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Abstract

Magnetic-liquid suspension guide-way system ( MLSGS) is coupled supported by permanent
magnetic suspension and hydrostatic bearing. The structure and bearing mechanism of MLSGS of
heavy computer numerical control ( CNC) machine tools are introduced and the mathematical ex-
pression of bearing force of bearing unit is derived and it can be broken apart into six parts which
sustains directly the coordinate components of broad external load, where the air gap of permanent
magnet and hydrostatic oil film can be simplified as elastic supports, the compatibility equations of
deformations for oil films and air gap are presented, and then the bearing capacity calculation of the
bearing unit is transformed into a determinate problem. Considering the guide-way as a rigid body,
the mathematics expression between the bearing unit’ s bearing force and the oil film variation is lin-
earized, and the oil pocket’ s bearing capacity which bears different components of the external load
is calculated separately. The six components of the bearing unit are added up, and the final general
mathematics expression is derived. The proposed research offers a general simple method for calcu-
lating the bearing capacity of MLSGS with complicate constraint, which can be mastered simply by
engineering designer and can improve design efficiency and accuracy.

Key words: heavy computer numerical control (CNC) machine tool, magnetic-liquid suspen-
sion guide-way system( MLSGS) , bearing unit, compatibility equations of deformation, linear treat-

ment

0 Introduction

Hydrostatic guide-way is a supporting and guiding

component of heavy computer numerical control
(CNC) machine tools. The bearing capacity and static
stiffness are the most important indexes which directly
affect machining precision''’. At present, oil film stiff-
ness is generally in the range of 10 —30 kN/um, the
thickness of the oil film basically varies within a few mi-
crons, and then machining precision of the heavy CNC
machine tools varies within the range of 10 pm>*'.

At present, machining precision of heavy CNC
machine tools is generally 1 —0.1 wm. In order to im-

prove the machining precision from 10 pm to 1 pm,

the pressure of the oil pocket should be increased by 10
times'*). Take GTMXXX as an example, if the oil
pocket pressure varies from 2.5 MPa to 25 MPa, then
the flow and power of supply system should increase by
10 times and 100 times"”
heating of hydraulic oil and thermal deformation of the

! respectively. At this point,

guide-way will be inconceivable, and then the hydro-
static system will not operate properly'>’. Therefore , it
is infeasible to increase oil pocket pressure to improve
the bearing capacity and stiffness of the guide-way sys-
tem. Under heavy load condition, the bearing capacity
and stiffness of hydrostatic guide-way have become the
bottleneck of the development of heavy CNC machine
tools'®’.

According to the lack of bearing capacity and stiff-
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ness of hydrostatic guide-way'’’, Hyprostatik Company
developed progressive mengen ( PM ) flow control-
ler'®’ | Shao et al. ") proposed ACFCVM. In order to
improve flow, bearing capacity and stiffness of hydro-
static guide-way, Zhang et al. "'’ proposed an adaptive
load supply system. The range of the improvement of
the bearing capacity, stiffness and the precision machi-
ning is limited by the conventional way ( Adjust the oil
pressure and fuel supply way to improve performance ).

Based on the phenomenon that same magnetic
poles repel each other, the permanent magnetic sus-
pension can support two objects with no contact, no
friction suspension. It can produce the same repulsion
support effect with hydrostatic bearing, and then it is
suitable to be the auxiliary support of hydrostatic sup-
port system. Therefore, the maglev theory is intro-
duced into the hydrostatic guide-way system to con-
struct magnetic-liquid suspension guide-way system
(MLSGS).

MLSGS consists of hydrostatic and permanent
magnetic suspension systems. The positions of bearing
unit are related to structure of guide-way, form and po-
sition of drive unit, and arrangement of bearing unit is
uncertain and asymmetrical. At the same time, there is
the coupling relationship between permanent magnetic
system and hydrostatic supporting system. Consequent-
ly, the bearing capacity of the bearing unit becomes
very complex, and there is a lack of general calculation
formula of bearing capacity of MLSGS. The bearing ca-
pacity calculation of the support unit is the foundation
of design and analysis of MLSGS.

