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Key Parameter Design and Analysis of Flux Reversal
Linear Rotary Permanent Magnet Actuator

Kaikai Guo, Youguang Guo

Abstract— Flux reversal linear rotary permanent magnet actu-
ator (FR-LRPMA) is a two-degree-of-freedom actuator with two
ferromagnetic (Fe) poles and two permanent magnet (PM) poles
mounted on the surface of each stator pole. The inductance and
flux linkage waveforms of the actuator are more sinusoidal than
those of the traditional single topology, which are analyzed by the
ideal linear model of one stator section of the proposed actuator.
In order to reduce the amplitudes of the cogging torque and de-
tent force, a key space gap parameter of FR-LRPMA between the
Fe pole and PM pole is studied in the circumferential and axial
directions. The expressions of cogging torque and detent force
are derived by the magnetomotive force analytical method, which
are used to obtain the optimal space gap parameter value. The
electromagnetic characteristics of the actuator are analyzed by
the finite element method and the experiment. As a result, the
amplitudes of cogging torque and detent force are reduced and
the back electromotive force waveform is more sinusoidal than
that of the original topology.

Index Terms—cogging torque; detent force; finite element
method; flux reversal linear rotary permanent magnet actuator;
magnetomotive force analytical method.

[. INTRODUCTION

OWADAYS, linear rotary motor (LRM) has become an im-

portant research topic in industrial production, which has

attracted the attention of many researchers. A rotary line-
ar switched reluctance motor was presented in [1], and its
characteristics were analyzed by 3-D finite element method
(FEM). Shodai Tanaka proposed a cross-coupled two-degree-
of-freedom (2-DOF) motor with helical windings located in
and out the bobbins in [2]. The cogging torque of a 2-DOF cy-
lindrical actuator was reduced by changing the shape of stator
and mover salient pole, which combined permanent magnet
(PM) rotary synchronous motor and PM linear synchronous
motor [3]. In [4], a linear rotary electromagnetic actuator with
light-weight moving coil and unique magnetic circuits was
presented, and closed-form analytical solutions were used to
calculate the magnetic field within the coil operating regions.
In [5], an axial double winding LRM was proposed with PM
fixed on the hollow shaft. In [6], a rotary-linear voice coil mo-
tor was proposed, which can achieve high acceleration and a
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2-DOF motion. The operating principle and force characteris-
tics of this motor were analyzed and calculated by equivalent
magnetic circuit method (MCM) and FEM. In [7][8], two rota-
ry-linear induction motors were presented with rotary and lin-
ear-tubular armatures placed side-by-side in the stator. In [9],
the operational principle, structural and the characteristics of a
transverse-flux-type cylindrical linear synchronous motor
were studied by MCM and 3-D FEM. A 2-DOF rotary-linear
actuator with a special PM-array and classical windings was
described, which was used in robotic applications in [10]. Ba-
bak Assadsangabi proposed a rotary linear microactuator, and
it was applied to a micro endoscopic catheter in [11]. In [12], a
LRM was proposed with a semi-cylindrical rotary motion sta-
tor core, a linear motion stator core and a rotor structure. In
[13][14], a linear rotary permanent magnet actuator (LRPMA)
with interlaced poles and an LRPMA with independent mag-
netic circuit structure were proposed and the air-gap magnetic
flux densities were analyzed by magnetic analytical methods.
In [15], an equivalent curvature coefficient method was used
to calculate the 3-D air-gap magnetic flux density of a flux re-
versal linear rotary permanent magnet actuator (FR-LRPMA).
In [16], an LRPMA with two sets of spiral winding inside and
outside was presented, which can only achieve spiral motion.
In [17][18], an LRM with a surface-mounted PM motor struc-
ture and a PM gear structure, a hybrid excitation LRM with
two independent position detecting coils inserted on the stator
and the exciting winding located on the mover were proposed,
which can achieve rotary and linear motion independently.

An ideal linear model of stator I is built to analyze the flux
linkage characteristic of FR-LRPMA, which is used to deduce
the relationship among the stator pole, the mover pole width
and the mover pole pitch. In order to achieve the minimum
values of the amplitude of the cogging torque and detent force,
a space gap parameter between the permanent magnet (PM)
pole and the ferromagnetic (Fe) pole is introduced in the cir-
cumferential and axial directions. The cogging torque, detent
force and back electromotive force (Back-EMF) are analyzed
by 3-D FEM. A prototype of FR-LRPMA is manufactured to
verify the effect of the space gap parameter value after the op-
timization.

