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Abstract The load capacity of hydrostatic turntables is predominantly governed by the design of oil pads. Optimizing oil pad parameters can substantially
enhance turntable performance while reducing power consumption. This study introduces a fuzzy particle swarm optimization (FPSO) algorithm that incorporates
compression factors into the particle swarm optimization (PSO) framework to optimize the parameters of oil pads. Reduce its power consumption by about
40 %, while the error between experimental and theoretical values is only 8 %. Compared with traditional PSO algorithms, FPSO converges more reliably in

multiparametric environments.
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Highlights

= Introduced FPSO algorithm with compression factors for oil pad optimization.
= FPSO cut hydrostatic turntable power use by ~40%, boosting energy efficiency.
= FPSO showed strong convergence and 8% error, outperforming traditional PSO.

1 INTRODUCTION

In heavy computer numerical control (CNC) machine tools, the
hydrostatic turntable is a critical component that not only supports
the machine tool but also provides high-precision movement. With
advancements in hydrostatic bearing technology, its analysis and
optimization have become increasingly complex, requiring extensive
numerical calculations. Additionally, the size deviation of the oil
pad significantly affects the oil film pressure distribution. Since
millimeter-level precision control is essential for maintaining the
high-precision rotation of the turntable, an efficient optimization
algorithm is needed to optimize the load-carrying capacity of the
circular oil pad. The particle swarm optimization (PSO) algorithm
with a compressibility factor is an effective computational method,
improving both the precision and convergence speed of the PSO
algorithm.

The Reynolds equation is commonly used to evaluate hydrostatic
turntables. It is a two-dimensional, second-order partial differential
equation that incorporates parameters such as pressure, film
thickness, and density. Several research teams have employed the
Reynolds equation to analyze hydrostatic bearings and address
engineering problems [1,2]. Wang et al. [3] numerically modified
the classical Reynolds equation by considering the transient
film thickness changes and surface deformation effects in the
elastohydrodynamic lubrication (EHL) state. On this basis, Singh et
al. [4] applied the improved Reynolds equation to analyze different oil
pad configurations under hydrodynamic lubrication (HL) conditions
and proved its adaptability under different lubrication systems.
Gustafsson et al. [5] improved the Reynolds equation by incorporating
the warm viscosity effect into the EHL model. Instead, Yang et al.
[6] extended the equation with a non-Newtonian rheological model,
which is commonly applied to the study of HL in complex fluids
under steady-state conditions. Masjedi and Khonsari [7] proposed
a numerical solution to the Reynolds equation by implementing the
continuous successive over-relaxation (SOR) technique, which is
particularly effective for solving transient EHL problems involving
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coupling pressure-deformation-film thickness interactions. El Khlifi
et al. [8] extended the modeling framework by incorporating non-
Newtonian fluid rheology and improved energy equations, a typical
HL approach for solving steady-state viscous flows with complex
fluid behavior. Li and Chen [9] derived an approximate expression
for bearing surface roughness and obtained results by solving the
Reynolds equation. Liu et al. [10] presented Reynolds expressions
for bearings of various shapes, while Khakse et al. [11] formulated a
Reynolds equation in spherical coordinates.

The PSO algorithm was initially proposed by Kennedy and
Eberhart [12]. It is inspired by the predatory behavior of birds and
fish, simulating their flight and foraging patterns to achieve optimal
solutions through collective intelligence. This swarm intelligence-
based optimization technique is simple to implement and has been
applied to various fields, including bearing optimization. To ensure
the convergence of the PSO algorithm, a compression factor is
required [13]. Several studies [14-16] have attempted to improve the
precision and convergence speed of the PSO algorithm by modifying
parameter values. Niu et al. [17] developed a method for hyperstatic
analysis and motion error prediction, validating its effectiveness
but not optimizing it using an improved PSO algorithm. Chen and
Li [18] introduced a novel multi-sensor signal analysis method for
centrifugal pump fault diagnosis using an improved PSO algorithm,
significantly enhancing structural optimization complexity and
reducing computation time. Zhou et al. [19] proposed an improved
PSO algorithm to reduce computational complexity, while Paikray
et al. [20] applied an enhanced PSO algorithm to generate optimal,
collision-free trajectories for robots in cluttered environments. Zhang
et al. [21] improved the PSO algorithm by introducing dynamic inertia
weights and gradient information, improving bearing fault diagnosis
accuracy. Sana et al. [22] integrated an improved PSO algorithm with
blockchain technology to enhance efficiency and security. Liu et
al. [23] utilized an improved PSO algorithm to iteratively optimize
the parameters of the gcForest model, achieving optimal diagnostic
accuracy. Cheng et al. [24] applied different types of hydrostatic
bearings to the PSO algorithm. Chang and Jeng [25] employed the
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PSO algorithm to design a double shim hydrostatic bearing. Srisha
Rao and Jagadeesh [26] used vector-based evaluation to enhance
the PSO algorithm convergence. Tang et al. [27] applied the PSO
algorithm to workshop scheduling optimization, and Luo et al. [28]
proposed a new group update method to improve species-based
algorithms. Finally, Liu et al. [29] reviewed various optimization
methods, highlighting the widespread application of the PSO
algorithm across multiple domains.

