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Abstract: In this paper, a novel maglev coupling based on the opposed Halbach array is proposed as
the interface between the linear electro-mechanical converter and 2D valve body. This non-contact
maglev coupling possesses several advantages over existing mechanical couplings such as zero
friction and wear, low vibration and noise, and no lubrication, which is expected to greatly improve
the control accuracy and life cycle of the 2D valve. A detailed analytical model of maglev coupling is
established based on the electro-magnetic theory. Firstly, the permanent magnets of the Halbach array
is decomposed into several types of basic elements to obtain their individual analytical expressions,
which are then re-superimposed into the whole coupling to obtain the analytical formula of torque—
displacement characteristics. In order to obtain maximum output torque of maglev coupling, a
parametric analysis was performed using an analytical model and optimal pitch angle and shifted
distance was explored and found. To verify the correctness of the analytical modelling and parametric
analysis results, the torque—displacement characteristics were also studied through both the FEM
simulation and experimental approach. The results of analytical modelling, FEM simulation and
experiment were in a good agreement, which shows that the maximum magnetic torque can reach
about 0.579 N-m when the external armature displacement is 1 mm. The research work provides an
important reference for the future application of maglev coupling in a 2D valve.

Keywords: maglev coupling; 2D valve; opposed Halbach array; analytical modelling

1. Introduction

The electro-hydraulic control system has been widely used in crucial industries such
as aerospace, defense, ship, large-scale power plant, and material testing machines [1-3].
As key control components, electro-hydraulic servo and proportional valves play a decisive
role for the performance of the whole system [4,5]. In order to further improve the power-
to-weight ratio and thus obtain competitive advantages over electrical drive technology,
the electro-hydraulic servo and proportional valves have striven for the capability of high
pressure and large flow rate since its advent [6-8]. Since the magnetic force generated
by the electro-mechanical converter (EMC) is not sufficient enough to directly conquer
the influence of Bernoulli force and friction force brought by high pressure and large
flow rate condition, these valves need to be designed as pilot operated configuration
where an extra pilot stage is supplemented so that the magnetic force of EMC can be
effectively amplified to a sufficient level to actuate the main spool [9,10]. The pilot operated
servo valves can be divided into nozzle-flapper valves, jet-pipe valves and deflector-jet
valve, all of which are actuated by the torque motor. These valves are primarily aiming
at aviation industry and therefore feature very fast dynamic response and high control
accuracy [11,12]. However, they still have some disadvantages [13-15]. The first issue
was the leakage flow of the pilot stage which could cost a considerable proportion of the
input power given the system is idle for long periods. The second issue is the torque
motor assembly that include some precise mechanical and electrical parts, which sacrifice
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simplicity, set-up and manufacturing costs. After World War II, the demand for low-cost
and robust electro-hydraulic control technology from the civil industry was growing
strongly, and the proportional valve appeared accordingly where the low-cost proportional
solenoid was used as a valve EMC [16,17]. Similarly, some proportional valves used
a pilot control approach to obtain a large flow rate. With the integration of the servo
valve and proportional valve, the so-called industry servo valve emerged, where the high-
performance linear force motor was used to directly actuate the valve and a linear variable
differential transformer (LVDT) sensor was introduced to form closed loop control for the
valve spool position [18,19]. Compared to the proportional valve, it possesses better static
and dynamic response, while its advantages in terms of cost, stability and simplicity over
the traditional servo valve remains. In order to simplify valve structure and obtain fast
dynamics response, some novel valve configurations adopt functional materials as actuator
to replace electro-magnetic EMCs [20-23]. However, the performance of such actuators is
heavily influenced by limited working stroke and nonlinear hysteresis, which is still a long
way to go from real industrial application.

For traditional hydraulic valve, the spool motion could be either singly translational
or rotational inside the sleeve or valve body. However, these two distinct motions can be
utilized simultaneously to constitute a novel pilot operated valve, which could be denoted
as two-dimensional valve (2D valve) [24,25]. Since the spool of the 2D valve physically
functions as both the pilot stage and main stage, therefore, it features simplicity and high
power-to-weight ratio [26,27]. Nevertheless, this configuration needs to design a spiral-
shape sensing groove on the sleeve inner surface in order to regulate pressure in the control
chamber. The manufacturing cost of such a groove is high since a special machining tool
is usually needed. Moreover, the valve needs to be driven by a rotary electro-mechanical
converter (REMC) to rotate spool firstly to actuate “2D” mechanism. However, the REMC
has the disadvantages of a small market and therefore high cost because it is not so popular
as linear electro-mechanical converter (LEMC) such as proportional solenoid [28]. Overall,
this valve configuration is more appropriate for applications such as the aviation and
military industry where performance occupies top priority and costs are less sensitive.

