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ABSTRACT Well-designed surface textures can improve the tribological properties and the efficiency of the electro-
hydrostatic actuator (EHA) pump under high-speed and high-pressure conditions. This study proposes a multi-objective
optimization model to obtain the arbitrarily surface textures design of the slipper/swash plate interface for improving the
mechanical and volumetric efficiency of the EHA pump. The model is composed of the lubrication film model, the
component dynamic model considering the spinning motion, and the multi-objective optimization model. In this way, the
arbitrary-shaped surface texture with the best comprehensive effect in the EHA pump is achieved and its positive effects
in the EHA pump prototype are verified. Experimental results show a reduction in wear and an improvement in
mechanical and volumetric efficiency by 1.4% and 0.8%, respectively, with the textured swash plate compared with the

untextured one.
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1 Introduction

The high-speed axial piston pumps are widely used as the
main power source in the electro-hydrostatic actuators
(EHAS) due to the advantages of compact structure, high
power density, and high reliability. The EHA pump has a
broad operating range and needs to start up instantly and
change shaft rotating direction frequently. Therefore, full
fluid film lubrication may be difficult to be established,
and severe abrasion of sliding parts will appear,
especially in the slipper/swash plate interface. The slipper/
swash plate interface is one of the three major tribological
contacts of the axial piston pump, and it plays the
function of sealing and bearing [1]. Its friction torque and
leakage flow determine the mechanical and volumetric
efficiencies of the EHA pump [2]. However, the dynamic
behaviors of slippers are extremely complex. The external
forces such as piston—slipper ball joint friction force and
unbalanced centrifugal inertia force generate micro
motions between the slipper and the swash plate, such as
tilting motion [3], squeezing motion [4], and spinning
motion [5]. Thus, the geometry variation in lubricant film
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thickness will result in uneven hydrodynamic pressure
distribution, and mixed friction areas with severe
lubrication conditions will occur [6]. Notably, oxidation
and blackening wear traces even appear on the surfaces of
components, which greatly affect the efficiency and the
lifetime of the EHA pump [7].

The laser surface texturing (LST) technique, which is
considered a feasible option for changing the surface
topography, can reduce friction and wear of various
industrial applications [8]. The enhanced performances
are dependent on the abilities of the micro dimples to
induce additional hydrodynamic pressure, store lubri-
cants, lower shear gradient, and trap wear debris [9].
Thus, the LST technique is applied to improve the
tribological properties of tribosystems. However, the
geometric parameters of surface textures are sensitive to
the type of contacts and working conditions, and an
improperly designed texture pattern will result in
detrimental effects on the tribological performance [10].

In the published theoretical studies, most of the studies
on surface texture optimization mainly focus on the thrust
bearing [11-16] and the mechanical seal [17-19].
However, the minimum gap height between two
specimens is constant and does not depend on the oil film
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pressure and the external load, while the lubricant film
thickness and boundary conditions of the lubricating
interfaces in the axial piston pump are time-varying and
unevenly distributed, which is profoundly different from
thrust bearings and mechanical seals. To overcome this
difficulty and apply the optimal LST to the friction pairs
in axial piston pumps, many researchers, including the
authors’ team, have made efforts [8,20-23]. A previous
study by the authors’ team established the hydrodynamic
lubrication model and proposed an optimization model
for the multi-scale textured cylinder/valve plate interface
[23]. These studies provide the basis for the LST
optimization model for the slipper/swash plate interface.
However, the following two problems remain to be
addressed.

First, the piston—slipper assemblies have multiple
degrees of freedom, and their boundary velocities stem
from the linear reciprocating and rotating macro-motions
and the spinning micro-motions, whose kinematic and
hydrodynamic models are different from the cylinder/
valve plate interface [24]. Tang et al. [25] and Spencer
[26] measured the oil film thickness, pressure, and
temperature distributions of the slipper/swash plate
interface. However, spinning motion was always ignored
or replaced by a constant value while establishing the
lubrication model. The experiment results obtained by
Zhang et al. [27] confirmed the presence of the spinning
motion and showed that the spinning speed approxi-
mately varied with shaft speed. Ransegnola et al. [28]
introduced a mutual interaction model considering the
friction at the ball-socket interface, which also concluded
that the spinning speed was highly dependent on the
operation conditions. Thus, a spinning motion prediction
model is strongly needed to obtain a relatively reliable
and accurate velocity boundary of the slipper/swash plate
interface in this study.