In order to improve the load-bearing performance of the
hydrostatic turntable and further reduce power consumption.
This study modifies the Reynolds equation based on the working
conditions of the hydrostatic turntable, and then uses the finite
difference method (FDM) to solve the pressure distribution and oil
flow parameters. The fuzzy particle swarm optimization (FPSO)
algorithm is proposed for optimizing the key parameters of the
turntable and further improving its load-bearing capacity. Compared
with the PSO algorithm, power consumption is reduced by about 40
%, and the experimental and theoretical values have an error of only
8 %. The experimental results show that using the FPSO algorithm
can obtain optimal solutions for various parameters of the turntable
and minimize power consumption, providing an important reference
for optimizing and evaluating the load-bearing performance of the
hydrostatic turntable.

2 METHODS AND MATERIALS
2.1 Model of Hydrostatic Turntable and Oil Pad

As a key component of CNC machine tools, the hydrostatic turntable,
plays an important role in the field of precision machining [30]. Its
working principle is based on the hydrostatic pressure bearing theory,
with a pressurized oil film as the core working medium. During
operation, the external oil pump transfers the high-pressure oil to
each oil chamber of the rotary table through the precision oil circuit,
forming an oil film with bearing capacity between the rotary body
and the base of the hydrostatic turntable. This oil film acts as a near-
frictionless surface, supporting the weight of the rotary body and
enabling smooth rotation [6].

The oil pad on the base is the core component that determines
the bearing capacity of the hydrostatic turntable. After the high-
pressure oil enters the oil pad, it is evenly distributed on the surface
of the oil pad through the precise control of the throttling device to
form a stable oil film with a certain stiffness. Several oil pads are
strategically arranged on the base to carry the rotary body together.
The classic hydrostatic turntable model is shown in Fig. 1, showing
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the main components of the turntable, including the base support
system, the rotating execution unit, the hydrostatic bearing unit, the
hydrostatic control system, and the auxiliary function module.

The oil pad consists of a circular stepped pad with concentric oil
pockets, incorporating oil pockets and oil seals. The classic circular
oil pad structure is shown in Fig. 1, where R, is the oil pad radius,
R, is the oil pocket radius, and Hj is the oil film thickness. Typical
values of the outer diameter of the general circular oil pad R, are
between 50 mm and 300 mm [31], while the inner diameter R; is
usually kept between 20 mm and 150 mm [31]. As a key parameter,
oil film thickness H, has a significant impact on the performance
of the hydrostatic turntable, and its typical range is from 10 um to
50 um [32].

As the oil film thickness tends to zero, the bearing capacity
becomes nearly infinite, increasing the likelihood of oil film collapse
and compromising the machine tool’s safety. Thus, it is necessary
to regulate oil film thickness within a safe range. The working
conditions of the hydrostatic turntable are as follows [33]:

H>H, 1
ZNW:mg' ()

i=1

2.2 Theoretical Model

In hydrostatic systems, the pressure distribution in the oil pad is
described by the Reynolds equation. Before solving the Reynolds
equation, the following dimensionless parameters must be defined:
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where p is the oil film pressure, P, is the oil pocket pressure, 7 is the
radial coordinate, / is the oil film thickness, U, is the radial velocity,
Uy is the circumferential velocity, W is the bearing performance, Q is
the volume flow of the oil pad, # is the viscosity. Moreover p is the
dimensionless pressure, /i dimensionless oil film thickness, U,
dimensionless radial velocity, ljg dimensionless circumferential
velocity, ¥ dimensionless bearing performance, g dimensionless
flow, z coordinate in the film thickness direction, and p, pocket
pressure (reference pressure).