The civil servo industry usually prefers a low-cost product. In order to promote a
2D valve to the industrial hydraulic field, a special coupling was introduced between
EMC and the valve body to realize the spool position feedback and motion conversion.
The advantage of this configuration was that the original spiral sensing groove can be
simplified as a simple, rectangular sensing groove and a commercial proportional solenoid
can be available as an EMC, which could reduce both the costs of manufacturing and valve
EMC. There were several types of such mechanical couplings proposed in the literature,
such as the coupling of roller and sliding-wedge pair [29], the coupling of ball screw pair
and coupling of leaf spring [30], as shown in Figure 3b. The main defect of these couplings
lies that the friction and wear coming from the mechanical contact has obvious influence on
the valve control accuracy. Moreover, the mechanical couplings usually require lubrication,
and accompanying vibration and noise also affect the service life of the valve.

In order to eliminate the unfavorable influence from the friction and wear of mechani-
cal coupling, novel maglev coupling based on the opposed Halbach array was proposed in
this paper, which was used to suspend the internal armature-spool assembly in the middle
position using magnetic repulsive force and realize the function of spool position feed-
back and motion conversion by a non-contact way. Compared to the existing mechanical
couplings, this non-contact maglev coupling possesses several advantages such as zero
friction and wear, low vibration and noise, and no lubrication, which is expected to greatly
improve the control accuracy and life cycle of the 2D valve.

The rest of this paper is organized as follows: in Section 2, the configuration and
working principle of maglev coupling is introduced. In Section 3, a detailed analytical
model of maglev coupling is established based on the electro-magnetic theory. In Section 4,
a parametric analysis is performed using analytical model and optimal pitch angle and
shifted distance are searched and found. In Section 5, an FEM simulation is performed to
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validate analytical modelling and parametric analysis results. In Section 6, a prototype of
maglev coupling is manufactured, and the torque-displacement characteristics are studied
through experimental approaches. Finally, some conclusions of this work are drawn in
Section 7.

2. Configuration and Working Principle

Figure 1 illustrates the configuration of maglev coupling, which mainly includes
external armature, internal armature, permanent magnets (PMs), linear bearing, and guide
pin. The pole surfaces of the external armature and internal armature are deliberately
designed to be inclined with pitch angle «, where these angles are all the same and arranged
by a 180° array. One end of the guide pin is fixed with the valve body cover, and the other
end is inserted into the linear bearing, thus the external armature is guided to move
linearly only, while the internal armature can move both linearly and rotationally. The
pole surfaces of the external armature and internal armature are all inserted with several
PMs. In order to increase magnetic intensity in the air gap, an opposed Halbach array is
adopted for the arrangement of these PMs. Figure 2 illustrates the detailed configuration
and magnetization directions where at least three different PMs are used to constitute
each part of Halbach array. Note that more PMs are also feasible, however, it would
increase assembly difficulties. The magnetic forces generated by upper section and the
lower section of Halbach array should be mutually repulsive so that the internal armature
can be levitated in the middle of the external armature in a non-contact way.

External
armature

Linear
bearing

PM of external
armature

Internal
armature

PM of internal
armature

Guide pin

Internal armature
Figure 2. Schematic of the opposed Halbach array.

Figure 3a shows a schematic for the configuration of a novel 2D valve based on maglev
coupling. It is composed of linear electro-mechanical converter (LEMC), maglev coupling
and a 2D valve body. The LEMC is connected with external armature, whose output force
is transferred to the displacement of external armature via a compressed spring. The 2D
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valve body mainly consists of spool and valve sleeve. Two tiny rectangular holes called the
hp-hole and Ip-hole were manufactured on the right spool land and ported to oil supply
and reservoir, respectively. There is a rectangular sensing groove machined on the inner
surface of the sleeve, which is piloted to the control chamber on the right end of spool.
The oil supply pressure P; is led to the hp-hole and high-pressure chamber through hole a
and hole b. In the equilibrium position, the hp-hole and lp-hole were located on the two
sides of rectangular groove and constitute two tiny overlapping openings, which forms
a half-hydraulic resistance bridge. The output pressure of the resistance bridge is then
ported to the control chamber. Neglecting Bernoulli’s force and friction force and set the
area of the control chamber as twice as that of the high-pressure chamber, so the spool can
be in a hydrostatic force balance.
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—
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Figure 3. Schematic diagram of the 2D valve: (a) 2D maglev valve; and (b) 2D mechanical valve.

