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Abstract
Hydrostatic bearings in machine tools are used for qualitative highest demands. On the one hand, they
are used in precision machines, for example, in grinding machines, to get high precision and the
highest quality in the production. On the other hand, they are used in machines with high forces during
the production process. Generally hydrostatic bearings are characterised by a good damping behaviour
and good stiffness of the bearing, as well as wear resistance and nearly no friction in the bearing (fluid
friction), thus, no loss of accuracy over the entire lifetime of the machine tool. A progressive flow
control is needed in the bearing to get a nearly constant gap in the hydrostatic bearing, which is
independent of the load on the bearing. In our case the progressive flow control works with a piston in
combination with a control edge and a mechanical spring. The shape of the control edge is essential to
get a nearly constant gap in the hydrostatic bearing. Therefore, a 1-D simulation model of the
progressive flow control was developed and implemented in an existing 1-D simulation model of
hydrostatic bearings to predict the behaviour of the hydrostatic bearing, for example, in machine tools.
(Received in December 2018, accepted in May 2019. This paper was with the authors 1 month for 1 revision.)
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1. INTRODUCTION
1.1 General
Hydrostatic bearings are used widely in technical applications. For instance, as bearings in
axial and radial piston machines, or as bearings of ship propellers [1, 2]. In the machine tool
industry, hydrostatic bearings are used, especially in precision machines (e.g. grinding
machines), or in machines with high cutting forces (e.g. the heavy cutting process). For both
mentioned and other similar applications within the field of hydraulic components [3], the
biggest advantage and the reason why this expensive kind of bearing is installed in machine
tools is the good damping behaviour and the wear-free operation of the hydrostatic bearing.
Chen et al. [4], for instance, investigated the dynamic and static characteristics of
hydrostatic bearings, especially of spindles for machine tools. They developed a mechanical
model of a hydrostatic bearing. In this model, the fluid is also considered, but not the whole
system of pre-throttling in combination with the hydrostatic bearing. Edler and Steffan [5]
made the same investigations, but not on the hydrostatic bearings of spindles; they
investigated the hydrostatic bearings of the linear axis of a grinding machine. Liang et al. [6]
also developed a method to calculate the static performance of hydrostatic bearings, but they
also didn’t consider the pre-throttling of the fluid supply of the bearing.
For precision machining, for instance grinding machines, the whole system fluid supply
must be considered. Therefore, investigations must be done to get an exact load spectrum for
the simulation. Investigations from Steffan et al. [7] showed, for example, the cutting forces
during a noncircular grinding process. These forces are the load on the hydrostatic bearing
and the behaviour of the bearing, which results directly in the precision of the workpiece, and
in the surface quality of the workpiece. Slow changes of the load have a direct correlation
with the gap in the hydrostatic bearing, and, therefore, a direct correlation to the precision of
https://doi.org/10.2507/IJSIMM18(2)472
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the workpiece. The damping behaviour of the bearing is important when the load is changing
with a high frequency and has a direct correlation to the quality of the surface of the
workpiece. The good damping characteristics of hydrostatic bearings are the result of the
geometry of the bearing, and the fact that a fluid with a much lower stiffness than the stiffness
of steel, is in the gap of the bearing. It can be said that the damping behaviour of a hydrostatic
bearing (and similar components) results from the geometry of the bearing and the used fluid
[8, 9]. The resulting gap in the hydrostatic bearing depends on the load on the bearing, the
used fluid, and which kind of pre-throttling is used. The same investigations of the vibration
transmission of hydrostatic bearings of a precision machine were done by Kim et al. [10].
3-D investigations of hydrostatic bearings were done by Horvat and Braun [11]. They
used FEM 3-D methods to determine the flow and pressor fields in hydrostatic bearings, but
this method is very time intensive to determine the time behaviour of a hydrostatic bearing of
a machine tool; for this case 1-D methods are more effective.
1.2 Hydrostatic bearings
Fig. 1 shows the general construction of a hydrostatic bearing. It consists of a pocket (1) with
the fluid supply of the bearing. The gap of the bearing (2) and the part which should be
pressed (3).