Some of the effects of the LST on the axial piston
pump are contradictory to each other. Murrenhoff et al.
[29,30] first applied surface texturing techniques to the
friction pairs of the axial piston pump. The results
indicate that the surface texture plays the most significant
role in improving the carrying capacity of the oil film
under the condition of high speed and pressure, which
creates a thicker oil film thickness and a higher leakage at
the same time. In recent years, the research on surface
texture for the slipper/swash plate interface shows that the
optimization goals are mainly to analyze the load-
carrying capacity of friction pair interfaces [31] and the
leakage [32] independently. Therefore, a multi-objective
optimization model is needed for the LST to deal with the
contradictory effects and comprehensively enhance the
performance of the pump.

In this study, an optimization model for the multi-scale
textured slipper/swash plate interface in the EHA pump is
proposed. A slipper dynamic model is established consider-
ing the spinning speed to avoid inaccurate calculation of

the velocity boundary caused by the slipper spinning
motion. Instead of focusing on mechanical losses or
volumetric losses independently, the oil film load-bearing
capacity, viscous friction torque, tilting angle, and
leakage are all regarded as optimization objectives. The
optimal Pareto solution sets of the surface textured
dimple shapes of the slipper/swash plate interface are
obtained. The EHA pump prototype equipped with the
textured or untextured swash plate is tested on the high-
speed pump test rig. The experimental results demon-
strate the positive effects of the optimal surface texture on
wear reduction and efficiency improvement in EHA
pumps.

2 Multi-objective optimization model of the
slipper/swash plate interface

2.1 Dynamics

To avoid the long-term mixed friction caused by the
serious tilting behavior of the slipper, or the solid contact
caused by the difficulty of forming the lubricant film
which will finally result in the wear of the component, the
dynamics of the piston—slipper assembly is analyzed.

The global coordinate system O-XYZ, the additional
coordinate system Ogw—XswYswZsw, and the additional
coordinate system og—xgszs of the slipper are defined as
shown in Fig. 1. The piston—slipper assembly is subjected
to Fn, which is generated by the piston chamber pressure
Fy, the reciprocating inertia force F,, and the axial friction
force Frbetween the cylinder and the piston:

Fx=(F,+F,+F;)/cos B, (1
Fy, = Fysin g, 2)
Fx. = Fycos S, 3)

where f; is the swash plate angle, and Fy, and Fy; are
side forces produced by the swash plate in y- and z-axis,
respectively.

The load-bearing capacity Fyis of the slipper/swash
plate interface needs to be balanced with Fy and the
spring-back force F; which serves to hold the slippers
against the retainer. The total torques around the xs- and
the ys-axis include Toisx and Tois, produced by the
unevenly distributed pressure fields, 7w and Tr, caused
by viscous friction of oil film, friction torque caused by
friction force Fips of the spherical joint, and torque
produced by centrifugal force F¢s acting on the centroid
of slippers. The viscous friction of the oil film on the
slipper land also produces the torque T, which affects
the spinning motion of the slipper as well:

dw.

T‘rsz + Tfps = I s

ST “4)
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Fig. 1 Axial piston pump kinematics: (a) cylinder and piston—slipper assembly, (b) slipper, and (c) spinning motion of piston and

slipper. ODC: outer dead center, IDC: inner dead center.

T = Fys - (r;c0s,), 5)
where L, is the inertia moment of the slipper about the z¢-
axis, w., is the spinning speed of the slipper, # is time, Tty
is the friction torque of the slipper caused by the spherical
joint, and 7 is the radius of the spherical joint.

The force and moment equilibrium equations of
slippers are given in Eq. (6):

Fas+Fy+F, =0,

Toilsx + T-rsx + Ffps Sin ¢s (r_] Sin ﬁs) + chlcs = 0’ (6)
Toilsy + T'rsy + Ffps COs (os (r_l Sinﬁs) = O’
with
F.=F,/(n,-cosp,), @)

where ¢ is the rotation angle of og in the Ogy—Xsw YVswZsw
system, /s is the length between the center of the
spherical joint and the centroid of the slipper, Fy, is
spring force in the cylinder center, and #, is the number
of the piston.

