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Abstract

Hydrostatic guide-ways utilizing thin film feedback restrictor are applied for the ultra-precision optical aspheric machine tool that we have
developed. this machine tool. The parameters of the PM flow controllers have a direct influence on the dynamic performance of the hydrostatic
worktable. During the machining process, the cutting force acted on the cutting tool and other load will be transferred to the hydrostatic guide-
way. On the basis of the flow equation of the PM controller and the force schematic of the hydrostatic worktable, this paper theoretically
establishes a mathematic model of the hydrostatic guide-ways of the worktable. The transfer function is derived, and the influence of the
restrictor parameters, including the initial flow rate, oil film thickness, pump pressure and initial flow ratio, on the dynamic performance of the
hydrostatic guide-way is studied. According to the results, it needs the longest time at the flow rate ratio Kr of 5 for the hydrostatic bearing
system to adjust and the maximum displacement and the maximum overshoot arose. When the flow rate of the restrictor reaches 20cm®/s, the
overshoot and response time of the hydrostatic guide-way bearing system hardly increase. The final displacement of the system decreases when
the pump pressure increases. The effect of pump pressure increase provides a decrease in the final displacement of the system.
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1. Introduction hydrostatic bearing system is studied by the linearized
nonlinear differential equations to acquire the transformation
function of the system.

This paper aims to study the effect of the parameter of PM
controller on the dynamic performance of the closed
hydrostatic guide-way worktable. According the force
schematic of the closed hydrostatic bearing system, both the
mathematic model of the hydrostatic model and the
transformation function of the system are derived to take

The flow equation of the PM flow controller is
Or (B)=Q[1+(K—D) B/ F ] )]

where P is the pump pressure, P is the oil chamber pressure
under any load, O, is the flow of the chamber when the
chamber pressure is P , K, is the flow ratio and K,.=0p/Qy,

Q) is the oil flow when F.=P; ,Qp is the oil flow when
P=0.

The external load on the worktable is variable, so the
pressure of the oil pockets needs be adjustable by the
hydrostatic bearing system. The relationship between the
external load incentive and the dynamic performance of the
hydrostatic bearing system has been studied [12]. The
dynamic characteristic simulation of the hydrostatic
transmission system has been discussed based on the
mathematic model using Matlab in paper [13]. However, the

account the parameters of the PM controller. The dynamic
characteristics of the hydrostatic worktable are predicted
through simulation of the transformation function by Matlab.
The results including influence of the Flow rate ratio, initial
flow rate, pump pressure and oil film thickness on the
dynamic performance of the hydrostatic worktable are
presented and compared with several different series of data.
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2. Formulation
2.1. Formulation of the state equation of the hydrostatic table

Force analysis of the hydrostatic guide-way of the
worktable is demonstrated in Fig.l. Assuming m is the
moving mass of the hydrostatic worktable. Ae; and A4e, are the
effective bearing area of the hydrostatic blocks mounted on
the top and bottom surface of the guide-way respectively.

In order to study the influence of the throttle parameters on
the dynamic performance of the hydrostatic worktable,
several ideal assumptions are made in the hydrostatic bearing
system.

The flow state of the hydrostatic oil in the chamber is
laminar. The impact of the oil inertia on the dynamic
performance of the worktable and the viscosity-pressure
effects of the hydraulic oil is ignored. Because the moving
speed of the hydrostatic worktable is low, the temperature
change caused by friction between the worktable and the oil
film is small. The temperature-viscosity effect of the
hydrostatic oil could be ignored. The surface of the
hydrostatic guide-way is rigid body.
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Fig.1 Force Schematic of the closed hydrostatic bearing system

Assume that the initial film thickness of the upper and
lower oil chamber is hy, as shown in Fig.1. There’s no
external load acted on the worktable but only its gravity of the
moving parts at the beginning. Then the initial liquid
resistance of the upper and lower oil chamber can be
expressed as

Ri0=Ry0==5 @)
BhO
where p represents the dynamic viscosity of the hydrostatic
oil and B is the anti-flow coefficient of the upper and lower
oil chamber, which can be expressed as

— 1 B-b LI
B=gCr ) )

Through the force schematic of the closed hydrostatic
bearing system, one can obtain the force balance equation
when there is no load acted on the worktable.

mg = PioAyy + Pygdyy =0 )

where Plo and Py represent the initial pressure of the upper

and lower oil chamber respectively.
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Substituting Eq.(1) into the flow rate equation of the PM
controller, the initial flow rate of the upper and lower oil
chamber , Q;( and Q,y can be obtained.