II. DESIGN OF FR-LRPMA

A. FR-LRPMA

Fig. 1 shows the FR-LRPMA topology with three identical
stator sections and two stator magnetic isolation aluminum
rings in the axial direction. There are two pole-pairs in the ro-
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tary direction and one pole-pair in the axial direction. Two PM
poles and two Fe poles are mounted on the surface of each sta-
tor pole. There are eight mover poles in the circumferential di-
rection, which are staggered by 22.5 degrees in the axial direc-
tion. The concentrated windings in the stator are used to
achieve the linear, rotary or spiral motion. Table I lists the
main parameters of FR-LRPMA.

Non-magnetic
Stator |

Fig. 1. The topology of FR-LRPMA.

TABLE I
SPECIFICATIONS OF FR-LRPMA

Parameters Value Parameters Value
Mover radius (R,, mm) 30.1 PM height (%,,, mm) 52
Mover pole length (L, -, Mover pole pitch (z,

7.5 21
z/mm) z/mm)
Stator pole width (S/ Ratio of stator pole and

21 1.5
Ws 7, 6, z/mm) slot (0z, 2)
PM/Fe pole width (b, PM/Fe pole length (b,.,

9.9 9.5
&/'mm) z/mm)
Mover slot depth (mm) 8.1 Winding number 80
Air-gap length (A, mm) 0.6 Coil diameter (mm) 0.6
Ratio of stator pole and 12 Mover inner radius 2
slot ((an 0) ’ (Rriin, mm)
Stator length (z/mm) 97 Mover length (z/mm) 144
Mover pole width (5, 11.05 Mover shaft radius 12
@'mech. deg.) ’ (Rya, mm)
Stator yoke thickness Stator radius (R; ous

5 - 60
(Pst voke, mm) mm)

B. Calculation of the Main Electromagnetic Parameters

Fig. 2 shows the overview of FR-LRPMA in the circumfer-
ential and axial dir

P h.{t ‘oke*

Fig. 2. The overview of FR-LRPMA in the circumferential and axial direc-
tions, (a) circumferential direction, (b) axial direction.

1) Permanent magnet
According to the design of surface-mounted PM machine,
the prediction formula of PM height is

u,h,

h, =— 5 1
" B./B;-1 M

where w.is the relative permeability of PMs, (u=1.0447), Bris
the residual flux density of PM, and B.is the average magnetic
flux density in the middle position of air gap.

2) The parameters of the stator
According to the single magnetic circuit of FR-LRPMA, the
stator yoke thickness /. .. can be found from

=B;nR ,a, 2 2

s_7Z
The stator pole widths in circumferential and axial direc-
tions can be expressed by
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where R; i, is the radius of Sin_swior, Bs_yoke and B; are the mag-
netic flux densities in the stator yoke and the stator pole, re-
spectively, pg and N, are the numbers of pole pairs and stator
teeth in the circumferential direction, respectively.

C. The Inductance and Flux Linkage Characteristics Com-
parative Analysis

Considering the dual staggered flux reversal structure in the
single stator section, in order to simplify the study, the front
part of stator I is taken as an object for analysis in the paper.
When <z, Bp<f/2, wLp<f/2, B<Lptw/2, Fig. 3 shows
the relationship between the winding inductance L(#) and the
position angle () of the mover. The permeance difference be-
tween the PM pole and Fe pole is ignored. When it is in rotary
direction, the stator pole and mover pole keep all overlapping
during the region of @ r~6 r The inductance reaches the
maximum value L.y, While the phase inductance remains con-
stant. When the mover pole is in the region of & s~@;  the
inductance drops to the minimum value L. When it is in @& s
~6 rregion, a mover pole will be away from the stator pole,
and the other enters the stator pole gradually, then the induct-
ance is a constant value. When the mover pole leaves the posi-
tion @ s the phase inductance starts to rise. When the mover
pole moves to the position & 5 the stator pole and mover pole
all overlap, and the inductance reaches the maximum value
Linax.
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Fig. 3. The relationship between the winding inductance and the position an-
gle of the mover.

where @ 5, 65 655 O s Os s are the coincident positions of
the back edge of the mover pole and the back edge of the sta-
tor pole, the front edge of the mover pole and the front edge of



the stator pole, the front edge of the next mover pole and the
back edge of the stator pole, the front edge of the first mover
pole and the front edge of the stator pole, the back edge of the
second mover pole and the back edge of the stator pole, re-
spectively. The expression of the inductance of the stator I
front part is

Lmax .Lsif 91,]‘ < 9 < 927‘/

L(@) _ [Lmax - K(Q— 02__/')] : L.s'__/' 02_‘/ S 9 S 93_/
Lmin 'Ls_f 63_/. < 9 < 04_]‘ (4)
(Lo + KO0, )I-L, , 0, ,<0<0; ,

where 6, , =6, ,=7,~(8,-8,)/2,0, ,=(B B2,
0, ,=t,—(B+B)12,0, =B +p)12,
K= (Lmax _Lmin)/(QS_f _04_/') = (Lmax _Lmin)/(z-r _ﬂs) .