2.2 Pressure governing equations

The fluid domain of the lubricant film of the slipper/

swash plate interface is ring-shaped. As shown in Fig. 2,
the coordinate system 0s,—XsoVsoZso 18 defined for the fluid
domain, and it is obtained by translating the os—x(szs
system from the origin os to the origin og. In the fine-
meshed region determined by the radial coordinate Rgs
and R4, and the azimuth coordinate 63 and 6., four
identical micro-dimples are formed, which are arranged
in two rows along the radial direction and two columns
along the circumferential direction. As shown in Fig. 3,
the optimization model uses four dimples rather than a
single one to consider interactions between adjacent
dimples. The parameters of arbitrary shapes are a set of
radial coordinates R, which are distributed at equal
angular intervals in the direction of 0°-360°. As shown in
Fig. 3 [23], too many decision variables R, will result in
a spiny divergent shape which is difficult to process in the
application. Therefore, the number of R, is set as 12 [23]
in this model.

The gap height 4 of any point P (r, 6) on the
slipper/swash plate interface can be derived from the
functions /1, Ay, and A3, which are the heights of points 4,
B, and C determined by the time-dependent external load,
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Fig. 3 Arbitrary dimple shapes characterized by R, and four identical micro-dimples [23].

as shown in Eq. (8): The macro-motion of the slipper forms an elliptical
1 trajectory on the Xgw—Ysw plane. The relationship between
h= \/_ (hy—hs)rsin 0+ R (2hy —h, —h;)rcos 8 the origin os and the shaft rotation angle ¢ in the

h h

coordinate system Ogw—Xsw YswZsw 18 given as Eq. (9):

Fg . ® {Ros = Ry 1+ @n*Bcosp, )

where Ry, is the oil film radius, and 4, h,, and A3 are the @, = arctan (cos S tang),
gap heights of points 4, B, and C, respectively. with
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¢ = wt, (10)
where R is the length between og and the Zg,-axis, Ry is
the distribution radius of slippers, and w is rotation speed.

Considering the spinning speed w,s of the slipper, the
radial and circumferential velocities of any point P (r, 6)
can be expressed as Eq. (11). A more detailed explanation
of the slipper spinning motion is included in Chao et al.

[1]:

v, = wR,sin (0 —0),
{Vg = w,R,cos (8 — ) +w,r, (11)
with
d
s = dqf’ (12)
R, = /R, + 1 +2R,rcos 0, (13)
o = arcsin (rsind/R,), (14)

where v, and vy are radial and circumferential velocities at
any position (, 6) of the slipper bottom, respectively, @
is the speed of og about the Zgy, R; is the length between
point P (r, 6) and the Zy-axis, and o is the angle between
P-0Oy,, and 04Oy,

The leakage flow rate of the slipper/swash plate
interface is given by Eq. (15):

2n h
:j f (Vorr) dzde, (15)
0 0 r€[Rin,Rou]
with
1
V°'_2q?9p(z —h)+vh (16)

where Qg is leakage, v, is the radial velocity of the oil,
Ry, and Ry are the inner and outer radii of the slipper
land, respectively, 7 is the oil dynamic viscosity, and p is
the oil film pressure.

The oil film between the slipper/swash plate interface is
assumed to be incompressible and laminar. At the same
time, the velocity of the fluid attached to the wall is
considered same as that of the wall without considering
the wall slip phenomenon [14,33]. The Reynolds equation
[34] in polar coordinates is derived as shown in Eq. (17):

1 0( ,0p 1 0 (,,0p
nr@r (rh 6r)+ r? 06 (h 06

h
—6l 2 (v9h)+12‘r’)—+3—p2
ror

(W"h)+6 ot " 10qr or

2 h?)
7)
where p is oil density.