Therefore, the paper introduces the structure
characteristics and support mechanism of MLSGS, and
then derives a general determinate mathematical model
of MLSGS with complex constraint condition, which
lays a foundation for practical application of MLSGS.

1 Brief introduction of MLSGS

1.1 Structure characteristics

MLSGS adopts hydraulic oil as lubricating medi-
um. A closed opposing skate board is arranged around
the guide-way. Four rectangular inlet pocket and a
large liquid return groove of ‘ H’ shape are arranged
in upper skate board and lower skate board. A perma-
nent magnet is arranged in the center of the skate board
(Fig. 1). The rectangular inlet pocket and liquid re-

’ shape are arranged in side the

turn groove of ¢ H
skate board. The position of permanent magnet in the
guide-way is corresponding to permanent magnet in the
upper and lower skate board, and the magnetic pole is

the same, produces the repulsion force. Each of hydro-

static supporting pocket and permanent magnets form a
bearing unit, as shown in Fig. 2 and Fig. 3.
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Fig.1 Diagram of skate board

MLSGS can realize coupling support of hydrostatic
force and permanent magnetic force, and then can in-
crease bearing capacity and stiffness of guide-way sys-

tem.

1.2 Bearing capacity of bearing unit

Assume that there are m oil pockets on the skate
board, which are supplied with a constant flow ¢,. The
oil pocket in the skate board is rectangular, as shown
in Fig. 4.

The position L; and unit vector I; of bearing force
of supporting unit can be expressed as

L =[x y z] !
{ (1)
L =[u v w]

where v> +v* +w’ =1;i=1,2,3 ---m.

According to Ref. [ 11 ], hydrostatic bearing force
/f, of hydrostatic oil pocket can be expressed as

mad,
fri== (2)
Bh

where, u is the Kinetic viscosity of lubricants (Pa -
s); h is the thickness of oil film (m) ; B is the bearing
A-a, B-b .
6b. + W, dimensionless ;
A and B are the length, width of bearing pocket (m) ;

flow coefficient, B =

a, and b, are the width of sealing belt (m) ; p, is the
pressure of bearing pocket (MPa) ; p, is the pressure of
system (MPa) ; A, is the effective bearing area of bear-

ing pocket, A, = (A -a,)(B-b,) (m).
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a According to Ref. [ 12 ], bearing force f, of upper
Grooveof and lower permanent magnet can be expressed as
-6
permanent B B 1BZL x 10
- e h 3
magnet f d 4’1T,LL0 §D( ) ( )
B where, B, , B, are the residual magnetic flux density
liquid of permanent magnet (T); L is the length of perma-
Supportin; ket . . -
groove s N nent magnet (m); wu, is the magnetic permeability of
air gap (H/m) ; (Shown as Fig. 1). The expression of

Fig.4 Structure of oil pocket

o(h) in Eq. (3) is
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2¢(c, d, h) =2¢(c, b +d, h)
-y(c+a,d, h) +¢(c+a,b+d,h)
-y(c-a,d, h) +¢y(c-a,b+d,h)
- 2y(c,0,h) +¢p(c—a,0,h)
+2y(c, b, h) —y(c-a, b, h)
+iy(c+a,0,h) —¢(c+a,b,h)

(4)

where, a is the width of the permanent magnet (mm) ;

e(h) =

b, d are the thickness of the permanent magnet
(mm); ¢is O (mm) ; (Shown as Fig.5). The expres-
sion of ¢ in Eq. (4) is as follows:

(C+1, +)In[& + (Z+1, + h)z]}

w(&,0,h) = { §+lo+h)
&

+ 2§arctan(

(5)

where, ¢, & are the undetermined coefficient, [, is the

thickness of zinc coating, h is the thickness of oil film.