Figure 4a,b illustrate the detailed force analysis for maglev coupling. The magnetic
repulsive forces generated by the Halbach array, i.e., F;, F», Fl’ , Fﬁ can be further resolved
into axial components Fy,, Fy,, F{,, F;, and tangential components Fy;, Fy, F;;, F};. When
LEMC is not electrified, the magnetic repulsive forces are equal, as shown in Figure 4a,
and the hp-hole has the same overlapping height with respect to the sensing groove as
does the Ip-hole. Therefore, the pressure of the control chamber regulated together by the
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hp-hole and Ip-hole is Ps /2, and the pressure area of the left high-pressure chamber is half
of the right control chamber. Thus, the assembly of the internal armature-spool is under a
state of static balance. When LEMC is electrified, the external armature moves Aw, and the
Fo, Fot, F},, F}, decreases and the Fy,, Fyy, F{,, F{, increases, as shown in Figure 4b. Among
them, the resulting force of axial components would be compensated by the Bernoulli
force Fg, and the resultant force of tangential components would generate a torque T to
drive the spool to rotate clockwise, as shown in Figure 4c, and this rotary motion changes
two overlapping openings differentially, which varies the control chamber pressure and
causes the imbalance of hydrostatic force acting on the spool, therefore the spool moves
towards the right. This linear motion of the spool again results in the changes of magnetic
repulsive forces, which leads to the reverse rotation of the spool until these forces return
to their initial value, and the overlapping openings of hp-hole and lp-hole with sensing
groove equals again. As a result, the force balance is re-established and the spool is in a
new equilibrium position.

(a) (b)

09
(o)

Figure 4. Force analysis of maglev coupling: (a) front view and rear view when not electrified; (b) front view and rear view

when electrified; and (c) side view when electrified.

3. Analytical Modelling
3.1. Analytical Modelling of Permanent Magnet Units

Figure 5 demonstrate two infinitesimals of permanent magnet (denoted as IPM)
with unit length in the y axis direction, where dy1, d, are the area of IPM-1 and IPM-2,
respectively; By, B, are the residual magnetic induction intensity of IPM-1 and IPM-2,
respectively; 81, B2 is the angle between By, By and the positive direction of x axis; r is
the distance between IPM-1 and IPM-2 in the xoz plane; 0 is the angle between r and the
positive direction of the x axis. According to the theory of point magnetic charge, if IPM-2 is
placed in the magnetic field H; generated by IPM-1, the interaction force will be generated
and the magnetic common energy dW can be expressed as [31,32]

dW = BzHldSZ (1)
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where:
By = By cos(Ba — 0)r+ By sin(By —0)6 ()
_ Bi .
1= 2P cos(0 — By)dsir+ prme sin(6 — B1)ds10 3)
Z A z
X
B:
7
i 0
7
IPM-1| Z] ’B_l__ _
-
0 dSl X

Figure 5. Schematic diagram of infinitesimals of permanent magnet (IPM)-1 and IPM-2.

Substituting Equations (2) and (3) into Equation (1), it yields:

B1B>
= 27_(]/!072 COS(,Bl + B2 — 29)d51d52 4)

where pg is the vacuum permeability.

Integrating Equation (4) with regard to two arbitrarily sections s; and s, the total
magnetic common energy W between two parallel rectangular PMs per unit length can be
calculated as

% = // thl;f;ﬂ cos(B1 + Ba — 20)dsyds, (5)
51 82
where L is the total length of PM.
According to the principle of virtual work, the magnetic force between two parallel
rectangular PMs per unit length can be obtained by calculating the partial derivatives of
Equation (5) for x and z, respectively:

FE oW BB 1
fx = = Tl 2 // r—3cos(ﬁl + B2 — 30)dsidsy (6)
VO S1 S
F. oW BB 1 .
f =5, = ﬁ// r—351n(,51 + B2 — 30)dsy1ds, 7)
S1 S

By integrating upon different regions, Equations (6) and (7) can be used to solve the
magnetic force of PMs with different shapes and different magnetizing directions. The
PMs used in the opposite Halbach array of maglev coupling described in Figure 1 can be
decomposed into several triangular and rectangular permanent magnet units (denoted as
PMUs), and PMUs with different shapes constitute the combination of a permanent magnet
unit (denoted as a CPMU). The magnetic force between different CPMUs can be calculated
first. Then, with the superimposition, the total magnetic force of the whole Halbach array
can be obtained. Finally, the driving torque of the maglev coupling can be derived.
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3.1.1. Rectangular-Rectangular CPMUs

Figure 6 illustrates the schematic diagram of rectangular-rectangular CPMUs. Substi-
tuting the integration area into Equations (6) and (7), it yields [33]:

£ = E2 (cos(py + o) 2o (0)] +sin(py + ) 0(0)]} ®
E = Lg;ﬁz {sin(B1 + B2)[£w(c)] — cos(B1 + B2) [£¢(c)]} ©)

where F, and F, are the magnetic force of the rectangular-rectangular CPMUs in the x and
z directions, respectively. w(c) and ¢(c) are the intermediate expressions introduced in
order to simplify Equations (8) and (9) after multiple integrals.