Figure 1: Construction and pressure curve of a hydrostatic bearing.

Pre-throttling of the fluid supply is needed for the bearing to work correctly. Therefore,
normally constant throttles are used (e.g. orifices, throttles or a capillary). It can be said, that
the system of a hydrostatic bearing includes a constant pre-throttle and the hydrostatic bearing
itself, which can be seen as a variable throttle. When the load is changing on the bearing, the
gap of the bearing is also changing, because there is no control mechanism to get a constant
gap, see Fig. 2.
The flow through the bearing must be controlled to get a nearly constant gap which is
independent of the load. Therefore, more possibilities exist. The first possibility is to measure
the height of the gap and to control the flow in a closed loop control with a servo valve. For
an application in a production machine this solution is not the best one, because a lot of
hydrostatic bearings are installed in production machines and the solution is too expensive.
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Figure 2: System of hydrostatic bearing.

The other kind to control the gap of a hydrostatic bearing is to use a valve as pre-throttle
which is a progressive flow controller. Eq. (5) describes the flow through a rectangular gap
which is used in a rectangular hydrostatic bearing. Approximately an average length b was
used in the calculation. The pressure in the pocket results from the load on the hydrostatic
bearing. It can also be seen that the gap of the bearing changes with the third potency. The
double load results in a gap which is 8 times smaller. To get a nearly constant gap in the
hydrostatic bearing only the flow could be controlled. Therefore, a progressive flow controller
is used. Schönfeld [12] developed a progressive flow control valve which works with a
membrane to control the flow. In this work, a progressive flow controller is used which works
with a piston and a spring. The piston has a special shape to generate a control edge in
combination with the housing of the piston, and the shape of the control edge must be
calculated separately for each variation of hydrostatic bearing.

2. PROGRESSIVE FLOW CONTROLLER
2.1 Description of the controller
Fig. 3 shows the correlation between the flow and the hydrostatic pressure in a hydrostatic
bearing with a constant gap in the bearing. The progressive flow controller must now have the
same pressure-flow behaviour as the hydrostatic bearing.

Figure 3: Correlation between the flow and the hydrostatic pressure in a hydrostatic bearing provided
with a constant gap height.
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Therefore, a simple piston controller is used, which controls the flow through the
hydrostatic bearing independent of the pressure in the pocket of the bearing by a control edge
on the piston, see Fig. 4. Piston (1), with different areas, works together with the spring (2).
To get no oscillation of this mass-spring combination a damping volume (3) is installed in the
controller. The force balance between the hydrostatic forces on the different areas of the
piston and the force of the spring determine the position of the piston in the controller and,
thereby, the position of the variable throttle.

Figure 4: Cross-section of the progressive flow controller.

The variable throttle in the controller is built up as an annular throttle. This annular
throttle has no constant gap, and the shape of these throttle represents the pressure-flow
behaviour of the hydrostatic bearing. A first calculation of these shapes is presented by
Mörwald et al. [13]. In these calculations only static conditions in the controller are
considered. In this paper, the inertia effects in the controller and pressure raising effects in the
hydrostatic bearing are also considered. With this extension, the shape of the annular orifice
can be calculated more accurately.
2.2 Mathematical model of the progressive flow controller
The progressive flow controller is built up of two parts in physical terms. The first one is the
mechanical part, which includes the mass of the control-piston, the spring and the damping
element, and is described in Eq. (1).
𝑚𝐾 𝑥̈ + 𝐹𝑅 (𝑥̇ ) = −𝐾𝐹 𝑥 − 4
𝑚𝐾
𝑥
𝐾𝐹
𝐹𝑅
𝜂
𝑙𝐷
𝑟𝐷
𝐴𝐷
Δ𝑝𝐹𝐶 (𝑥)
𝐴𝐹𝐶

8𝜂𝑙𝐷
𝐴 𝑥̇ + Δ𝑝𝐹𝐶 (𝑥)𝐴𝐹𝐶
𝜋𝑟𝐷4 𝐷

(1)