According to Eq.(2) and Eq.(3), resultant
force f; of bearing unit can be expressed as

m9A. B B,L x10°°
f}l :f;' +.fd = 3 + 4
Bh Lo

e(h) (6)

2 Bearing force of bearing unit

2.1 Solution of bearing force

External load F of guide-way can be expressed as
vector form as

F=[F F,_F M M M]" (7)

Bearing force f of supporting unit can keep bal-
ance with external load F of guide-way, so the force
balance equation of guide-way can be expressed as

Nflo=[F. F, F]'
(8)
zfiLi Xli = [Mi M»ﬁ M:}T
=
The external load of guide-way can be broken
apart into six parts, F_, F , F., M, M_, M. The
bearing force of supporting unit can be expfessed as the

form of sum of six parts, £, £, £, L " A

f :fl“x +ny +sz +fs"l/lx +fM)‘ +fMZ (9)
So Eq. (8) can be expressed as follows:

ifi“ui =F, (10a)
Zmlf P, = F, (10b)
iffzwi = F, (10¢)
&

i My, —z0) = ML (10d)

i=1

Zfiw(ziui - ww;) = Mf (10e)
i=1

m

Zfiwz<xi”i - yu) = M:
=
Solve the component f f f b , f F ,f M f M , f M

of supporting unit in turn, then bearing force f of sup-

(10f)

porting unit can be solved under external load.

2.2 Solution of bearing force f F
Due to the material of guide-way and skate board-

ing being steel alloys (HT200-300) ,large stiffness and
small deformation, the guide-way and skate boarding
can be assumed to be rigid body.

The skate boarding translates as a whole without
deformations and rotation when it bears external force.
Similarly, the skate boarding rotates without deforma-
tion and translation when it bears external torque.

Fig. 6 is the force diagram of the skate boarding
when it bears external force.
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Fig.6 Force diagram of guide-way under external force

The bearing force of supporting unit is expressed
as /" when external force F_ acts on the skate board-
ing. The unit direction vector of supporting unit is [,
and the bearing force £ can keep balance with external
force F in the direction of x axis. So the force balance
equation of bearing force /™ and external force F_ can

be expressed as Eq. (10a). The number of unknown
solution £ is m, and then Eq. (10a) belongs to inde-
terminate problem'"’

sought to solve Eq. (10a).
2.2.1

, so the exira equation must be

Extra equation deformation compatibility
equation of air gap and oil film
The skate boarding translates Ax in the direction
of x axis as a whole when the external force F acts on
the guide-way, and then the thickness variation of oil
film of supporting unit is uAx.

Using the solution method of the determinate prob-
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lem in Ref. [13], the expression of bearing force of
supporting unit and thickness variation of oil film can
be derived.

According to Eq. (6), the variation of bearing
force of supporting unit can be expressed as

/-

MgA, 1 1
B [(ho_qu)3 hg]
-6
¢ BB 200 0y ) - ()]
ko
(11)

2.2.2 Linearization and calculation of bearing force
Nonlinear equation Eq. (11) is very complicated,
and it is necessary to translate it to the form of Taylor
series and ignore the higher order term, so the linear-

ization equation can be expressed as follows;

o 3ugA, B B,L x 107
Bh, 4

@r(ho) ulx

(12)
where , expression of ¢’ (h,) is
2" (c,d,hy) =2 (c,b +d,hy)
—y'(c +a,d,hy) +¢'(c +a,b +d,hy)
—¢'(c —a,d,hy) +¢'(c —a,b +d,hy)
=2 (¢,0,hy) +¢'(c —a,0,hy)
+ 2" (e,b,hy) — ' (c —a,b,hy)
+'(c +a,0,hy) —'(c +a,b,hy)

Q,(h0> =

(13)
where, expression of ¢’ is
Y'(E,8he) = In[& + (L +1y +he)*] +2
(14)
Substitute Eq. (12) into Eq. (10a), and Ax can
be expressed as

F

x

Ax =

& [3med. B B,L x 107
e
1L Bh, o
(15)
Substitute Eq. (15) into Eq. (12), and f"" can
be expressed as

Fi
fit =

i=

Du,

2 @iuf
i=1
3ugA.; B, B,L x10°

Bhy 4,

F (16)

x

where, @, = o' (hy).