Z A e
< [ dsa(x2,2>) =
/ 2 X2,22
2
2 !
J/ ¥V -~
/
0
______ =
dsi(x1,21)
) a X

Figure 6. Schematic diagram of rectangular-rectangular combinations of permanent magnet units
(CPMUs).

3.1.2. Triangular-Rectangular CPMUs

Figure 7 illustrates the schematic diagram of four different types of triangular-rectangular
CPMUs. Similarly, substituting the integration area into Equations (6) and (7), it yields:

o= =i {cos(By + o) | 2% (fig, ¢ ) | +sin(p + po) 0 (Rag ]} 10
o= i fain(py + o) [ £9 (fi, ¢ ) | —cos(Br + pol@(g k]| D)

where F, and F, are the magnetic force of triangular—rectangular CPMUs in x and z direc-
tions, respectively. ¥ ( f1.8 %) and ®(f,, g, k) are the intermediate expressions introduced
in order to simplify Equations (10) and (11) after multiple integrals. fi, f», ¢ and k are
the intermediate parameters introduced to distinguish a different integration area and
triangular-rectangular CPMUs, whose values are listed in Table 1. f; is the distance
between the left vertex of the hypotenuse and the vertical edge of the triangle; f; is the
distance between the lower vertex of the hypotenuse and the horizontal edge of the triangle;
g is the distance between the lower vertex of triangle hypotenuse and z axis; k is the slope
of triangle hypotenuse.

Table 1. Values of triangular—rectangular intermediate parameters.

Structure fi fr g k
(a) e 0 c —d/e
(b) 0 d c —d/e
(c) 0 0 cte d/e
(@) e d c+e d/e
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Figure 7. Schematic diagram of triangular-rectangular CPMUs.

3.1.3. Triangular-Triangular CPMUs

Figure 8 illustrates the schematic diagram of four different types of triangular—triangular
CPMUs. Similarly, substituting the integration area into Equations (6) and (7), it yields:

o= S22 Lo+ ) [ (o ) | s + B[00 0] | (12
E, = Lﬁf{sin(ﬁl +B2) [i‘l” (Pw ;)] —cos(B1 + B2) [£P'(p2,9, K)]} (13)

where Fy and F, are the magnetic force of the triangular-triangular CPMUs in the x and
z directions, respectively. ¥’ (pl,q, %) and ®'(py, g, K) are the intermediate expressions
introduced in order to shorten Equations (10) and (11) after multiple integrals. p1, p2, ¢ and
K are the intermediate parameters introduced to distinguish the different integration area
and triangular-rectangular CPMUs, whose values are listed in Table 2. p; is the distance
between the left vertex of the hypotenuse and the vertical edge of the green color triangle;
p2 is the distance between the lower vertex of the hypotenuse and the horizontal edge of
the green color triangle; g is the distance between the lower vertex of green color triangle
hypotenuse and z axis; K is the slope of green color triangle hypotenuse.

Table 2. Values of triangular-triangular intermediate parameters.

Structure 2 P q K
(a) e 0 c d/e
) 0 d c d/e
(c) 0 0 c+e —d/e
@) e d cte —d/e




Actuators 2021, 10, 61 9 of 22

e

K(Slope) z A dsi(x2,22

]

]

/ \
" K(Slope)

Al S A -
dsi(x1,21) _ dsi(x1,2:) .
¢ a x o a x
(a) ()
T
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r/ 2
c )24 .
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Figure 8. Schematic diagram of triangular-triangular CPMUs.

3.2. Superimposition of CPMUSs

Since the magnetic force between the permanent magnets follows the principle of
superposition, based on the analytical model of Equations (8)—(13), the total magnetic forces
of the opposed Halbach array of maglev coupling can be calculated. Figure 9 illustrates the
two opposed Halbach arrays located on same side of maglev coupling, which are denoted
as array-1 and array-2, respectively. Since the structure is axisymmetric, only array-1 is
used for the following analysis. Figure 10 shows the schematic diagram of decomposing of
array-1, where the PMs of the upper part and lower part are decomposed into PMUs of
j1, 72,73, j4, j5 and i1, i2, i3, i4, i5, respectively, and any interaction force of these different
PMUs can be calculated by one of Equations (8)—(13). In Figure 10, ¢y is the initial shifted
distance on x—axis direction between the upper part and lower part; h is the initial air
gap height of coupling in the z axis direction; Aw is the moving displacement of external
armature in the x’ axis direction; « is the pitch angle of coupling. The coordinate system
xoz is oriented for the arrangement of the Halbach array and the x'0’z’ is oriented for the
displacement of the external armature and valve spool.

Figure 9. Two opposed Halbach arrays on same side.
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Figure 10. Decomposition of array-1.

