assembly process. The calculated value of
the average thrust and the measured value of the average
thrust are compared and analyzed as shown in Table 5.
It can be seen that the calculated value and the mea-
sured value are highly consistent. The error between the
thrust test results and the calculation results is basically
within 5%, which meets the engineering error require-
ments. The no-load back EMF calculation results and
measurement results have good consistency as shown
in Fig. 32. Therefore, the rationality of the MFM-TFM
topology structure proposed in this paper and the accu-
racy of the calculation results are verified.

Fixed slotl

Stator 11

Fixed slot
Winding

Fig. 30. Prototype.
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— 2.0A Calculated value = 2.0A Experimental value
— 1.4A Calculated value e 1.4A Expernimental value
— 1.0A Calculated value 4 1.0A Experimental value
— 0.6A Calculated value v 0.6A Experimental value
— 0.2A Calculated value ¢ 0.2A Experimental value
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Fig. 31. Comparison of prototype test and calculation
results.
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Fig. 32. No-load back EMF.

Table 5: Prototype thrust simulation and experimental
measurement results

Current Calculated Measured Error
(A) Thrust Thrust (%)
Average (N) Calculated
Value (N)
0.2 71.97 68.1 -5.68
0.6 216.94 209.38 -3.61
1 363.21 356.18 -1.97
14 490.56 483.59 -1.44
2 612.54 605.52 -1.16

V. CONCLUSION
A direct-drive magnetic field modulation transverse
flux motor is proposed in this paper. Based on the mag-
netic field modulation principle, high-speed magnetic
field motion can be converted into low-speed high-thrust
motion. Based on the transverse magnetic field, sta-
tor I and stator II are made of laminated silicon steel.
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Hysteresis loss, eddy current loss and additional loss are
effectively reduced. A prototype is manufactured. An
experimental test platform is built. The thrust and back
electromotive force are measured and compared with
the experimental values. The rationality of the proposed
topology and the accuracy of the calculation results are
verified. The following conclusions are obtained:

ey

@

3

(1]

(2]

(3]

(4]

After the action of the tilt modulator, the air gap flux
density dominated by the 6th harmonic in the lower
air gap is modulated into the air gap flux density
dominated by the Sth harmonic in the upper air gap.
When the 5-pole magnetic field is generated by the
stator I armature winding, the power can be stably
transmitted from the stator I armature winding to
the mover.

In the modulated air gap flux density, the amplitude
of the low-order harmonic is much larger than that
of the high-order harmonic. Therefore, the average
thrust can be improved by increasing the amplitude
of low-order harmonics.

After the air gap width, PM, core and modulator
parameters are optimized, the no-load back EMF
and current waveform sinusoidal properties are bet-
ter. Through core lamination, the loss of the trans-
verse flux motor is effectively reduced. The rated
average thrust of the motor reaches 612.54 N.
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