2.3 Solution of bearing force f f f f

Similarly , bearing force /™, f " can be expressed
as follows when external force F , F, acts on skate
boarding :

lu’qu[ 1 B 17] \

= B L(hy —vAy)* kg
B,B,L x10°
4 2Pl XU

4, [Gp(ho_”AY) _QD(h())]J

j.ﬁ‘z _ B L(h, - wAz)3 - hg
B.,B,L x107°
et bl

4,

'“qu[ 1 1 ] 3

LoChy —wAz) - @(hy) 1)

(17)

Eq. (17) is translated into the form of Taylor se-

ries and higher order term is ignored, and then the lin-
earization equation can be expressed as follows.

: 3ugA, B B.L x 10°
Fy ¢ r T ’
= [ e 1 42wp«0 o (ho)]vAy
0
~ 3ugA, B B.L x 10°
Fz ¢ r ¥ ’
So= [ B4 1 421-r ¢(h°)]WAz
Bh o

(18)
Similarly, substitute Eq. (18) into Eq. (10b),
Eq. (10c), andny, sz can be expressed as

Fy D,
fl = m F)'
Z (pi”?
= (19)
F Dw,
f,jz = 7Fz

m

2
2 P
i=1

3/“1,:‘48,5
where, @, = -

Bhy 4,

B,B,L, x 107°

@' (hy).

2.4 Solution of bearing force f M

The skate boarding only rotates in a small angle as
a whole when it bears external torque.

Fig. 7 is the force diagram of the skate boarding
when it bears the external torque.
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Fig.7 Force diagram of guide-way under external torque
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The bearing force of supporting unit is expressed

Fx
as " when external torque M acts on the skate board-

ing. The unit direction vector and position of support-
. . . Fa
ing unit are I and L, and bearing force f  can keep

balance with external torque M,. So the force balance

equation of bearing force f " and external torque M can
be expressed as Eq. (10d), Eq.(10e), Eq. (10f).
The number of unknown solution £ is m, and then
Eq. (10d), Eq. (10e), Eq. (10f) belong to indetermi-

3]

nate problem' "’ | so the extra equation must be sought

for solving force balance equation.

2.4.1

Extra equation deformation compatibility
equation of air gap and oil film

The skate boarding rotates in a small angle v in
the direction of x axis as a whole when external torque
M acts on the guide-way. Due to small angle vy, the
direction of the bearing force of supporting unit remains
the same.

According to positions and orientations posi-

tion' ™

I'. the following is got:

°L =TL +R (20)
where, T is 3 x 3 rotation matrix, R is 3 x 1 translation
matrix, R=(0 0 0)". L, L are the position of the
skate boarding before and after rotation. The expres-
sion of matrix T is shown as follows:

1 0 0
T=|0 cosy — siny (21)
0 siny cosy

The position variation of skate boarding is shown
as

AL =°L -L = (T -1)L (22)

According to position AL and direction vector I of
supporting unit, the position variation of supporting
unit can be shown as follows:

I1-AL = (yv +zw) (cosy — 1) + (yw — zv) siny

(23)
Due to small angle y, so :
limsiny — vy
{7 0 (24)
limcosy -1 — /1 —'y2 -1

y—0
where, siny, cosy — 1 are separately first order and

second order small quantity!'” | so Eq. (23) can be
simplified into the following form when angle vy approa-
ches to zero:
(yw — zv)siny (25)
Similarly, according to Eq. (5) and Eq. (11),
the bearing force variation of supporting unit can be ex-
pressed as

fo _ 'U’qAb’{ 1 3 L}
B hy = (yw —zv)siny]3 h

-6
o BBl X0 oy~ (w — 20)siny
TilLo
—@(ho) | (26)
2.4.2 Linearization and calculation of bearing force
Eq. (26) is very complicated, and it is necessary
to be translated to the form of Taylor series and ignore
the higher order term, so the linearization equation can
be expressed as