A10-019=00+00 (K~ 10
10 Ps
» » %
Rfm=on=Qo+Qo(Kr—l)ﬂ
20 Ps
Because of the external load acted on the hydrostatic
worktable, a small displacement e will be generated. The oil
film thickness of the upper and lower oil chamber will be
turned into h1=h0+e, h2=h0-e respectively. Then the liquid
resistance of the upper and lower oil chamber can be given by

Rp1 :+3
By (hy—e)

Rpo=

(6)
F](h()+e)3

Taking the small displacement e¢ into account, the new
force balance equation can be derived as follow.

mé=f+mg—plAel+p24e2 (M
Combining Eq.4 and Eq.7, one can easily obtain the
differential function of the hydrostatic worktable.
mé=f—Ap|Ae1 +Ap2 Ae ®
where Ap| and Ap, represent the pressure difference of the

upper and lower oil chamber between initial state and working
state of the hydrostatic worktable. Apj=p1—p10, Ap2=p2—p20 -
Considering the dissolved air mixed in the hydrostatic oil

or the air between the restrictor and the oil chamber, the flow
into the oil chamber Ochamber is no longer equal to the flow

Ocontroller  discharged from the PM
relationship between Ogontroller and Ochamber €an be given
by

controller. The

Ochamber =Ceontroller ~@volume )

where Qvolume:VO?a p represents the volume effect flow and

V., is the volume of the sensitive oil path, E is the elasticity

modulus of the hydrostatic liquid.
When external load is exerted on the hydrostatic worktable,

the flow discharged from the PM controller can be obtained.
L

Ps (10)
71)}772
s

Ocontroller1=90+Q0 (K

Ocontroller2=0+Q0 (K-

As a result, the nonlinear function of the hydrostatic
worktable is obtained.
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As mentioned above, the nonlinear differential equations

represent the relationship among all variables of hydrostatic
table guide-way system comprehensively. Expressing in the

form of state equation results in

mé=f—Ap|Ae1 +Ap2 402

. Voal .
— =00+ 00 (Kp D Apre-"0L jy (12)
By (hy—e) Ps
.V, .
£ 3:Q0+Q0(Krl)Q*Ab1ef%2pz
By(hp+e) Ps
The nonlinear differential equations of the hydrostatic
guide-way system are difficult to solve. In order to solve the
equation, linearization of the differential equations is carried
out in this paper.

2.2. Linearization of the state equation

To obtain the transform function of the hydrostatic
worktable through Laplace transform, the nonlinear units of
the state equations should be expressed in the form of implicit
functions.

PPy ey =ite.pr)
M (13)
B%(howﬁ:l(e,pz)

Expressing I(e,p;) and I(e,pp) in the form of dualistic
Taylor series near the initial points (ep,pjg) and (ey,p20)

results in

nyoal al
I(e,p1)=l(eq,p10)+ X —(Ae—+Ap——)'I(e0,p10)
=11 Oe op1

! (Ae@+Apl ﬂ
a1

D %% )" i(eg+9ne,p10+98010)

(14)
noal ol
l(e,p2)=l(ep,p20)+ X ~(Ae—+Apy——)"I(e0,p20)
i1 de [9/25)
1 ol

+ (AL 4Ap —”*11e+9Ae, +9A
(n+1)! e P2 ) (e P20+94p20)

where 0<8<l, Ae=e—eg and Ap) 2=pi 2—po1,02 - Ignoring the

high degree polynomial of Eq.13 results in

al
+Ap1 )l (e0.r10)

l(e,p1)=l(ep, p10)+(Ae
(15)
)l(eo £20)

ol
l(e,p2)=l(ep, p20)+(Ae +Ap2

Considering ¢y=0, one can obtain the linear form of the

nonlinear units in the differential function.

By hy—e)> :Mh(ﬁ _3Birio o Aet BL ho3Apt
3252 (h0+e)3232520 ,4‘03_3132%,10%“%%3@2

Substituting Eq.12 into Eq.16 and substituting e, p;, p, with
ethe , pg +Apy , P20+AP2 respectively, one can obtain the

linear state equations of the closed hydrostatic bearing system

of the worktable.

mAé=f —APIAeI"'APZAeZ

O”IAP +( ho Ap~ Qo

3B
)Apl Ap1Aé+ lploh Ae
H
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Since Ae(0*),A¢ (07).Ap (07),Ap5 (01) all equal zero, the
Laplace transform of Eq.17 results in

mAE(s)SZ:F(s)—AP] (S)Ael+AP2 (S)Aez B

V. B 3B
(—Oals+ﬂh 30, (5)=(Ay s+ lpwh o DAE(s)

( oa25+fi12 3 Qo 20,102)AE(S)
(18)
Assuming that F(s) is the input of the hydrostatic bearing
system, the output, E(s), is the absolute displacement of the
hydrostatic worktable in the vertical direction. Finally the
transformation function of the hydrostatic worktable is
derived,

3
)AP2 (s)f—(Ab25+

E(s) I Ups®+lgs+)

Gls)= &, 3,2
F(8) 145" 41357 +1ps” +11s+1 (19)
where
3R 4el 3842

“ho(—cRyg) ' h(1-cRy0)

1. = Y0al¥0a2R10R20
a= 2
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E2(1-cRi)(1-cRp0)

Ty=mys 11 Y0aiRi0_, V0a2R20
E(1=cRy0) E(1-cRp0)

Ty=7 s 2e14170a1R10R20 | Ae24p2V0a2R10R20
E(1=cRi0)(1~cRp0)  E(1=cR10)(1~cR20)

= 2 am 2
-1 3BIA04e1 a2ty 3B2P204e2V0 a1y
L =J (m+ + ) x

Eu Eu

1
—1(AelAb1R10 N AeZAbZRZO)
1-cR) 1-cRy(

RioR20
(I=cR19)(1-cRp)

3. Results and discussion

3.1. Influence of the Flow rate ratio on the dynamic
performance of the hydrostatic worktable

Under normal circumstances, when the step response
adjustment time of the system is shorter, the dynamic
performance of the system is the better [14,15].