- mass of the control piston in kg
- position of the control piston in m
- spring constant in N/m
- friction force in N
- dynamic viscosity in Ns/m2
- length of the damping throttle in m
- diameter of the damping throttle in m
- area of the damping volume in m2
- difference pressure in the progressive flow controller between the supply pressure
and the pressure in the hydrostatic bearing in N/m2
- effective area of the control piston in m2

The second part is the fluid part, which calculates the flow through the annular throttle.
This equation applies if there is no flow at right angles to the main flow direction. Since, in

270

Edler, Tic, Lovrec: 1-D Simulation Model of a Progressive Flow Controller for Hydrostatic …
the predominant case, the flow is very small in relation to the main flow direction, it can be
neglected. Thus, the Hagen Poisson's law can be applied, see Eq. (2).
𝑄𝐹𝐶 (𝑥) =

𝜋𝑑𝑚,𝐹𝐶 ℎ(𝑥)3 Δ𝑝𝐹𝐶 (𝑥)
12𝜂𝑥

(2)

3

𝑄𝐹𝐶 (𝑥) - flow through the progressive flow controller in m /s
𝑑𝑚,𝐹𝐶
- middle diameter of the annular gap of the progressive flow controller in m
ℎ(𝑥)
- gap height in m

To calculate the shape of the control edge of the annular throttle Eq. (2) must be
transformed into a differential form, see Eq. (3). This equation is a nonlinear first order
Differential Equation, and will be solved numerically in a separate block in the simulation.
′
2
′
d𝑄𝐹𝐶 𝜋𝑑𝑚,𝐹𝐶 ℎ(𝑥) (3𝑥Δ𝑝𝐹𝐶 (𝑥)ℎ (𝑥) + ℎ(𝑥)(𝑥Δ𝑝𝐹𝐶 (𝑥) − Δ𝑝𝐹𝐶 (𝑥)))
=
d𝑥
12𝜂𝑥 2

(3)

The flow into the damping part is considered in the mechanical equation.
2.3 Mathematical model of the hydrostatic bearing
The hydrostatic bearing will also be described by the force balance on the bearing, see Eq. (4),
as the mechanical part.
𝑚𝐵 𝑦𝐵̈ = 𝐹𝐿 − Δ𝑝𝐵 (𝐹𝐿 )𝐴𝐵
(4)
𝑚𝐵
- mass on the bearing in kg
𝑦𝐵
- gap height of the hydrostatic bearing in m
𝐹𝐿
- load on the bearing (including weight force and external forces) in N
Δ𝑝𝐵 (𝐹𝐿 ) - difference pressure in the bearing between the pressure in the bearing and the
environment pressure in N/m2
𝐴𝐵
- effective area of the hydrostatic bearing in m2
The fluid part of the description is the Hagan-Poisson equation of the flow through a
rectangular gap, because a rectangular bearing is installed in the test rig to compare the
measurements with the simulation, see Eq. (5). For the hydraulic capacity of the fluid in the
bearing and in the pipe between the hydrostatic bearing and the progressive flow controller,
see Eq. (6).
𝑄𝐵 (𝐹𝐿 ) =
𝑄𝐵 (𝐹𝐿 )
𝑏
𝑦𝐵
𝑙

𝑏𝑦𝐵 3 Δ𝑝𝐵 (𝐹𝐿 )
12𝜂𝑙

- flow through the hydrostatic bearing in m3/s
- width of the rectangle gap of the hydrostatic bearing in m
- gap height of the hydrostatic bearing in m
- length of the rectangular gap of the hydrostatic bearing in m
𝑄𝐾 =

𝑄𝐾
𝑉0
𝐸𝐹𝑙

(5)

𝑉0
𝑝̇
𝐸𝐹𝑙 𝐵

(6)

- flow due to oil compressibility in m3/s
- oil volume in the bearing and the pipe in m3
- compression Module of the oil in N/m2