. 3ugd. B, B,L x10°°
Bh, 4

@' (hy) | (yw = z0) Ay

(27)
Similarly, substitute Eq. (27) into Eq. (10d),
and f "™ can be expressed as
fo _ D, (yw; —zv,)
2 D, (yw, - szz>2
i=1
3pugA.; B, B,L x10°
Bhy 4

M (28)

x

o' (hy).

where, @, =

2.5 Solution of bearing force ™, f "

Similarly , bearing force ", " when external
torque M, M., acts on skate boarding can be expressed
as follows:

fM’) _ :u'qu{ 1 B L}
B L[hy = (xw —zu)sing]’  hy
B,B,L x10° ,
+ 74“_#0 {olhy — (2w — zu)sinB] — @(hy) |
sz _ 'U“qu{ 1 _ L}
B [hy - (2 —yu)sina]®  hy

-6

+ B'IBZARDULO = (av — yu)sina] — @(hy) |

T

(29)

Eq. (29) is translated into the form of Taylor se-

ries and higher order term is ignored, then the linear-
ization equation can be expressed as follows

f [3Mqu B,B,L x10™°

¢’(h0)](xw - zu)AB

Bhy 4
w  [3A, B B L x107°
0
0

(30)
Similarly, substitute Eq. (30) into Eq. (10e),
Eq. (10f), and fMy , sz can be expressed as follows;
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My d)i(xi,wi - ziu’i>
fi = m M}'
Z D, (xw; - ziui)z
= (31)
D (xv — v
f;{ — ; i <xlvl ylul> M:
2 (pi(xivi - yiui>2
iz
3ugA.; B B,L. x10°
where, @, = . o' (hy).

Bh, 4
2.6 Summary of bearing force of supporting unit
The bearing force of supporting unit can be ex-
pressed as follows when external load F acts on the
skate boarding.
fi=T\F. +1F + T F +T,M, +T'sM +1' M,

(32)
D.u, @D, (yw, - zv,
where, I, = m,i,u;’ g (yaw, - zv;) ;
2 @iu? 2 D, (yw, - zl.yi)z
i=1 i=1
r, = :pfivi, s = m(pi(xiWi L) 5
z D} z D, (xw, —zu,)’
=y ~
r, = Piw; I, = D (%0 - yu;) ;

2 D (x; - yiui)z
=

m ’
> ot

[aa?
i=1

_3wgAl B,B,L, x 107
Bh, 4

@' (hy).

i

3 Calculation Example

As shown in Fig.3, O is the center of the track
geometry, and there are 12 oil supporting pocket on the
Table 1. The position L; and the bearing capacity of
each oil pocket I, are ;

r—0.1000 -0.1000 -0.15007"
-0.1000 0.1000  -0.1500
0.1000  -0.1000 -0.1500
0. 1000 0.1000  -0.1500
-0.1000 -0.1000 0.1500

L o=~ 0.1000 0. 1000 0. 1500
' 0.1000  -0.1000 0.1500
0. 1000 0. 1000 0. 1500
-0.0950 -0.2170 0
0.0950 -0.2170 0
-0.0950 0.2170 0
- 0.0950 0.2170 0 -
0000 O 0 0 0O 00 O 0
lL,=looo0o0 0 0o 0 0 11 -1 -1
1111 -1 -1 -1 -1.00 O 0
(33)