The hydraulic oil is VG46, and the dynamic viscosity is
u=40.342mpas at room temperature. The top and bottom oil
film gaps of the closed hydrostatic guide-way are 30um. The
total mass of the hydrostatic worktable and the turntable
working on it is m=8z. The young’s modulus of the
hydrostatic oil is Eoa =2X10°Pa. The volume of the sensitive
oil path is Voa =300cm’.

Change the value of the restrictor’s flow ratio and keep Qp ,

Pp

worktable bearing system can be obtained, as shown in Fig.2.

As shown in Fig.2, the response characteristics of the
hydrostatic bearing system are the same under the action of
the step load and the responses are transient multi-oscillation
processes. But different results of the step response are
achieved when the flow rate ratio Q0 changed. The flow rate
ratio of the restrictor affects the overshoot, settling time and
the final displacement of the response process. When the flow
rate ratio Kr is 5, it needs the longest time for the hydrostatic
bearing system to adjust and the maximum displacement and
the maximum overshoot arose. When the flow rate ratio Kr is
3, all indicators of the system were improved.

constant. The dynamic response curve of the hydrostatic

3.2. Influence of the initial flow rate on the dynamic
performance of the hydrostatic worktable

The initial flow rate is one of the key parameters of PM
controller. When other parameters of the PM controller
remain constant, different initial flow rate value corresponds
to different system step response. In this paper, the initial flow
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rate of restrictor is 10cm’/s, 12cm’/s, 16cm’/s, 20cm’/s,
respectively. The simulation results are shown in Fig.3.
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Fig.2. Influence of the Flow rate ratio on the dynamic performance of the
hydrostatic worktable

As shown in Fig.3, not the initial flow rate but the
overshoot and response time have influence on the final
displacement of the bearing system of the hydrostatic guide-
way. The overshoot and response time of the hydrostatic
guide-way bearing system decrease with increasing initial
flow rate from 10cm’/s to 16 cm’/s. When the flow rate of the
restrictor reaches 20cm’/s,the overshoot and response time of
the hydrostatic guide-way bearing system increase fairly small.
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Fig.3. Influence of the initial flow ratio on the dynamic performance of
the hydrostatic worktable
3.3. Influence of the pump pressure on the dynamic
performance of the hydrostatic worktable

The improved pump pressure can actually increases the
pressure inside the oil pocket and further affect the bearing
capacity, rigidity and dynamic performance of the system. In
this paper, the pump pressure is 0.6MPa, 1.0MPa, 1.4MPa,
1.8MPa and the corresponding step response curve is shown
in Fig.4.

As shown in Fig.4, the dynamic performance including the
displacement, overshoot and response time, of the system has
been improved as the pump pressure increases. The increase
of the pump pressure causes that the pressure increases inside
the oil pocket and makes the oil flow out quickly. Under the
same load condition, the static stiffness of the hydrostatic
bearing guide system increases because of the increase of the
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pump pressure. So the final displacement of the system
decreases when the pump pressure increases.
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Fig.4. Influence of the pump pressure on the dynamic performance of the
hydrostatic worktable

3.4. Influence of the film thickness on
performance of the hydrostatic worktable

the dynamic

As can be seen from the transfer function of the system, the
change of the film thickness affects the dynamic performance
of the hydrostatic guide-way bearing system. According to the
designed film thickness of the system, the film thickness is
selected as 26 um, 28 um, 30 um, 32 um, 34 um . The results
are shown in Fig.5.

As shown in Fig.5, the system with the maximum film
thickness corresponds to the curve with the maximum
displacement. As the film thickness increases, the
displacement, adjustment time and maximum overshoot have
all increased.

h=26

0 05 10 15 20 25 30 35 40
time (ts)

Film Thickness variation of the pockets (e/um)

Fig.5. Influence of the film thickness on the dynamic performance of the
hydrostatic worktable

4. Conclusion

The transfer function of the hydrostatic bearing system
based on the parameters of the PM-controller was derived in
this paper. The influences of different parameters of the
system were studied and the response curve of step signal was
obtained. The simulation results show that the parameters of
the hydrostatic bearing system have a big influence on the
dynamic performance and a series of optimized parameters is

obtained respectively for the adjustment of the system. When
the flow rate ratio Kr is 5, it needs the longest time for the
hydrostatic bearing system to adjust and the maximum
displacement and the maximum overshoot arose. When the
flow rate of the restrictor reaches 2OCrn3/s, the overshoot and
response time of the hydrostatic guide-way bearing system
hardly increase. The final displacement of the system
decreases when the pump pressure increases. The final
displacement of the system decreases when the effect of pump
pressure increase.
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