According to the superposition principle, the magnetic force in the x axis directions
F.1, as shown in Figure 9, can be calculated as

5 10
= Z Z inj (14)

i=1j=6
_ LBB .
— {;]Z{COS B1+ B2)[xw(c)] +sin(B1 + B2)[E£¢(c)]}
(rectangular-rectangular CPMUs, i =2,3,4and j =2, 3, 4)
iy Z{ms Bt o) £ (fug ) | + sin(p -+ Ba) (g K}
i=1j=1

(triangular-rectangular CPMUs, i =2,3,4andj =1, 5)

5 5 1
# 1 Lteos(pr o) [ fug i )| s+ o g )

(rectangular—triangular CPMUs,i =1,5and j = 2, 3, 4)

iy z{cos b1+ B2) [ﬂ (m,q, )] T sin(By + Ba) x [£P'(p2,q,K)]}}

i=1j=1

(triangular—triangular CPMUs,i =1,5and j =1, 5)
Similarly, the magnetic force in the z axis directions F,;, as shown in Figure 9, can be
calculated as

5 10
FZl = Z ZPZ,'/' (15)

i=1j=6

LB;fz {Zl 3" {sin(By + o) [w(c)] — cos(s + ) [£p()]}
i=1j=

(rectangular-rectangular CPMUs, i =2,3,4and j =2, 3, 4)

iy Z{sm (B 62) | £ (g1 ) | - costr + Bl g )

i=1j=1
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(rectangular—triangular CPMUs,i=2,3,4andj =1, 5)
5 5 1
+ 1 Y tsin(r+ ) |2 (g )| - costpr+ pa) (g R}
i—1j=1
(triangular-rectangular CPMUs,i =1,5and j = 2, 3, 4)
5 5 , 1 ,
+ ) ) {sin(B1 + B2) {i‘f’ (Plﬂhr K)} —cos(B1 + B2) x [P (p2,92,K)| }}
i=1j=1

(triangular—triangular CPMUs,i =1,5andj =1, 5)
When the external armature moves a distance of Aw, we have:

c1 = ¢g — Awcosw (16)

h1 = hg — Awsina (17)

where ¢ is the shifted distance in the x axis direction between the upper part and lower
part; h; is the air gap height of array-1 in the z axis direction.
Therefore, F,; and F,; can be expressed as

Fy1 = Fu(co, ho, Aw, ) (18)
F.1 = Ex1(co, ho, Aw, «) (19)

Referring to Figure 9 and projecting Fy and F;; in the z’ axis direction, we have:
F.n = Fu1(co, ho, Aw, a)cosa — Fyq(co, ho, Aw, a)sina (20)

where F,; is the resultant force of F,; and F,; onto the z’ axis direction.
Similarly, we have:
¢y = cg + Ax = ¢y + Awcosa (21)

hy = hg + Az = hy + Awsina (22)

where ¢ is the shifted distance in the x axis direction between the upper part and lower
part of array-2; h is the air gap height of array-2 in the z axis direction.
The magnetic forces F,p and F;, can be written as

FXZ = FXZ(COI hO/ Aw/ “) (23)

FZZ = F22 (COIhOI Aw/ DC) (24)

The resultant force of Fy; and F,; onto the 2z’ axis direction can be expressed as
E.p = Ex(co, ho, Aw, w)cosa — Fyp(co, ho, Aw, a)sina (25)
The total driving torque of maglev coupling can be written as
T = 2(F.1 — Fup)R= 2{[F:1(co, ho, Aw, &) — F;2(co, ho, Aw, a)]cosa+[Fya(co, ho, Aw, &) — Fyq(co, ho, Aw, a)|sina  (26)
Equation (26) can be rewritten as
T = 2[(F;1 — Fxp)cosa + (Fyp — Fyq)sina] R (27)

Equations (8)—(27) constitute the analytical model of maglev coupling based on the
opposed Halbach array, which will be used to rapidly calculate the driving torque of
maglev coupling with different structural parameters including cg, hy, Aw, «, and analyze
the influence of these parameters on T.
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4. Parametric Analysis

The ideal working state of maglev coupling using the opposed Halbach array is
that once the external armature has linear displacement, the internal armature would
immediately generate sufficient torque to overcome the resistance force of the valve spool in
order to drive and rotate it, so that the internal armature can follow the external armature’s
movement. Some key structural parameters have crucial influence on the output torque of
maglev coupling. According to Equation (26), once the shape and dimension of PMs are
determined, the magnitude of T would be solely dependent on the values of ¢y, hy, Aw, «a.
Among these four parameters, iy and Aw are highly related to the spool displacement,
which is pre-determined and thus there is not too much margin for optimization. Therefore,
the pitch angle « and shifted distance c( are the key parameters to be analyzed to obtain
the maximum output torque.