Table 1 Parameters of MLSGS
Number of B(m) b, (m) A(m) a,(m)
oil pockets
12 0.176 0.015 0.176 0.015
. Oil film Thickness of Residual magnetic Dynamic
Bearing area . . . . . .
A (m?) thickness galvanized layer induction viscosity
¢ 50(}““) Ly (mm) B,/B,(T) ,u,(Pa' s)
0.0259 30 0.5 1.4 0.04136
(mm) b, d(mm) (mm) L (onm) Initial flow
a(mm , d(mm c¢(mm mm do o (L/min)
30 30 0 120 0. 1446

In operation, the cutting force is (20 000,
20 000, 20 000) N, the cutting torque is (10 000,
10 000, 10 000) N - m, and the oil bearing capacity
of the rotary table is obtained according to Eq. (32),
as shown in Table 2.

4 Discussion

From Table 2 in the 1 — 12 groups, it can be seen
that the greater the change in oil film thickness is, the
greater the total bearing force changes . Take the maxi-
mum change in film thickness of the 10,12 group data

as an example: in the 10th group, the change in film
thickness is 11.71 pm. The Bearing force is
31.31 kN, and the magnetic force is 21.36 kN, the
hydrostatic force is 9.95 kN; In the 11th group, the
change in film thickness is —11.71 pm. The Bearing
force is —31.31 kN, and the magnetic force is
—149.31 kN, the hydrostatic force is —31.31 kN; It
can be seen that the change of the permanent magnetic
force plays a major role in the change of the total bear-
ing force. According to the data of 1 — 12 groups,
when the force and torque are applied, the oil chamber
(9 —12 groups) on both sides has only a small rotation
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Table 2 Calculation result of oil pocket

Number 1 2 3 4 5 6
Bearing force f; (kN) -22.5 2.5 2.5 27.5 22.5 -2.5
Hydrostatic force f;  (kN) 71.78 24.39 24.39 11.05 12.74 29.41
Magnetic force f;,(kN) -94.28 -21.89 -21.89 16.45 9.76 -31.91
Film thickness Ah(pum) -8.41 0.93 0.93 10.28 8.41 -0.93
Rotation angle y(°) -0.4795 0.0533 -0.0533 -0.5861 -0.4795 0.0533
Rotation angle 8(°) 0.4795 0.0533 -0.0533 0.5861 0.4795 0.0533
Rotation angle a(°) 0 0 0 0 0 0
Number 7 8 9 10 11 12
Bearing force f;(kN) -2.5 -27.5 -21.31 31.31 21.31 -31.31
Hydrostatic force f;, (kN) 29.41 94.19 67.54 9.95 13.19 118
Magnetic force f,, (kN) -31.91 -121.69 -88.86 21.36 8.12 -149.31
Film thickness Ah(pum) -0.93 -10.28 -7.97 11.71 7.97 -11.71
Rotation angle y(°) -0.0533 -0.5861 0 0 0 0
Rotation angle B(°) -0.0533 0.5861 0 0 0 0
Rotation angle a( °) 0 0 0.4543 -0.6674 0 -0.6674

in the z-axis direction. The rotation angle of the upper
and lower oil chambers (1 — 8 groups) around the z
axis does not change, the rotation angle exists around
the x, y axis. For all of the group data, although the
bearing capacity of the corresponding oil chamber is
different, the change trend of the bearing capacity of
the oil chamber is the same, which proves the correct-
ness of the calculation method.

5 Conclusion

With the external load, the oil pocket parameters
and the parameters of the permanent magnet are deter-
mined, the bearing unit coupling load of MLSGS in the
complex confinement form is deduced when the guide-
way with permanent magnet suspension and hydrostatic
pressure is adopted. According to this mathematical
model, the relationship between the change of bearing
force caused by the change of oil film thickness is ob-
tained, that is, the larger the change of oil film thick-
ness is, the greater the change of total bearing force is,
and the permanent magnetism changes play a leading
role. The study provides a static calculation method for
the coupling capacity of MLSGS under complex con-
straint condition, which is convenient for the engineer-
ing designers to master and improve the design efficien-
cy and precision.
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