2.4 Complete system
To calculate the shape of the control edge of the progressive flow controller the hydraulic
capacity can be neglected, because only static conditions are considered. In this case, the flow
through the hydrostatic bearing and the flow through the progressive flow controller must be
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the same, provided that the gap height of the hydrostatic bearing is constant. The pressure in
the hydrostatic bearing depends on the load of the bearing. The position of the control piston
with the control edge of the progressive flow controller, depends on the pressure in the
hydrostatic bearing. It can be said that there is a direct dependency between the load on the
bearing and the position of the piston of the progressive flow controller, see Eq. (7) and the
shape can be calculated of the control edge of the progressive flow controller.
𝑄𝐵 (𝐹𝐿 ) = 𝑄𝐹𝐶 (𝑥)

(7)

Eq. (3), to calculate the shape of the control edge of the progressive flow controller, is in a
differential form, so it is also necessary to transform the equation of the hydrostatic bearing
into a differential form. When we look at Fig. 4 it can be seen that the differential form of the
equation of the flow through the hydrostatic bearing is a constant value under the proviso that
the gap height of the hydrostatic bearing is constant, see Eq. (8), which is the reciprocal value
of the hydraulic resistance RH of the hydrostatic bearing.
d𝑄𝐵 (𝐹𝐿 ) 𝑏𝑦𝐵 3
=
= 𝑐𝑜𝑛𝑠𝑡
dΔ𝑝𝐵
12𝜂𝑙

(8)

To validate the calculated shape of the control edge of the progressive flow controller the
simulation will be verified with measurements on a test rig [5]. These measurements are, in
one case, static, and in the other case, dynamic measurements. To get better results for the
dynamic cases, the hydraulic capacity, Eq. (6), is considered in the simulation.
2.5 Numerical implementation
As described in Section 2.4, there is a direct dependency between the load F on the
hydrostatic bearing and the position 𝑥 of the control piston of the progressive flow controller.
That means that, in the numerical calculation for each load step, the load F will be increased
and the shape r(x) (r is the radius of the control piston in the progressive flow controller) will
be calculated of the control edge of the progressive flow controller. One point must be
considered in that calculation, that the shape of all the load steps is fixed first. Each load step
F is a way x of the control piston in the progressive flow controller. In Fig. 5 it can be seen
that only the shape of the control edge for the small value of x will be calculated, and the
rest of the shape is fixed. Nevertheless, it is necessary to use Eq. (3) to calculate the flow
through the progressive flow controller.

Figure 5: Calculation of increment x on the control piston to calculate the shape of the control edge
on the control piston.
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Fig. 6 shows the flow chart of the calculation of the control edge of the progressive flow
controller. This calculation is done as a static calculation and, therefore, the dynamic parts in
the equation of the force balance, Eq. (1) and Eq. (4), can be neglected. The loop in the
calculation is necessary, because the shape of the control edge of the progressive flow
controller is calculated iteratively. In this case, is it not necessary to solve a system of
Differential Equations, only the flow through the control edge must be integrated.

Figure 6: Flow chart of the numerical calculation of the shape of the control piston

For the validation, the flow chart is a little bit different, see Fig. 7. In this case, the shape
of the control edge is given and the gap height h(t) of the hydrostatic bearing will be
calculated. Here, the dynamic terms of Eqs. (1) and (4) are considered. A system of
Differential Equations must be solved, which includes Eqs. (1), (3), (4), (5) and (6). In this
case, is it also necessary to use Eq. (3) instead of Eq. (2), because the gap height is not
constant, and so the flow through the gap must be integrated. The boundary conditions are the
given supply pressure pp, the load on the bearing F(t) and the shape of the control edge r(x)
(which is a result from the previous calculation).

Figure 7: Flow chart of the numerical calculation of system progressive flow controller and hydrostatic
bearing.
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3. RESULTS
In the test rig, see Fig. 8, three rectangular hydrostatic bearings are used (numbers 4, 5 and 6).
The gap between the hydrostatic bearing and pressure plate is measured with sensors 1, 2 and
3. The progressive flow controller is dimensioned to these existing rectangular pockets. The
dimensions of the hydrostatic bearing and the test conditions of the test rig are listed in
Table I.
Table I: Dimension of the hydrostatic bearing and test conditions.
Parameter
Hydraulic unit
Supply pressure 𝑝𝑃
Fluid
Fluid temperature 𝑇𝐹𝑙𝑢𝑖𝑑
Density of the fluid 𝜚
Kinematic viscosity 𝜐
Progressive Flow Controller
Length of the annular throttle 𝑙𝐾
Stroke of the control piston 𝑥
Diameter of the control piston 𝑑𝐹𝐶
Area of the control piston 𝐴𝐹𝐶
Spring rate 𝑐𝑆
Hydrostatic Bearing
Pocket pressure 𝑝𝑃𝑜𝑐𝑘𝑒𝑡
Number of pockets
Max. force 𝐹𝑚𝑎𝑥
Setpoint of the bearing gap ℎ𝑠𝑒𝑡
Average length of the pocket b
Width of the pocket 𝑙
Effective bearing area 𝐴𝑒𝑓𝑓
Enclosed oil volume 𝑉0