The analytical model of maglev coupling is programmed based on the platform of
Mathematica software so that the output torque with different parameters can be rapidly
calculated. Since the value of hg is set as constant, we can obtain the whole cluster of
surface curves showing the relationship between T, cyp and Aw for the value of a being
taken as all integers in the range of 0'~90". The values of key structural parameters used in
the calculation are shown in Table 3. Figure 11a—d shows the surface curves of the output
torque T with a being 20", 40", 60" and 80°, respectively. With these surface curves, the
value of maximum torque T,y can be collected and the value of ¢( that corresponds to
Tiuax can also be obtained. Figure 12 illustrates the relationship between « and T}y, and
the relationship between a and optimized cy, respectively. It can be seen that T}, increases
with an increase of « when « is in the range of 0°—40"; when « = 40°, Ty has its peak
value of 0.64 N-m; after that, Ty, decreases slowly with the increase of a. Moreover, the
optimized cy can be determined, which is 0.35 mm.

T (N-m)
0.6

0.4 0.6

T (N-m)

-0.4
w (mm)

|

0.4

T (N-m)
0.2

co (mm) w (mm)
w (mm)

Figure 11. Surface curve of the output torque: (a) « = 20°; (b) « = 40°; (c) & = 60°; and (d) « = 80°.
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Table 3. Key structural parameters used in the parametric analysis.

Parameters Value
Pitch/(°) 0to 90
Shift distance ¢y /(mm) —5to5
Height of air gap ho/(mm) 3
Displacement of external armature Aw /(mm) Oto1l
Residual magnetic induction intensity B, /(T) 1.19
Lever of force R/(mm) 35
Width of PM e/(mm) 6
Height of PM d/(mm) 3
Length of PM L/(mm) 10
0.7 , : , ‘ : , 6

T,.=0064

oesf— " las

0.6 — 13

optimized ¢,=0.35

0.55 — 1.5
Z 05 oI o £
=~ S
0.45 - -1.5
0.4 3
—e— Torque T
0.35 Shifted position ¢, 45
0.3 | | 1 1 | | | 8
0 10 20 30 40 50 60 70 80 90

Figure 12. Relationship between ¢, « and Tyy.

5. Finite Element Simulation

Although computationally time-consuming, the finite element method (FEM) [34]
can precisely calculate the magnetic force and provide the corresponding magnetic field
distribution. In this paper, it was used to validate analytical modelling results. The FEM
model was established using electromagnetic-field finite-element software Ansoft Maxwell.
Since the only excitation source for novel maglev coupling are permanent magnets, the FEM
model can be categorized as a low frequency static magnetic field simulation. Figure 13
shows the 2D Maxwell simulation which illustrates magnetic flux line diagram and contour
plot of maglev coupling with different & and corresponding optimal ¢y, where the quantity
A is vector magnetic potential (Wb/m) and H is magnetic field intensity(A/m). The value
of optimal ¢y is taken from the blue curve in Figure 12.
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Figure 13. Magnetic flux line diagram and contour plot of maglev coupling: (a) « = 30°, cg = 1.22 mm, Aw = 0 mm;
(b) @ =30° ¢ = 1.22 mm, Aw = 1 mm; (c) & = 40°, ¢p = 0.35 mm, Aw = 0 mm; (d) & = 40°, cg = 0.35 mm, Aw = 1 mm;
(e) & =50°, ¢y = —0.49 mm, Aw = 0 mm; and (f) &« = 50°, ¢y = —0.49 mm, Aw = 1 mm.

When LEMC'’s coil is not electrified, as shown in Figure 13a,c,e, the external armature
is in the neutral position, and the magnetic flux lines and magnetic field strength of the
Halbach array are distributed symmetrically. Therefore, the internal armature is in the
force-balanced state and there is no output torque. Once the LEMC’s coil is electrified, such
symmetrical distribution will be broken, as shown in Figure 13b,d,f. When the external
armature moves 1 mm, the magnetic flux density on the left air gap enhances and the
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magnetic field intensity becomes stronger, while the counterparts on the right gap changes
in reverse. This difference changes on both sides of coupling causes the internal armature
to output torque. The results of the FEM simulation are consistent with the working
principle discussed in Section 2. In addition, the variation of « and cy also have influence
on the magnetic field of Halbach array, which are not so obvious as that of Aw. This also
reveals that the FEM simulation is incapable of obtaining optimal « and cy, which further
demonstrates the meaning of analytical modelling approach.

The pitch angle « and the shifted distance ¢y have a significant influence on the
performance of the maglev coupling. In order to further verify the analytical modelling
results in Section 3, the torque—displacement characteristics are simulated where & = 30°,
« =40°, a = 50° and corresponding optimal ¢y and cg — 2, co + 2, cg — 4, cg + 4 are selected.