Circular oil pads are suitable for Reynolds equations in cylindrical
coordinate form. The fan element is used to analyze the force of the
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1

Fig.1 Model of the hydrostatic turntable and circular oil pad
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element, and the inertial force due to the centripetal acceleration of
the element is introduced. The fan element forces used to analyze
the circular oil pad are shown on Fig. 2. In polar coordinates, the
Reynolds equation of the circular oil pad is [34]:

iﬁ(rh3 @) + i(lf 7@,j =0. 3)
or r 09 799

A common way to solve this partial differential equation is through
FDM, which discretizes the equations into finite algebraic equations
and iteratively solves them, as shown in Fig. 3. The Reynolds
equation and its discretized form are expressed as follows [35]:
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where [41, A2,..., A5] is the coefficient vector and the pressure is
assumed to be distributed across X, nodes in the x direction and
Ypieces N0des in the y direction. The value of the index i is an integer in
[1,Xpjeces], and the value of the index j is an integer in
[1, Vpieces)- Therefore, Eq. (4) forms an algebraic system of equations
of dimension X,jecesVpieces» @nd its solution provides the numerical

solution of the pressure distribution. Here, 7 and ; represent the » and

0 coordinates. 7, is the step size of the r coordinate, 6, is 0 steps
of coordinates. The boundary conditions for the pressure distribution
are as follows: the pressure within the inner oil pocket is set to 1,

while the pressure at the outer oil seal is 0 [36]:
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The bearing capacity of the oil pad is determined using [25]:
W= prdrd6
2z : ™)
¢7=IZ Za—lzdf, where 7 =1
2n or

The parameters w and g are important indicators for evaluating
the bearing capacity of the hydrostatic turntable. These parameters
vary with changes in R,. Assuming that the delivery weight is
constant, the pump power is expressed as follows [27]:

B=—2_
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where P, is the power consumption. During the optimization process,
losses due to the electromechanical system’s efficiency and pressure
variations are neglected.

Fig. 3. Discretization of pressure

2.3 FPSO Algorithm

The PSO algorithm is a global search optimization method known
for its simplicity and fast convergence. Due to its leapfrog nature, it
efficiently locates the global optimum. This algorithm is particularly
useful for optimizing problems involving multiple design variables
and minimal parameters, where the number of particles is defined
by N,. Here, w is inertia weight, ¢, and ¢, are learning factors, JX; is
particle position, V; is search vector, P; is individual optimal position,
G 15 population optimal position, 7 and 7, are random numbers in
the interval [0,1]. In Equation (9b), the first item is a memory term,
representing the size and direction of the speed in the last iteration,
the second item is a self-cognition term, and is referred to as the
“self-cognition item” of particles. The third item is a group cognition
term, indicating that the actions of particles are determined by their
own experience and the best experience of their peers [18].
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In cases with multiple local optima, the PSO algorithm may
struggle to identify the global optimum. For instance, in Griewank
function optimization, after initializing particles using the PSO
algorithm, particles are easily attracted by local optima during
iterations. This results in clustering around a local solution, which
makes it difficult to find the optimal global solution due to reduced



speed and limited information exchange. To address this limitation,
a compression factor, also known as a constraint factor, can be
introduced to control system convergence. This approach enables
efficient exploration of different regions and improves solution
quality. By increasing the compression factor, particle flight speed can
be effectively controlled, thereby balancing local search capability
and global convergence. This further enhances the global search
capability and avoids the problem of premature convergence of the
hydrostatic turntable in multi-objective parameter optimization. It has
been verified by experiments that the best convergence accuracy and
speed can be achieved when ¢; is 0.4 and ¢, is 0.9 [28]. This ensures
the algorithm’s accuracy and convergence speed. The modified
equations incorporating the compression factor are given as follows
[13]:
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Each individual in the PSO algorithm represents a value of R; so
that R;=X,'Ry. The optimization objective is to minimize bearing
losses. The termination condition for the optimization is defined as
follows [25]:

(10b)
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3 RESULTS AND DISCUSSION
3.1 Theoretical Calculation

The algorithm of this research is shown in Fig. 4, which mainly
includes three parts: first, using FDM to solve the Reynolds equation,
and then evaluating the support force. Finally, the improved PSO
algorithm with compression factor is used to solve the minimum
power consumption problem of the oil pad.
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The bearing capacity of the oil pad is analyzed using dimensionless
bearing capacity and dimensionless flow parameters. The size of the
oil pad influences both factors. Figure 5 presents experimental results
demonstrating that the bearing capacity of the oil pad increases with
the dimensionless size.