The expression of the inductance in single mover pole pitch
of the stator I is

L(0) =
Lo * Ly + Ly —K(O—-6, )*L, ;] 6 ,<0<6,,
Ly * Ly 4Ly *L, 6,,<0<0,,
Lo * Ly +[Lyw +K(O-0, )I*L, , 0, ,<0<0, ,
Lo *L, ;+L, *L ,—K(O-6, )*(L, ,~L )6, <0<0,,
(Lo —K(@O—6, N*L, +L, *L , 6, ,<0<0, ,
Low*Ly y+ Lo *L, 0, ,<0<90, ,
(L., +K(@O-6, )]*L, ,+L, *L,, 0, ,<0<0,,
Ly *L, j+ Ly, *L ,+K@O-0, )*(L, ,+L )0, ,<0<0; ,
(%)

where L, r and L, 5 are the inductances of the front and the
back of the stator I, respectively.

It can be seen that when the mover pole width is half the sta-
tor pole width and the mover pole pitch, namely, S,
=f,/2=4,/2, the amplitude of the flux linkage reaches the max-
imum value.

III. KEY DIMENSIONS OF FR-LRPMA

Assuming that the permeability of the iron core is infinite,
the flux leakage is negligible, the magnetic direction of PM is
only in the radial direction, and the Fe pole can be taken as the
PM pole in the opposite direction. Fig. 4 is the magnetomotive
force (MMF) permeance model of FR-LRPMA, when it is in
rotary motion. In the linear motion, the analytical method can
be applied in the same way. The position where the left side of
the stator is aligned with the left side of the mover is defined as
the initial position.
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Fig. 4. MMF permeance model of FR-LRPMA, (a) Fym/A waveform, (b) A
waveform of rotor tooth.

According to the MMF permeance model, the expression of
the magnetic flux density distributions at no-load condition is

B0.a,)=F,, (DA (0,a)A,.(0,a,) (6)

where Fpu(6), As(6, as) and A6, o) are the MMF excited by

the PM, air-gap magnetic permeance of stator tooth and rotor

tooth, respectively. @ is the angle in the circumferential direc-

tion, and o, o are the angles of stator position relative to the

initial position, and rotor position relative to @, respectively.
The expression of the cogging torque is

7o) =2~ O L[ 50,0, )ar)
¢ Oa, 0 2y, 7)
=9 L E A 0,0)A0.0,)d7
Oa, \ 2u, ! |

where W is the total energy stored in the air gap, o is the
magnetic permeability of free space, and V is the volume of
the air gap.

The Fourier expression of the square of MMF drop is

F)(0)=F,,+> F,, cos(nN60) (8)

n=l1

where F, =N, /zF,b,,and
Fpmn = 2Fp2m [Sin(anf}ﬂ / 2 + anQbmH) - Sin(angﬂ / 2)] / nr 9

=4F’ cos[(nN,B+nN_b, )/ 2]sin(nNb,,/2)/ nx

pm S

bmgand @ are the angles of PMs and stator slot in the circum-
ferential direction, respectively.

When the initial position remains unchanged, ¢ is a con-
stant value. The Fourier expression of the magnetic permeance
distribution of stator tooth is

Al@.a)=A,+ D A, cosmN,,(0+a,) (10)

mg=1

The Fourier expression of the magnetic permeance distribu-
tion of rotor tooth is

AlO,a)=A,+D A, cosmN, (O+a,) (1)
m. =1

where A, =N /zAlb,,,

A, =4A’ cos[m N f+mNpb )/ 2lsin(mNb ,/2)/ mrx,
A, =N,(z.- BN +B,A )27,

A,, = (2(A}, =A%)/ (m x))sin(m,N, B,/ 2),

m, =k N, /GCD(N,,N,),k =1,2,3.., Ar1i, A2, A1 and Ay are
the magnetic permeance per unit area for the rotor tooth and

slot, the stator tooth and slot, respectively, S, is the angle of
rotor tooth, and N, is the number of rotor slots.