The load-bearing capacity Fyijs, viscous friction torque
about the zg-axis Trs, and viscous friction torque about
the Zgw-axis Tt can be solved by the Reynolds equation
with the pressure and velocity boundary conditions:

2n Rou
F = f prdrdé, (18)
0 Ry

2n R )
T‘rsz = f j Toﬁlz:h T drdea
0 Rin

21 Row
Trszg = L L [T09|z:h - COS (6 - 0-) + anlz:h - Sin (9 - O-)]

(19)

-R,rdrdo, (20)
with
ho v
Toles = 5 25 1 @1
hop v, ph
L= 22
Torlth 2 ar + h 4 ( )

where 1. and 1., are circumferential and radial viscous
shear stresses, respectively.

In the simulation model, the main dimensions, working
conditions, and oil parameters of the EHA pump are
listed in Table 1.

2.3 Simulation model

The flowchart of the multi-objective optimization model
of the slipper/swash plate interface is shown in Fig. 4.
The model is mainly composed of three parts: the oil film
characteristic module, the force and torque balance
module, and the multi-objective optimization module
based on the non-dominated sorting genetic algorithm II
(NSGA-II), which is confirmed to be an effective method
to solve the multi-objective optimization problem [23].
Simultaneously, the model needs to consider not only
the tilting motion but also the spinning motion of the
piston and the slipper. Thus, the oil film characteristic
module needs to be executed constantly to obtain pocket
pressure pops which is regarded as one of the current
pressure boundary conditions to satisfy the flow
continuity equation. Then, pops is constantly called by the
force and torque balance module. Finally, when the
slipper reaches the force and torque balance, the spinning
motion driving or hindering torque can be substituted into

Table 1 EHA pump parameters and operating conditions considered
in this study

Parameter Value
Distribution radius of slippers, Rq 0.02m
Piston radius, 7, 0.005 m
Inlet pressure, piy 5% 10° Pa
Outlet pressure, poys 28 x 100 Pa
Case drain pressure, pg 1x105 Pa
Atmospheric saturation pressure 3 x10*Pa
Shaft speed, n 10000 r/min
Swash plate angle, 35 0.13 rad (7.5°)
Temperature 60 °C
QOil density at 60 °C 837.4 kg/m3
Oil kinematic viscosity at 60 °C 10.3 mm?%/s
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Fig. 4 Flowchart of the multi-objective optimizing procedure for the slipper/swashplate interface. IDC: inner dead center, ODC: outer

dead center.

the spinning motion module. The module also solves the
spinning angular acceleration at the current moment ¢ and
the spinning velocity at the next moment (¢ + Af) to
obtain new velocity boundary conditions. Regarding one
entire shaft revolution as a cycle, the model needs to be
executed for at least eight cycles under any working
conditions to acquire periodic variation of lubricant film
characteristics and micro-motion characteristics of
rotating components.

During the simulation process, if the surface textures
produced by each individual in a population are all
evaluated for eight cycles, then the simulation time will
be prolonged thousands of times. Thus, the multi-
objective optimization module is set to start the additional
fine-meshed region optimization where the slipper is
most likely to produce wear due to the excessive tilting
angle. The changing surface topography only varies the
load capacity of the textured fine-meshed region but not
the entire slipper/swash plate interface. As a result, the
difference between local load-bearing capacity at the
textured fine-meshed region Fyjisjexturedy and untextured
region Fojsfuntextured}, Namely AFg;,, is selected as a
surrogate objective of Fy;s as shown in Eq. (23):

AF, oils = £ oils{textured} — F oils{untextured} * (23)

According to Egs. (18) and (19), the mechanical

efficiency 7y, is expressed as Eq. (24) under the
simulation condition:

— (pout_pin) ‘/s
2n [TSS +(T,. +0.2)cos B, /1 —cos?psin 2ﬁs] ’

where Vs is the displacement of the pump, and T is the
output torque of the shaft in addition to viscous friction
torque of the slipper/swash plate interface. i, increases
with the decrease in T.,. As a result, T, can be
considered the optimization objective.

