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reversal permanent magnet machine (LDSFRPMM) with toroidal winding is presented, which magnets
embedded with Halbach and simple array on the translator and stapectiesly. The innovation of
this structure over a conventional machine is the addition of a magnet between the stator teeth with the
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Finite Element Method appropriate magnetic orientation,and finding the best width of permanent magnet on the stator and a
Halbach Array change of the type afinding from the concentrated to the toroidal. By implementing these changes on
Linear Machine a conventional machine, the main parameters of the machine such as back electromotive force (EMF),
Magnetic Orientation thrust force, power factor and permanent magnetic (PM) flux are increasetl mfproves the
PmMachine performance of the proposed machine.
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high-current tolerance and property of the shield leakage
flux [9-12]. Also, SMC material has been used in the
In recentyears,linear flux reversalpermanentmagnet structures of PM machine tanprove performance of
machine(LFRPMM) hasreceivedconsiderableesearch proposed LDSFRPMM in terms of losses and
attention.Vernier machine is fladpearer of this category temperature [13, 14]. Coppdoss is an important
due to generating high thrust force at the low sgéed parameter in electrical machine and sgnificantly

1. INTRODUCTION

2]. This feature exists becauseof numerousmagnetic relatedto the type of winding. Based on literatufé5,
poleswhich areknownasmagneticgearingeffect[3, 4]. 16], because of the particular &pf winding, copper
Generating aigh thrust forceat the low speedis very losses in the proposédSFRPMMremarkably reduced
efficientin directdrive applicationssuchaswaveenergy and thrust force increasefn increasen the volume of
conversiorandlineartransportatiori, 6]. However, the the PM and correct selection of the shape of magnet and
first linear permanenmagnetVernier machinesuffered magnetic direction can improve the performance of the
from poor power factor due to high leakageflux [7]. proposed machin@7]. In the various types of structures,

During the years, scientists have reduced the weakness of magnets are used in the form of simple [18], spoke array
the permanent magnetic Vernier machine with a different [19], skew [20], hybrid [21, 22] and Halbach array [23]
design.Dual stator spoke array permanent magRréd) to improve the main parametaf the proposed machine.

is one of the most popular designs which is very effective A permanent magnet Vernier machine has lpgeposed

to achieve high power factor, high thrust force and low shi et al[24] and Fan et al25]. So thatwith anincrease
leakage flux[8]. Recently, engineers by using special in thevolume of thePM, air-gap magnetic fieldback
material such as superconductor and soft magnetic EMF and power factor are increased in the proposed
composite (SMC) improve performanad proposed machine Liu et al. [26] by integrating Halbach array
LDSFRPMM. Hightemperature superconductor (HTS) leakage flux and thefficiency of the proposed machine
material has been used in electric machines because ofhavereduced and increased, respectivélyao et al[27]
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by dividing the PM into the very small segment as magnetted, and the two other sides are horizontally
Halbach array in various magnetic orientation back EMF, magnetzed. PM applied between slots of the stator is
thrust force and flux density raisédematsaberi and ka magnetzed in perpendicular upward andowinward

[28] by changing the simple array to the spoke aRMly directions. The main operation of both machines is based
and applying nomrmagnetic material the thrust force and on the effect of the magnetic gear. Because of this effect,
PF have increased. The target of this paper is proposing with a small displacement of the translator, the flux in the
a new LDSFRPMM with toroidal winding and a special air gap changes rapidly and causes at the low speed to be
arrangement of PM to improve theeaknesses of able to genete high thrust forcelhe teeth of the stator
conventional LDSFRPMM. In the proposed modulate the PM field to provide an effective magnetic
LDSFRPMM magnet with Halbach array is mounted on field so that a higher velocity of the field than that of the
the translator and simple magnet with correct width and translator, improves the thrust force. The relatien
effective orientation is embedded on the stator and illustrated byArish et al.[11] and Yao et al. [29]

winding has changed from concentrated to tabi So
that, the magnetic orientation of the PM mounted on the
stator is the same as the magnetic orientation of the
middle part of the magnet with the Halbach array on the whereP,m, P andNs arethe number of pole pairs on the
translator. In this structure PM flux, air gap flux density, translator, the number of winding pole pairs and the
thrust force, powefactor and baclEMF are increased
which causes the increase of the performance of the
proposed LDSFRPMM.