Figure 14 illustrates the comparison results. It can be seen that the FEM-simulated
results are very close to the analytical ones, which verifies the correctness of analytical
modelling. Varying a« and c( greatly changes the torque, regardless of the values of &
and co, and the torque—-displacement characteristics increase linearly. Figure 14a shows
the influence of ¢y on the torque—displacement characteristics of the 30° maglev coupling.
When ¢y varies from —2.78 to 1.22 mm, the output torque increases, and when ¢ varies
from 1.22 to 5.22 mm, the output torque decreases, which verifies the one of the conclusions
of Figure 12: when ¢g = 1.22 mm, the output torque of 30° maglev coupling is the largest.
Similarly, Figure 14b verifies that when ¢y = 0.35 mm, the output torque of 40° maglev
coupling is the largest, and Figure 14c verifies that when ¢y = —0.49 mm, the output torque
of 50° maglev coupling is the largest. Comparing the red lines in Figure 14a—c shows that
the output torque is the largest when « = 40°, ¢y = 0.35 mm, which is consistent with the
conclusion in Section 3.

Z, = ®-40, ¢:~1.65 (Analytical)
N03— —e—40°, c~1.65(FEM) .

0.2

0.4 0.6 0.8
w(mm) w(mm)
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Figure 14. Verification for the parameter optimization with FEM simulation: (a) influence of ¢y on the torque-displacement
characteristics with « = 30°; (b) influence of ¢y on torque-displacement characteristics with a = 40°; (c) influence of cy on
torque-displacement characteristics with a« = 50°.
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6. Experimental Study

Based on the analytical modelling and FEM simulation, the main structural parame-
ters of maglev coupling are determined, as shown in Table 4. Then, prototypes of maglev
coupling with different « and corresponding optimal ¢ are designed and manufactured,
as shown in Figure 15. A special experimental platform for torque—displacement char-
acteristics of maglev coupling is also designed and built, as shown in Figure 16. The
experimental platform mainly includes an oscilloscope (MSO-X3054A), linear micrometer
(HYB10-60LN) and torque sensor (DRFL-I-5-n-K) with its power supply (HY-250A-24) and
voltage converter. The function of voltage converter is to convert the voltage of the power
supply (24 V) into the voltage of the torque sensor (5 V). The external armature is fixed
on a linear micrometer with a measuring range from —30 mm to 30 mm and an accuracy
of 0.01 mm. The internal armature is magnetically suspended in the external armature,
and its output shaft is connected with the torque sensor. By manually adjusting the linear
micrometer, the external armature can move axially relative to the internal armature, and its
displacement can be read by the linear micrometer. The output torque of internal armature
can be measured by the torque sensor. The oscilloscope is used to display signals and
collect data. In this way, the torque-displacement characteristics under different « and
corresponding optimal ¢y can be obtained.

Table 4. Design structure parameters for maglev prototypes.

Parameters Value
Width x height x length of rectangular PM/(mm) 6 x 3 x 10
Long width x short width x height x length of 30° trapezoidal PM/(mm) 7.73 x 6 x 3 x 10
Long width x short width x height x length of 40° trapezoidal PM/(mm) 8.52 x 6 x 3 x 10
Long width x short width x height x length of 50° trapezoidal PM/(mm) 9.58 x 6 x 3 x 10
Optimal ¢j of 30° maglev coupling/(mm) 1.22
Optimal ¢( of 40° maglev coupling/(mm) 0.35
Optimal ¢q of 50° maglev coupling/(mm) —0.49
Height of air gap ho/(mm) 3
Residual magnetic induction intensity B, /(T) 1.19
Coercivity of magnet/(A/m) 9.15 x 10°
Lever of force/(mm) 35

@
— N = » >
e —
|
a=30° a = 40° a=50°
co=1.22mm co=0.35mm co ==-0.49 mm

S

oD sde 4
4 J

&

.

pr
.
L o e
: ! ;
&

Figure 15. Prototypes of maglev coupling.

1,
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Figure 16. Experimental platform for prototypes of maglev coupling.

Figure 17 shows a comparison between the analytical, FEM simulated and experimen-
tal results of the torque—displacement characteristics of maglev coupling under different a
and corresponding optimal ¢y. Table 5 summarize the values of output torque when Aw
is 0.5 mm and 1 mm, respectively. It can be seen that as the displacement of the external
armature increases, the curve shows a monotonous and linear upward trend. When « = 40°,
the maximum torque of the maglev coupling is larger than the maximum torque of a = 30°
and a = 50°. This also proves the conclusion in Section 3: the torque of maglev coupling is
the largest for a = 40° and ¢y = 0.35 mm. In addition, the experimental maximum magnetic
torque can reach about 0.579 N-m when the external armature displacement is 1 mm. In
addition, the analytical modelling, the FEM simulation and the experimental results are in
good agreement with the maximum difference of 13.04%, which also verifies the accuracy
of the analytical modelling of maglev coupling. The main reason for the difference between
analytical modelling results and experimental ones might lie in two aspects: first one is
that some real material properties of prototypes might not be completely consistent with
the parameters used in the analytical model since they are mainly from an engineering
manual or Maxwell software database. If the value parameters of permanent magnets such
as residual magnetic flux intensity and coercivity can be measured in house, the analytical
modelling accuracy is expected to be further improved. The second one is that there might
be some machining differences between the design scheme and real prototype. Possible
installation errors of the prototype and experimental platform could also slightly increase
the difference.