Based on the authors’ previous attempts at different
depths during the study, the recommended value of
dimple depth in this simulation is 5 um. Under the fixed
dimple depth condition, the objective of the simulation
model is to find the optimal radial coordinate array R, of
the dimple shape. This way maximizes the load-bearing
capacity AF,s and minimizes the tilting angle «s, the
viscous friction torque 7%, and the leakage Qg of the
slipper/swash plate interface.

The NSGA-II parameters utilized in the multi-objective
optimization model are listed in Table 2.

M 24

3 Simulation results and discussion

The simulated slipper tilting angle as and the tilting
azimuth angle of the untextured slipper/swash plate
interface 6,s are shown in Fig. 5. In the last three
revolutions, the range of the maximum tilting angle varies
from 0.00564° to 0.00578°, which is located at the
azimuth angle of 175.5°-179.1° and the shaft rotation
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angle of 308°-314°. The slipper tends to form the
maximum tilting angle on the low-pressure side near the
outer dead center (ODC). Based on the simulation data,
the additional fine-meshed region where the slipper has a
maximum tilting angle is then located. The specific
parameters are listed in Table 3.

The rank of individuals is realized by comparing it with
the objective function at the next shaft rotation angle
(pop + wA?). The Pareto non-dominated solution set can
be obtained after the algorithm searches exceed the stall
generations and the average change in the spread reaches
the pre-set tolerance. After the multi-objective optimiza-
tion model reaches the termination condition, the Pareto
optimal solution set is generated. The dimple shapes
represented by the optimal solution are shown in Fig. 6.

Table 2 Parameters of multi-objective optimization model based on
NSGA-II

The Pareto front of the slipper/swash plate interface is
depicted in Fig. 7. The dimple shapes of the 9th and 10th
results are similar to the arc-sided square, which produce
the maximum lubricant film capacity of load carrying and
minimum tilting angle. Meanwhile, the dimple shapes of
the Sth and 21st results are approximated as water-drop
shapes, which minimize the leakage flow. The dimple
shape of the 1st result is circular, which decreases the
viscous friction torque. The dimple shape parameters R,
which conclude the representative optimization results are
listed in Table 4. When the radial size accuracy is only 1
um, the dimple shapes between the 9th and 10th results
and the 5th and 21st results are considered identical. In
addition, the overall approximate water-drop-shaped
dimple is nearly similar to a circle because of its small
sharp angle.

The pressure and gap height distributions produced by
the optimal dimple shapes of the slipper/swash plate

interface are shown in Fig. 8. The dynamic pressure

Parameter Value . ) :
Dimple depth 5 m cgused by different dlm.ple' shapes has obvious
differences. The pressure distribution curves along the
Number of R,, elements 12 . . . . N
o cylinder rotation direction produced by the approximate
Population size 60 water-drop-shaped dimples (No. 5) and the approximate
Pareto fraction 0.35 arc-sided square-shaped dimple (No. 9) are shown in
Crossover fraction 0.8 Fig. 9. The positions where the maximum dynamic
Migration fraction 02 pressures are generated and the positions at whlch the
atmospheric saturation pressures are reached are different.
Lower bounds = 0.1 mm . .
The maximum dynamic pressure produced by the
Upper bounds < 0.2mm approximate arc-sided square-shaped dimple (No. 9) is
Objectives 1. Maximization AF s about 5 MPa higher than that produced by the approxi-
2. Minimization Ty, mate water-drop-shaped dimples (No. 5). This condition
3. Minimization a, all\llowgs the approximate arc—s;de(cil squqre—shape(} dimple
0. 9) to generate maximum load-bearing capacity.
4. Minimization Qg ( ) g . . g cap y . .
The load-bearing capacity of the untextured region is
x1073
360 T T T T T T T 8
V4 N +47
PN ,€[0.00564°, 0.00578°]
270 4 v . ‘\Y 6
\ ™ 7N
] / \ / \ “\ ! : \ 71N ’ I\
I 1 : 5
I : 1
o I 1 : o
<180 ! 4 &
< | ! S
] 1
! 1
1 ! 143
I \ ! lf : ! :
1 ! ° 1
90= . L] L 0,E[17515°,179.1%) i
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Fig. 5 Periodic changes of the slipper tilting angle and the tilting azimuth angle.
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1.653 N. The rate of changes in four optimizing targets Toert = (Viexturea = Vintexturea)/ Vintextureds (25)
(7pert) 1s calculated as where V is replaced by Fojs, @s, Trs;, and Qg when
evaluating the load bearing capacity, tilt angle, friction
torque, and leakage, respectively.