=N °
Pom s 1)

2. MACHINE CONFIGURATION AND OPERATION

Ndfe35 PM with Halbach array is a specific arrangement
that compound with several directions like vetiand
horizontal. The conclusion of the combination of these
two different magnetic directions, is that the intensity of
the magnetic field on one side is highly stronger tifen
other side.All possible magnetic structures such as
vertically, horizontdly and Halbach are shown in Figure

1. As can be seen, the magnetic field vectors produced by
the magnets are symmetric in structures (a) and (b), but
in structure (c), they are asymmetric and the magnetic
field is stronger on one side than on the othectvhsing

this feature properly can improve machine performance ©)

By simultaneous use of magnets on stator and translator Figure 1. Magnet Structure. (a) Horizontal array, (
and proper combination of their magnetic orientation, the  Vertical array, (c) Halbach array

proposed LDSFRPMM can reach the ideal sinusoidal
magnetic flux, which increasdisrust force, PM flux and
backEMF. The proposed LDSFRPMM is designed
based upon the conventional LDSFRPMM, which is
shown inFigure2. As can be seen, the main difference
between conventional LDSFRPMM and the proposed
LDSFRPMM is that there is no magrmt the stator of
conventional LDSFRPMM and winding in the proposed
LDSFRPMM turns into toroidal from concentrated. So @)

that, in the toroidal winding, each phase consists of one Stator Halbach PM Flux modulation
coil, and in the concentrated winding, each phase
comprises four coils. Transtat is divided into three
equal parts, which make the phases separated from each
other, and each part consists of four major teeth which
each of them are divided into three splits for modulation i Concentrated winding

of the flux The surface of the translator has been covered (b)

by a Halbach array composed of the same three magnets Figure 2. Machine structure. (@roposed DSFRPMM, (b)
with different directions, the central one is vertically = ConventionaLDSFRPMM

Stator Simple PM Flux modulation

Translator

Stator Halbach PM  Toroidal winding

Translator
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number of stator flux modulation teeth respectively in the 100 Back- EMF (V)
proposed LDSFRPMM. Magnetic gear ratio is an 5 mm

important design index for the select of slot and pole 3mm i r:mmm
combinations during the early stages of the machine — mm 6 mm

design. Increasing gear ratio enhances thrust force and

backEMF capability. High thrust force can be achieved 0
with the high number of poles, thispigally causes (@)
higher leakage flux. 200 Detent force (N)
9 mn{
3mm 5 7 mm
3. PERFORMANCE EVALUATION mm m
In FEM for two machines, the permeability of the iron 0 i
core is based on practical data, so iron core is laminated (b)
and the iron saturation is consideradding a magnet on Figure 3. Variation of the backEMF and detent force

respect to widtlof PM. (a) BackEMF. (b) Detent force

the stator may cae the machine to saturate, which is
why it is important to choose the correct magnet width
added to the machinEigure3 shows the backMF and
detent force variations based on thdlimeter changes

of the magnet's width. With magnet's widtbreags,the

trend of detent force is increased tdbe magnet width

is chosen so that th@roposed.DSFRPMM has the low
detent force and the highest bdekIF. It should also be
noted that the width of the selected magnet does not cause
the saturation fothe proposed.DSFRPMM. According LDSERPMM
to the description given, the best selection width is 7 mm.

So that forhigh performance, the magnet width of the

Halbach array should satisfy the following relation [3]: ‘ il
hef _ Hl__l [ e e
Wy t W, I & * e "_E—rn‘;".%— T ’
] 1T LLB (LTI IT]
Whalbach ' /
Wh ¢WV (3) A Weoil Won he

wherew, , wy and U are the width of the bigger part of _ —
Halbach PM, width of the smaller part of Halbach PM Figure 5. Design parameters of proposedSFRPMM
and pole pitch, respectivelylo generate a sinusoidal

magnetic field in the aigap, the width ohorizontally TABLE 1. Thedesign parameter of the propoddaSFRPMM
magnetied PM should be smaller thawmertically Items Unit LDSFRPMM
magnetzied PM. The corresponding mesh of the Speed m/s 15
proposed.DSFRPMMis shown inFigure4. In order to W mm 3
obtain preciseaccuacy, more than 10000 meshes in
several layersverecreatecand calculatedAll the design W mm 6
parameters of the proposedDSFRPMM and the g mm 2
conventional LDSFRPMM are the same, including wy mm 10
current density, translator pole pairs, magnetic gear ratio, ,, mm 26
the material of the core and air gap length. Design mm
parameter of the proposddSFRPMM is shown in
Figure5 and listed in Table 1. e mm

hy mm 10
3. 1. Magnetic Field and Air Gap Flux Distribution he mm 32
The air gap magnetic flux density is directly We mm 9
commensurateo the PM pole pairs in the Vernier Weoi mm 14
machineand generate at the no load state. It is the hear mm 17

interaction of the magnetic field generation with the teeth
of stator and translatoFigure 6 depictsthe waveforms ‘f‘fhamach
of theair gapmagneticflux, the maximum ofmagnetic u mm 15