As shown in Fig. 6, increasing the dimensionless radius of
the circular oil pad leads to an increase in both dimensionless
bearing capacity and dimensionless flow rate. The dimensionless
bearing capacity exhibits a linear increase with radius, while the
dimensionless flow rate increases at a higher rate as the radius
grows. This is because the increase in the dimensionless radius will
expand the oil film pressure integral region, so that the bearing area is
proportional to the square of the radius, thus significantly improving
the hydrostatic bearing capacity. In addition, driven by the pressure
difference, the effective path length of the oil flow along the radial
direction is linearly related to the dimensionless radius, resulting in
enhanced fluid energy transfer.

3.2 Experimental Verification

To verify the theoretical calculation, a 32-channel dynamic signal
acquisition module is configured with an LMS modal test instrument.
The installation gap was eliminated, and the repeatability of
boundary conditions was ensured by the preloading method. An
acceleration sensor was arranged on the turntable to monitor the
vibration response, and the pressure distribution data was collected
synchronously by the strain gauge attached to the surface of the oil
pad. The experiments were carried out on the hydrostatic turntable of
General Technology Group Tianjin First Machine Tool Corporation,
China, as shown in Figs. 7a and b. The parameters of the hydrostatic
turntable are presented in Table 1, while the size parameters of the
tested circular oil pads are listed in Table 2.

Table 1. Relevant parameters of the hydrostatic turntable

Parameter Value Parameter Value Parameter Value

R, 0.075m n 20 tolppy,  1x107
m 25000 kg 0 0.08Pas  tolpg 6

Input parameters

FDM initializing algorithm ‘

}

Output W and g ‘

|
|
|
|
|
|
|
|
|
|
|
|
| Integration for W and g ‘ :
|
|
|
|
|
|
|
|
|
|
|

Fig.4. Flowchart of the proposed algorithm
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Five circular oil pads of varying sizes were selected for testing.
The test results are shown in Figs. 7c and d. Compared to theoretical
calculations, the experimental values were lower, with a minimum
error of approximately 8 %. The results indicate a certain deviation
between theoretical and experimental values. The reason for the error
is that the theoretical model usually ignores the nonlinear constitutive
relationship of oil, the coupling effect of multiple physical fields, and
the geometric deviation introduced by the manufacturing process,
which leads to systematic error in the prediction of fluid mechanics
behavior. In addition, experimental factors such as oil contamination
and assembly errors further expand the error range. However, the
trends of dimensionless bearing capacity and flow rate with respect
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to oil pad size remain consistent, confirming the feasibility of the

theoretical calculations.

Table 2. Dimensional parameters of circular oil pads

Ry [m] R, [m] R
Pad 1 0.033 0.01 0.3030303
Pad 2 0.033 0.015 0.4545454
Pad 3 0.033 0.02 0.6060606
Pad 4 0.033 0.025 0.7575758
Pad 5 0.033 0.028 0.8484848
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Fig. 7. Hydrostatic turntable testing and comparison of theoretical and experimental results; a) physical diagram of the hydrostatic turntable,
b) data acquisition system, ¢) dimensionless bearing capacity, and d) dimensionless flow

3.3 Optimization of Various Parameters
Based on FPSO Algorithm

The initial position and velocity of particle X, within the defined
domain were randomly assigned. The radius of the oil pad was
assumed to be R;=X),"R,, linking its size to the particle positions. As
the position of the particle in the search space changes, the X, also
changes, resulting in a corresponding change in the oil pad radius R;.
The film thickness was assumed to be H, and support performance
was determined using the finite difference method to minimize power
loss. The FPSO algorithm identified the global optimal solution
by iteratively searching for the best fitness value, determining the
optimal location, and power consumption. The effect of dynamic
viscosity #, oil film thickness H,, and the number of oil pads on pump
power consumption was investigated. When the particle swarm size
was set to five, convergence was achieved in seven cycles. The impact
of # on pump power consumption is shown in Fig. 8, where n was
set to 0.06, 0.08, and 0.1. The results indicate a negative correlation

a) 0585
0.580

0575}

0.570
L0565
0.560 |

0555}

0550

0.545

0.08 0.09

n [Pa-s]

0.06 0.07 0.10

between 7 and pump power consumption. Variations in X, and P
remained minimal, suggesting that # has a limited effect on pump
power consumption, increasing from 0.06 to 0.1 and reducing power
consumption by only 20.6 W, with the optimal power consumption
being 30.5 W when the P; position is 0.549, and the optimal 7 is
0.1. The influence of oil film thickness H, on pump power was then
examined. Under ideal conditions, the minimum oil film thickness
can reach 5x10 m. To accommodate practical conditions, the
minimum thickness was evaluated starting from 10x10-%, as shown
in Fig. 9. The results indicate a positive correlation between H,, and
pump power consumption. While H had minimal influence on X, it
significantly affected P;. When the particle position reaches 0.565,
the minimum power consumption is 407.6 W, and the optimal oil film
thickness is 1x10~* m. This shows that thicker films require higher
support power. Finally, the effect of the number of oil pads on pump
power was analyzed, as shown in Fig. 10. The number of oil pads
was set to 10, 15, and 20, while other parameters remained constant.