As shown in Fig. 10, the surface texture plays a positive

Table 3 Fine-meshed region positional parameter and starting shaft
rotation angle ¢op

Parameter Value o . X . X
% 3 1ad (171909 role in improving the capacity of load carrying, but it

' weakly reduces the viscous friction torque, tilting angle,
Ode 3.19 rad (182.70°) . .
X x10 and leakage. Although approximate arc-sided square-
* shaped dimple (No. 9) has little effect on reducing
Rae 6.05x103 m . . .

viscous friction torque and leakage, it increases the load-

Pop 36.83 rad (2110°)

bearing capacity of the slipper/swash plate interface by
2 3 4 5 6 7
9 10 11 12 13 14
15 16 17 18 19 20 21

Fig. 6 Dimple shape represented by the optimal solution on the Pareto front.

x107? x1073
2.82 - .
0,/(L-min™") 5.7800
-4 —4
280k 2.752°1><10 2.7574x10
278 L The 9th and 10th results: 57798
Untextured Maximum AF,;; & Minimum a, [
2761 =
e The 1st result: 5.7796
é 274 L Minimume ;w
;ﬂ TheSth and 21st results:
272k Minimum Q,, 5.7794
@
2.70 -
5.7792
2.68 ® °® L
68 - . .J—QK/
2.66 1 1 1 1 1 1 1 1 1 1 1 ] 5.7790
-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
AF‘oils/N’
Fig. 7 Pareto front with the optimal results.
Table 4 Optimal R,, with corresponding dimple shapes
Dimple shape R, /mm Shape
1 [0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100] Circle
5 [0.100, 0.108, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.103, 0.100, 0.100] Similar to water drop
9 [0.185, 0.200, 0.200, 0.142, 0.179, 0.175, 0.130, 0.156, 0.200, 0.148, 0.193, 0.173] Approximate arc-sided square
10 [0.185, 0.200, 0.200, 0.142, 0.179, 0.175, 0.130, 0.156, 0.200, 0.148, 0.193, 0.173] Approximate arc-sided square

21 [0.100, 0.108, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.100, 0.103, 0.100, 0.100] Similar to water drop
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Fig. 8 Pressure distribution and gap height distribution of the textured region with Nos. 1, 5, and 9 dimple shapes.
10 R shapes in Section 3, the approximate arc-sided square-
X ol Stiding divcction shaped dimple (No. 9) generates the maximum load-
3 bearing capacity and the minimum tilting angle.
Therefore, the wear marks of the approximate arc-sided
. 6 % square-shaped (No. 9) textured swash plate are compared
S with those of the untextured one. The texture pattern is
oy, I fabricated on the swash plate using a Q-switched
Nd:YVO4 laser machine with a wavelength of 355 nm, a
5l frequency of 30 kHz, and a maximum output power of
5 W [35]. Slippers are prone to tilt toward the splined
0. ] shaft. Thus, the surface texture is arranged in the negative
10 15 Vso-axis region and the total number of dimples is 1224

Fig. 9 Pressure distribution curves along the circumferential
direction of the slipper land with Nos. 5 and 9 dimple shapes.

123.77% compared with the untextured one, whose
optimization effect is significantly greater than that of
approximate water-drop-shaped dimple (No. 5).

4 Experiment verification

4.1 Experimental scheme
The real effects of the surface texture scheme in the EHA
pump are evaluated on a test rig that is used in the
previous work, as shown in Fig. 11, to verify the optimal
solution of arbitrary-shaped surface textures for the
slipper/swash plate interface discussed in Section 3. The
test rig can provide a rotational speed of up to 16000
r/min and can measure variables such as inlet, outlet, and
leakage pressure, outlet and leakage flow, shaft speed,
and shaft torque.