mm 12
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Figure 6. Comparison of the arigap magrefiux
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flux in the air gap forthe proposedLDSFRPMM and
conventional LDSFRPMM is 1.26 T and 0.81T,
respectively.Hence, the air gap magnetic fluxin the
proposed LDSFRPMM is 55% higher than the
conventionalLDSFRPMM. This increase is due to the
increased volume of magnets used in the proposed
LDSFRPMM. Theair gap fluxdensity wavefornshows
thatthereis 360 mm effective length,so it contains24
numbersof the active teeth of the stator. Fluxline
distribution at theno-load is generated only by PMnd

it is shown inFigures 7(a) and 7(b) for two model#t
expresseshatthe flux lines of the threemodulesin the
two modelsareautonomousThus, the field distributions

in one phase do not affect relatively on the other phase,
therefore theLDSFRPMM possess the excellent fault
tolerant capabilityDensity of the flux line due to ady

the magnet on the stator and changing the type of winding
in the proposed. DSFRPMM is highermagnetic flux
distribution at full load fothe two modelsgenerated by
PM and armature current simultaneoudfjgures 7(c)
and 7(d) shownagneticflux distribution atfull load for
two models. It is evident that themagnetic flux
distributionin the proposed.DSFRPMMis higher than
conventionaLDSFRPMM andmaximum magnetic flux
density for both models is less tharFyure8 showsthe

PM flux of two models. PM flux in the proposed
LDSFRPMM is generated by PM at the-load. It is
clear that the peak othe PM flux in the proposed
LDSFRPMM is higher than the conventional
LDSFRPMM, so RMS of the PM flux in the proposed
LDSFRPMM and conventionalLDSFRPMM are 0.057
Wb and0.014Whb, respectively With anincreaseén PM
flux, the backEMF also increases accordingly and this
improves the power factor and output power of the
proposed LDSFRPMM

3. 2. Back-EMF The relativemotion between the
translator and stator is caused by the external vibration
and magnetic flux through in the air gap will change.
Base on t he Faradayos I
induction, the baclEMF will be generated in the coil.

<8}

The phasEbBcan bl detinkd as:
4,
EMF =" = (©)

2005

where, y and x are PM flux and displacement,
respectivelylt is obvious thaback EMF is derivationof
PM flux relativeto time or derivationof PM flux relative
to displacementmultiply to velocity. Thus, the back
EMF is only affiliated to thechangeof PM flux. Figure9
showsno load backEMF waveformsfor two models.It
is obviouswhich waveform of the baclEMF is purely
sinusoidal and acceptable. Because HaklE is
derivation of PM flux,DC part of the PM flux is entirely
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Figure 7. Comparison of the flux density distribution. (:
Flux line distribution in theconventional LDSFRPMM at n¢
load, (b)Flux line distribution in theproposed LDSFRPMM
at no load, (c) Magnetitux distribution in theconventional
LDSFRPMM at full load, (d) Magnetifiux distribution in
theproposed LDSFRPMM at full load
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Figure 8. Comparison of the PM flux
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Figure 9. Comparison of the baekMF

1.5

omitted in the waveforms of badkMF. The maximum i e
of the backEMF at no load for the proposed e T
LDSFRPMMandconventionaLDSFRPMMis 61 V and E

17 V, respectively.
In other words, maximunof the backEMF for the
proposedLDSFRPMM is significantly higher than the

conventional LDSFRPMM, since the PM volume S A
increases. (b)

. . Figure 10. Comparison ofnductance(a) Self inductance
3. 3. Self-inductance and Mutual -inductance (b) Mutual inductance

Self inductanceand mutual inductanceof the proposed
LDSFRPMM andconventionaLDSFRPMM areshown

in Figure 10. It is obvious that the selfiductance  increases and thiseduces the power factor. But, an

depends on the translator's position and type of winding. jncrease in the PM flux is much greater than the
The averageof three phasesself inductancen the inductance increase, which according to Equation (5),

proposed DSFRPMMandconventionals 35 mH and8 since the flux isin the denominator of the fraction;

mH, respectively. Asan be seen,the averageof three generally the power factor is improved.

phasesself inductancen conventionalLDSFRPMM is

inductance in the proposed LDSFRPMM and electromagnetidorce for all phasescan bedefined as

conventional LDSFRPMM is approximatelyequal to follows [3]:

zero and mutual inductance between phase a and phase ¢

is lower than two other phases. This is due to the distance . _; 9 /1,2dL i(}i ) ©)

between phase a and phase c is longer than two other e dx 2 dx dx 2
phases.Because, Hree phases in both machines are

separated and they do not have much impact on each Thefirst termin Equation(6) is the force generatiorby
othes. PM field and othertermsarethe forcesarisingfrom the