In order to reduce the amplitude of the cogging torque, the
specific harmonic component of cogging torque can be elimi-
nated by optimally choosing the value of f. Let the expression
(9) equal 0, then the analytical value of s

B=kn/k LCM(N,N)-b,,.k =13,5.. (12)
where GCD(N;, N,) and LCM(N;, N,) are the greatest common
divisor and lowest common multiple of N, and N,, respectively.

IV. EXPERIMENT AND VERIFICATION

Fig. 5 shows the Back-EMF waveforms of phase A of the
original and improved topologies. It can be noted that the im-
proved topology achieves a more sinusoidal Back-EMF wave-
form. Fig. 6 is the harmonic analysis result. The fundamental
harmonic values of the original and improved topologies are
7.397V and 7.705V, respectively. And it is the largest one of
all the harmonic components. It is clear that the space gap S
can alleviate the pole-to-pole flux leakage in the stator tooth to
some extent and it can also help to increase the Back-EMF and
reduce the total cogging torque. According to (12), the analyt-
ical values of § can easily be obtained as 1.2 mm and 2 mm in
the circumferential and axial directions, respectively.
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Fig. 5. Waveforms of phase A. Fig. 6. Back-EMF harmonics.

Fig. 7 shows the Back-EMF waveform of FR-LRPMA cal-
culated by 3-D FEM at the initial position. It can be seen that
at the same axial position, the phase difference is 120° electri-
cal among the three phase Back-EMFs in one set of stators.
There is a phase difference 120° electrical in the phase of the
adjacent stator Back-EMF waveform. According to the simu-
lation analysis, the phase difference in the same winding is 90°
in the circumferential and axial directions. Assuming that the
initial phase of phase 4 is 0, 7/2 in the rotary and linear direc-
tions, then the initial phases of phases B, C, D, E, F, G, F, I in
the rotary and linear directions are (0, 7n/6), (0, -n/6), (21/3,
n/2), (2n/3, Tn/6), (2n/3, -n/6), (-2n/3, n/2), (-2n/3, Tn/6), and
(-2m/3, -n/6), respectively. Fig. 8 shows the amplitude varia-
tion waveform of the nine phase Back-EMFs with the change
of the mover in the axial position.
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Fig. 7. The waveform of Back-EMF  Fig. 8. The the amplitude variation of
(L=0mm) due to rotation. Back-EMF along the linear direction.

Fig. 9 shows the prototype of FR-LRPMA, which is used to
confirm the effectiveness of the calculation method above. A
performance test platform is built, and then the Back-EMF,
cogging torque and detent force of the proposed actuator are
measured, which are in agreement with those results analyzed
by the MMF analytical method and FEM. Fig. 10 illustrates
the cogging torque and detent force waveforms of the original
and improved actuators, when they are in the initial position. It
is clear that the amplitude values of the cogging torque and de-
tent force of the original topology are larger than those of the
improved topology, which are analyzed by 3-D FEM. The
cogging torque of the improved topology analyzed by 3-D
FEM is consistent with the result from the experiment. Since
there is a certain error of the machining accuracy of the proto-
type, the measured result of the detent force is slightly larger
than the simulation result. Due to the proper space gap, the
cogging torque and detent force of the improved topology are
reduced.
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Fig. 9. FR-LRPMA prototype, (a) stator I, (b) mover,(c) stator, (d) prototype.
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Fig. 10. Waveforms of cogging torque and detent force by 3-D FEM and ex-
periment measurement, (a) cogging torque, (b) detent force.

V. CONCLUSIONS

The main electromagnetic parameters of FR-LRPMA are
calculated in the paper, and the inductance and flux linkage
characteristics of the front part of stator I are analyzed by
building an ideal linear model. It is concluded that the induct-
ance and flux linkage characteristics of the dual staggered flux



reversal structure are more sinusoidal than those of the single
structure. In order to reduce the amplitude of cogging torque,
the space gaps between the PM pole and Fe pole in the same
stator tooth are considered both in the circumferential and axi-
al directions, and the optimal dimensions are obtained by the
MMF analytical model. The amplitudes and initial phases of
the nine phase Back-EMF waveforms, which are sinusoidal,
change with the axial position of the mover. A prototype is
manufactured and the experimental results show that the peak
values of cogging torque and detent force are reduced, which
also validate the analysis by 3-D FEM. And the Back-EMF
waveform of the improved topology is more sinusoidal than
that of the original topology.
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