b) 55

0.10

0.08 0.09

n [Pa-s]

0.06 0.07

Fig.8. Theinfluence of different /; on a) position of the particles, and b) power consumption
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Fig. 10. The influence of different /V on: a) position of the particles, and b) power consumption

The results indicate an inverse relationship between the number of
oil pads and pump power consumption. When the particle position
reaches 0.598, the optimal number of oil pads is 20, and the minimum
power consumption is 51.3 W. Increasing the number of oil pads
reduced overall power consumption. However, the number of oil
pads had a relatively minor effect on power consumption compared to
other factors. Overall, film thickness H, was identified as the primary
factor affecting pump power consumption. Based on the experimental
results and the operational constraints of the hydrostatic turntable, the
optimal parameters were determined as #=0.1, Hy=1x10~* m, and
N=20. Under these conditions, the optimal power consumption of
the turntable was P;=244.3 W. By reducing the power consumption
of the support, the hydraulic thermal load and the thermal drift caused
by the increase in oil temperature and rotation axis are directly
reduced, which is beneficial for the geometric accuracy and surface
smoothness in heavy-duty CNC machining. Simultaneously, precise
control of film thickness can achieve maximum energy-saving
effect, while an appropriate number of oil pads can maintain load-
bearing capacity and overturning stiffness. It also reduces operating
costs, pump wear, and cooler load, and can reduce auxiliary cooling
capacity.

4 CONCLUSIONS

To solve the optimization problem of load power consumption in a
hydrostatic turntable, this study solved the Reynolds equation using
the FDM method to analyze the bearing capacity of the hydrostatic
turntable. The relationship between turntable parameters and
power consumption was determined numerically. Based on these
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findings, an efficient optimization method for hydrostatic turntable

design is proposed to solve the problem of premature convergence

of traditional PSO in multivariable nonlinear optimization. The
conclusions are as follows:

1. A FPSO algorithm has been proposed to address the shortcom-
ings of single objective tuning and premature convergence in the
design of multivariable parameters for hydrostatic turntables us-
ing the PSO algorithm. It improves the load-bearing performance
while reducing power consumption.

2. Through FPSO algorithm optimization, the optimal parameters
for the hydrostatic turntable can be obtained as follows: = 0.1,
Hy=1x10 *m, N=20. The influence of various parameters on the
bearing performance of the turntable has been clarified: Hy>N>7.
The maximum energy-saving effect can be achieved by control-
ling the precise film thickness, while the appropriate number of
pads can maintain load capacity and overturning stiffness.

3. The support power consumption of the pump has been reduced
by about 40 %, and the theoretical calculation and experimental
error is only 8 %. Further improving its load-bearing performance
reduces thermal drift and operating costs in the turntable.
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Metoda za optimalno nacrtovanje hidrostaticne vrtljive mize
na osnovi FPSO algoritma

Povzetek Nosilnost hidrostaticnih vrtljivih miz je v veliki meri odvisna od
zasnove oljnih blazinic. Optimizacija parametrov oljnih blazinic lahko bistveno
izboljsa zmogljivost vrtljive mize ter hkrati zmanjSa porabo energije. V tej
Studiji je predstavijen algoritem mehke optimizacije z rojem delcev (FPSO),
ki v osnovno optimizacijo z rojem delcev (PSO) vpeljuje faktorje stisljivosti
za optimizacijo parametrov oljnih blazinic. Rezultati optimizacije kazejo,
da je rabo energije je mogoce zmanjsati za priblizno 40 %. Rezultati so bili
potrjeni tudi eksperimentalno, pri éemer je razlika med eksperimentalnimi in
teoreticnimi vrednostmi le 8 %. V primerjavi s tradicionalnimi PSO-algoritmi,
FPSO kaZe zanesljivejso konvergenco pri veCparametricnih problemih.

Kljuéne besede hidrostaticna vrtliiva miza, metoda koncnih razlik,

Reynoldsova enacba, algoritem mehke optimizacije z rojem delcey,

zZmogljivost optimizacije
SV-JME = VOL71 =

NO 11-12= Y2025 = 409
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