3. 4. Power Factor The classical approach of  Position dependeninductancesHence, the inductance

computing power factor is using phasor diagram which is Variations with - translator position in the proposed
employed in this paper with irrespective of th@tor LDSFRPMM maygiveincreaseo fluctuatingforce. For

resistance. Power factor (PF) in LPMVM is given by with b3°1th models, the thrust force can be giverBbyhaet al.

assuming that the currenti$ zero [8]: [31]:
Lsl - F =F 4
PF =(1 "‘y—) 0.5 (5) thrust ele  deter ™

Detent force is a drawback for the linear machine which
leads to mechanical vibration and noise for the machine.
Then, minimizing detent force is an important
requirement for linear machine design. Detent force in
linear permanent magnet machine is appkdng two
main reasons:-1slot effect 2 end effect. Slot effect in

the linear machine is caused by the interaction of PMs
and the iron teeth. Also, the end effect is caused by the
finite stator core length and has an impact on phase a and

where'ds the RMS of the phase current aindis the
synchronous inductance. As can be seen, the major
reason for low power factor according to Eepuation(5)

is high synchronous inductance and low PM flux. The
proposed.DSFRPMMcan reach high PM flux, because
of the increase of volume of the PMdagorrect magnetic
direction of PM It is true that by converting the winding
from the concentrated to the toroidal, the inductance
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phase c. Therefe, the electromagnetic parameters of
phase b are higher than other phases. Fglté) and
11(b) depict the detent force and thrust force for both
models at the ntpad and full load, respectively. As can
be seen, the value of the detent force in thappsed
LDSFRPMM is higher than conventional LDSFRPMM,
but the average of thrust force in the proposed
LDSFRPMM is higher than conventional LDSFRPMM
and average of the thrust force for the proposed
LDSFRPMM and conventional LDSFRPMM is 415 N
and 50 N, respctively. Highthrustforce densityof the
proposed. DSFRPMM is dueto theincrease of volume

of the PM and type of winding which causes flux density
in yoke of the proposettDSFRPMM be higher than
yoke of conventionaLDSFRPMM High ripple force
reduces machine performanedienthed-axiscurrentis
zero, theipple of thrust brceis obtained [32]:

F-F
E — max_ min 5450, ®)
thrust F

avg

where, Fmax is maximumthrustforce, Fmin is minimum
thrustforce, and Fayg is averagethrustforce. The ripple
of thrust force inthe proposed LDSFRPMM is a little
higher than conventional LDSFRPMM which it is ron
important at the low speett.should be noted that with
the increase of thé®M volume, PM flux, backEMF,
thrust force, power factor and air gap flux density
increase too For a better comparison, the
electromagnetic  parameters of the proposed
LDSFRPMM and conventional LDSFRPMM are
presented in Table 2.

200

100

°

Detent force[N]

s
8

9
S
3

-300 — -
10 20 30 40 50 60 70

800 —-Proposed machine

600

N]

2 400

reef

Thrust for

200

-200
10 20 30 40 50 60 70

Time[ms]

(b)
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TABLE 2. Electromagnetic performance comparison

ltem Proposed Conventional
LDSFRPMM LDSFRPMM

Air gap flux density (T) 1.26 0.81

PM flux linkage (Wb) 0.057 0.014

BackEMF (V) 61 17

SelfinductancgmH) 35 8

Thrust forcg(N) 415 50

4. CONCLUSION

This paper proposes a hew LDSFRPMM topology with
toroidal winding which simple PM with correct
orientation and width is mounted on the stator and
Halbach array PM is mounted on the translator. This
paper shows the importance of width of magnet and
winding arraigement. Electromagnetic performance of
the proposed LDSFRPMM was compared to
conventional LDSFRPMM by FEM in terms of back
EMF, thrust force, detent force, inductance, power factor,
air gap flux density and PM flux. According to the
obtained results of FEM the novelty improved the
performance of the proposed LDSFRPMM compared to
conventional LDSFRPMM. So that, airgap flux density
in the proposed LDSFRPMM and conventional
LDSFRPMM is 1.26 T and 0.81 T, respectively. PM flux
in the proposed LDSFRPMM and caantional
LDSFRPMM is 0.057 Wb and 0.014 Wb, respectively.
BackEMF in the proposed LDSFRPMM and
conventional LDSFRPMM is 61 V and 17 V,
respectively. Inductance in the proposed LDSFRPMM
and conventional LDSFRPMM is 35 mH and 8 mH,
respectively. Thrust fos; in the proposed LDSFRPMM
and conventional LDSFRPMM, is 415 N and 50 N,
respectively. In addition, the thrust force of the proposed
LDSFRPMM has a significant increase compared to the
conventional LDSFRPMM.
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