According to the simulation results of optimal dimple

(radial 3 rows x circumferential 192 rows + radial 3 rows x
circumferential 216 rows). By transforming the slipper
bottom coordinate from the og&—xgyszs coordinate system to
the Ogw—XswYswZsw coordinate system, the surface
topography parameters of the static swash plate surface
can be converted to the slipper land surface which is
revolving around. The textured swash plate and dimples
on the surface are shown in Fig. 12.

The tested components and their abbreviations are the
textured swash plate (TSP) and the untextured swash
plate (UTSP). Before the test, the components are cleaned
in an ultrasonic acetone bath to remove the contaminants.
The assembly of the swash plate with the texture design is
shown in Fig. 13. After the test, the macroscopic views of
the swash plate are observed by a confocal laser scanning
microscope (CLSM).

For better observations of the surface wear marks of the
components, a relatively severe operating condition is
chosen. When the EHA pump pressure reaches 28 MPa,
the tilting angle of the swash plate will be reduced to
1.2°, and the pump only needs to run for a very short
time. Thus, the prototype is operated for 20 min at the
maximum rotational speed of 10000 r/min and maximum
pressure condition of 28 MPa. The tested EHA pump
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Fig. 10 Rate of changes in four optimizing targets with the optimal results.

|

Pressure
Sensors

Temperature
Sensors

EHA pump
prototype

Servo motor

Fig. 11 Test rig used for evaluating the performance of EHA pumps. EHA: electro-hydrostatic actuator.

prototype will be equipped with TSP or UTSP.
4.2 Wear of the swash plate surface

The macroscopic views of the UTSP and TSP interface
are shown in Fig. 14. The black boxes correspond to the
position where the slipper causes the largest tilting angle.
Compared with the wear marks in the black box of UTSP,

the wear marks of TSP at the same place are not obvious.
The characteristics discussed above can be confirmed by
the CLSM scanned image of the UTSP and the TSP as
shown in Fig. 15. Deep plowing marks of 1-2 um
generated by wear debris can be found on the UTSP
surface, which are more obvious than that of the TSP.
This phenomenon indicates that the slippers sliding
against the UTSP have a greater degree of tilting
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Fig. 12 Textured swash plate and dimples on the surface.

behavior, which results in serious abrasive wear. By
contrast, the surface texture of the TSP weakens the
tilting behavior of the slipper and enhances the load-
bearing capacity at the position where the slipper causes
the largest tilting angle. The ability of the dimples to trap
wear debris is also proven.

§ ) m—)))) prm—sih)

4.3 Efficiencies of EHA pump prototype

The performance data of the EHA pump prototype
equipped with TSP and UTSP are shown in Table 5. The
mechanical efficiency 7y, and volumetric efficiency 7, are
calculated according to Egs. (26) and (27), respectively:

_ (pcut _pin) Vg

x 100%, 26
M T, (26)
qout
1= X 100%, @7)
Fig. 13 Assembly of the swash plate with texture design. e
Y,,  Position where the
Outer edge of the sliding slipper causes the
trajectory of the slipper e largest tilt angle TSP LSS

land center

Inner edge of the slidi
trajectory of the slipper

land center rajectory of the
slipper land center

Fig. 14 Photos of the tested TSP and UTSP marked with rectangular frames. IDC: inner dead center, TSP: textured swash plate, UTSP:
untextured swash plate, ODC: outer dead center.
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Fig. 15 CLSM scanned images of the TSP and the UTSP after testing at the position where the slipper causes the largest tilting angle.
TSP: textured swash plate, UTSP: untextured swash plate, CLSM: confocal laser scanning microscope.

Table 5 Efficiencies and output torques of EHA prototype at 10000 r/min, 28 MPa

EHA pump prototype equipped with

Mechanical efficiency, 7m/%

Volumetric efficiency, /% Output torque, Tgn/(N-m)