Table 5. Summary of output torque values.

Aw/(mm) 0.5 1

Analytical 0.316 0.631

Torque/(N-m) FEM 0.298 0.597

(. =30°,cp = 1.22 mm) Exp 0.295 0.561
Difference 6.65% 11.09%

Analytical 0.322 0.643

Torque/(N-m) FEM 0.308 0.618

(a = 40°,c¢ = 0.35 mm) Exp 0.299 0.579
Difference 7.14% 9.95%

Analytical 0.314 0.629

Torque/(N-m) FEM 0.297 0.595

(a« =50°,c9 = —0.49 mm) Exp 0.282 0.547

Difference 10.19% 13.04%
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Figure 17. Torque—displacement characteristics of maglev coupling (a) & = 30°, cg = 1.22 mm; (b) a = 40°, ¢y = 0.35 mm; and

(c) « =50°, cg = —0.49 mm.

7. Conclusions

(1) A novel maglev coupling based on the opposed Halbach array is proposed as the
interface between the linear electro-mechanical converter and 2D valve body. This non-
contact maglev coupling possesses several advantages over existing mechanical couplings
such as zero friction and wear, low vibration and noise, and no lubrication, which is
expected to greatly improve the control accuracy and life cycle of the 2D valve.

(2) A detailed analytical model of the maglev coupling is established based on the
electro-magnetic theory, then it is realized on the platform of Mathematica software. In
order to obtain the maximum output torque of maglev coupling, a parametric analysis is
performed using analytical model and optimal pitch angle and shifted distance are found,
where for & = 40° and ¢y = 0.35 mm, the torque of maglev coupling is the largest.

(3) To verify the analytical model, the prototypes of maglev coupling are machined
and the experiment is performed. Results of analytical modelling, FEM simulation and
experiment are in a good agreement, which shows that the maximum magnetic torque
can reach about 0.579 N-m when the external armature displacement is 1 mm. The re-
search work provides an important reference for the application of maglev coupling in the
2D valve.
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Abbreviations

The following abbreviations are used in this manuscript:
2D Two-dimensional

EMC Electro-mechanical converter

LVDT  Linear variable differential transformer

LEMC Linear electro-mechanical converter

REMC  Rotary electro-mechanical converter

PM Permanent magnet
IPM Infinitesimals of permanent magnet
PMU Permanent magnet unit

CPMU Combination of permanent magnet unit
FEM Finite element Method

Nomenclature

Fg  Bernoulli force

T;  Output torque

« Pitch angle of maglev coupling

W Magnetic common energy

B;  Residual magnetic induction intensity of IPM-1

B,  Residual magnetic induction intensity of IPM-2

H;  Magnetic field intensity generated by IPM-1

B1  Magnetizing angle of IPM-1

B>  Magnetizing angle of IPM-2

0 Angle between the point magnetic charges

r Distance between point magnetic charges

ds; Area of IPM-1

ds, Area of IPM-2

#o  Magnetic permeability of vacuum

L Length of PM (Y direction)

f1 distance between the left vertex of the hypotenuse and the vertical edge of
the triangle

f»  distance between the lower vertex of the hypotenuse and the horizontal edge of
the triangle

g distance between the lower vertex of triangle hypotenuse and z axis

k slope of triangle hypotenuse

p1  distance between the left vertex of the hypotenuse and the vertical edge of the
green color triangle

p2  distance between the lower vertex of the hypotenuse and the horizontal edge of the

green color triangle

distance between the lower vertex of green color triangle hypotenuse and z axis

slope of green color triangle hypotenuse

==
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co Initial shifted distance of array-1 and array-2

c1  Shifted distance of array-1 after moving

¢y Shifted distance of array-2 after moving

hy  Initial air gap height of array-1 and array-2

hy  Air gap height of array-1 after moving

hy  Air gap height of array-2 after moving

Aw Moving displacement of external armature on x’ axis direction
Ax  Moving displacement of external armature on x axis direction
Az Moving displacement of external armature on z axis direction
F,; Xdirection interaction force of array-1

F,1  Z direction interaction force of array-1

Fy» X direction interaction force of array-2

F,,  Zdirection interaction force of array-2

R Lever of force
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