Figure 8: Sketch of the hydrostatic bearings in the test rig.
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Characteristic value
100 e5 N/m2
ISO VG 46
40 °C
848 kg/m3
46 mm2/s
7 mm
0 – 7 mm
6 mm
28,27 mm2
40,252 N/mm
0 – 100 e5 N/m2
3
54 kN
40 m
160 mm
8 mm
1600 mm2
4530 mm3
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3.1 Calculated shape of the control edge of the progressive flow controller
Fig. 9 shows the calculated shape of the control edge of the progressive flow controller. In the
x-direction the length of the control piston is shown, and in the y-direction the radius of the
control piston. The typical trumpet shape can be seen, which results from the fact that the gap
height changes the flow with the third power.

Figure 9: Calculated shape of the control edge of the progressive flow controller.

This calculation is a static calculation, and the used Differential Equation – Eq. (3) is
transformed so that h(x) can be calculated.
3.2 Validation of the calculated control edge
The validation of the calculated control edge was done with measurements on the test rig.
Therefore, prototypes of the progressive flow controller were produced, and static and
dynamic measurementstaken. Although the measurement of the step response is a dynamic
measurement, in our case this measurement will count to the static measurements, because
only the resulting gap height is of interest.

Figure 10: Measured gap height (static test).
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Static Results
In the static measurement, the hydrostatic bearing will be loaded with 50 % of the
maximal load of 54 kN. In Fig. 10 it can be seen that, in the simulation, the gap of the
hydrostatic bearing is exactly 40 m, see Fig. 11. This exact gap results from the fact that the
shape of the control edge is calculated for a gap of 40 m, while, on the test rig, the gap of the
three hydrostatic bearings is between 41 m and 44 m. The difference of only 4 m results
mostly in the production tolerances of the prototypes, but also friction might play a role.

Figure 11: Calculated gap height of the hydrostatic bearing (static test).

Dynamic Results

Figure 12: Measured gap height (dynamic test).

The dynamic test shown in Fig. 12 was done with a static load of 27 kN and an overlaid sine
wave load of 3 kN with a frequency of 5 Hz. For this case, it can be seen in Fig. 13 that the
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gap height of the hydrostatic bearing changes in the simulation between 39,5 m and
40,5 m. On the test rig, the gap height changes under these test conditions between 40 m
and 47 m. The shape of the change of the gap height is not a clear sine wave. This results
from the fact that the fluid must be squired out from the hydrostatic bearing during the load
increasing, and for friction effects on the control piston of the progressive flow controller.
While the friction of the control piston is considered in the mathematical model, the other
effect is not considered in the 1-D simulation.

Figure 13: Calculated gap height of the hydrostatic bearing (dynamic test).

4. CONCLUSION
It could be shown that it is possible to calculate with a simple 1-D simulation the shape of the
control edge of a progressive flow controller to get a constant gap height of a hydrostatic
bearing independent of the load on the bearing. Thereby, complex 3-D simulations are not
absolutely necessary for the dimensioning of the control edge of the progressive flow
controller, and it is possible to design different progressive flow controllers very fast for
different hydrostatic bearings.
For stationary conditions only, the production tolerances of the progressive flow controller
give some differences in the gap height of the three bearings of the test rig. The correlation
between the simulated gap height and the measured gap height for the dynamic load cases
shows some differences. To get better results, the test rig must be implemented better into the
simulation.
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