TSP 87.1 81.1 18.6
UTSP 85.7 80.3 18.9
where g,y is the outlet flow and Ty, is the output torque of
the shaft of the prototype. Nomenclature
Table 5 shows that the TSP improves the mechanical
gfﬁciency by 1.4%. The dir.ect reason for the Appreviations
improvement of mechanical efficiency is that the TSP
reduFeS the Ty of the prototype by 0.3 N-m. HOWCVE:'I‘ > CLSM Confocal laser scanning microscope
the improvement effect of the TSP on the volumetric _
efficiency of the EHA pump prototype is not obvious, and ~ FHA Electro-hydrostatic actuator
it is less than 1%. LST Laser surface texturing
IDC Inner dead center
- ODC Outer dead center
5 Conclusions TSP Textured swash plate
From all the simulation and experiment results UTSP Untextured swash plate
performed, th§ f01.10w1ng'c0'nc11.1510ns can be drawn:  Variables
A multi-objective optimization model for the multi-
scale textured slipper/swash plate interface based on the _ o
NSGA-II is proposed. The optimal Pareto solution sets of = Reciprocating inertia force
the surface textured dimple shapes are obtained. In the Fes Slipper centrifugal force
simulation, the approximate arc-sided square-shaped F; Axial friction force between the cylinder and the piston
dimple (No. 9) f?d‘}ces the friction torqug, tilting a!ngle, Fips Friction force of the slipper caused by the spherical joint
and leakage, and it increases the load-bearing capacity of e Normal force oroduced by th h olate of th
the slipper/swash plate interface by 123.77%. In the " _0 ‘ _ oree produced by e swash plate of e
experiment, the No. 9 dimple improves the mechanical piston-slipper assembly
and volumetric efficiencies of the EHA pump prototype Fy. Fi: Side force produced by the swash plate in y- and z-axis,
by 1.4% and 0.8%, respectively. respecti
> pectively
Ithe ﬁ?flfe;ts of t'}(lierm(;)ﬁflaitﬁc ?etffrmatlolil tOf tl}e Sotl}lld Foirs Load-bearing capacity force of the slipper/swash plate
parts will be considered in the future work to refine the ,
e e . terf:
model. The three modules of the optimization model are miertace ) '
ils ftexturedt ocal load-bearing capacity at the textured fine-meshed an
Failstiexturea  Local load-bearing capacity at the textured fi hed and

also required to further improve the computational
efficiency and shorten the simulation time.

Foilsuntexturedy  Untextured regions, respectively
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Piston chamber pressure

Spring-back force

Spring force in the cylinder center

Difference of local load-bearing capacity at textured region
and untextured region

Gap height

Inertia moment of the slipper about the z-axis

Length between the center of the spherical joint and the
centroid of the slipper

Shaft speed

Number of the piston

Oil film pressure

Case drain pressure

Inlet and outlet pressures, respectively

Pocket pressure

Outlet flow

Leakage

Radius

Radius of the spherical joint

Piston radius

Rate of changes in four optimizing targets, i.e., Foils, @s, Trsz,
and Qg

Distribution radius of slippers

Radial coordinate of the fine-meshed region

Oil film radius

Inner and outer radii of the slipper land, respectively

Length between o and the Z,-axis

Length between any position (r, §) and the Zg-axis

Array of the radial coordinates defining the arbitrary dimple
shape

Time

Friction torque of the slipper caused by the spherical joint
Torques produced by the unevenly distributed pressure
fields of the oil film about the x,- and ys-axis, respectively
Output torque of the shaft of the prototype

Output torque of the shaft in addition to viscous friction
torque of the slipper/swash plate interface

Viscous friction torques about the xg-, ys-, zs-, and Zgy-axis,
respectively

Radial velocity of the oil

Radial and circumferential velocities at any position (7, 6) of
the slipper bottom, respectively

Displacement of the pump

Tilting angle of the slipper

Swash plate angle

Oil dynamic viscosity

Mechanical efficiency

v

6

Bas

Bas, Ode
P

o

4

Pop

Ps

(0PN

Tobs Tor

Volumetric efficiency

Azimuth angle

Tilting azimuth angle of the slipper

Azimuth coordinate of the fine-meshed region

Oil density

Angle between any position (7, 8)—Osy, and 0s—Ogy
Shaft rotation angle

Starting shaft rotation angle of the optimization process
Rotation angle of o, in the Ogy—Xsw YswZsw System
Rotation speed

Rotation speed of os about the Zgy-axis

Spinning speed of the slipper

viscous  shear

Circumferential and radial stresses,

respectively
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