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Abstract

High-end equipment always operate in low-speed and heavy-load working environments, highlighting the need

for cam-lobe hydraulic motors with excellent speed stability (< 1 r/min) and ultrahigh-power rotary output (> 1T MW).
The successful operation of cam-lobe hydraulic motors relies on the circulation supply of high- and low-pressure oil.
However, the switching between high-/low-pressure oil controlled by the oil distributor inevitably causes an obvi-
ous pressure impact and speed pulsation, which directly reduces the speed stability of hydraulic motors. Therefore,
an optimization design approach for the oil distributor port is proposed to minimize the speed pulsation of cam-lobe
hydraulic motors. In the proposed approach, a simulation model that links the oil distributor port structural param-
eters with the hydraulic motor speed pulsation was developed to clarify the effect of the oil distributor structural
parameters on speed pulsation. Then, an orthogonal analysis method was used to identify the optimized oil distribu-
tor port structural parameters while minimizing the hydraulic motor’s speed pulsation as much as possible. Finally,
several experiments were conducted to validate the effectiveness and accuracy of the proposed optimization design
approach. The experimental results indicate that the pulsation rate of the hydraulic motor equipped with the opti-
mized oil distributor was 62.5% lower than that of the original motor at a working pressure of 25 MPa, which is con-
sistent with the simulation results using the proposed optimization design approach. The findings of this study

offer a feasible and effective approach to guide the design optimization of the oil distributor port for low-pulsation
hydraulic motors.

Keywords Engineering machinery, Hydraulic motor, Pulsation, Oil distributor port, Speed stability, Optimization
design

1 Introduction engineering machinery because their excellent speed

Hydraulic actuation plays a critical role in various
machinery and equipment, including ships, dredgers,
and shield machines [1-4]. Cam-lobe hydraulic motors,
which are typical low-speed and high-torque hydrau-
lic motors, are widely used as the core component of
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stability allows for position fine-tuning and precise con-
trol of the driven devices [5-9]. If a cam-lobe hydraulic
motor exhibits speed instability under its working condi-
tions, it will easily cause vibration and fatigue fracture of
the driven devices, leading to the loss of valuable driven
equipment [10, 11]. Thus, reducing the speed pulsation
or instability of cam-lobe hydraulic motors is an impor-
tant issue.

A large number of scholars have devoted extensive
efforts to design low-pulsation hydraulic motors. Some
scholars have attempted to develop theoretical or simula-
tion models to obtain the output pulsation of hydraulic
motors. A non-linear dynamic theoretical model, out-
put characteristic simulation model based on non-linear

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-024-01092-8&domain=pdf
http://orcid.org/0000-0002-8832-4047

Duan et al. Chinese Journal of Mechanical Engineering (2024) 37:101

friction, and other speed pulsation models have been
developed to study the pulsation of hydraulic motors.
These previous studies indicate that the output pulsation
of hydraulic motors is related to several factors [12-17],
which mainly consist of outer (e.g., oil pressure fluctua-
tions and load fluctuations) and inner factors (e.g., the
unreasonable design of the structure including the cam
ring and the oil distributor) [18, 19]. Regarding exter-
nal factors, pulsation is related to the hydraulic system.
Regarding the inner factors of hydraulic motors, many
scholars have focused on optimizing the cam-ring curve
to develop low-pulsation hydraulic motors. A series of
cam-ring curves have been designed to achieve lower
speed pulsation in hydraulic motors, such as a com-
mon curve (including parabolic, sine, and equal accel-
eration), a modified cardioid curve, and a generalized
elliptical cam-ring curve [20-23]. Several optimization
design methods have been developed to design special
cam-ring curves for low-pulsation hydraulic motors,
including a genetic-algorithm-based optimization design
method for high-order function curves and non-uniform
rational spline curves [20, 23]. Except for the optimiza-
tion design of the cam-ring curve, the oil distributor con-
trols the flow direction of inputting high-pressure oil and
outputting low-pressure oil to drive the hydraulic motor
rotation, in which the high-/low-pressure oil switching
process generates an obvious pressure impact to induce
high-speed pulsation [24—-26]. Therefore, oil distributor
optimization is crucial for achieving the low-pulsation
and low-speed stability of hydraulic motors; however, few
studies have focused on this issue.

In this study, an optimized design approach for oil dis-
tributor ports is introduced to reduce the speed pulsation
of a cam-lobe hydraulic motor. A hydraulic motor speed-
pulsation simulation model was developed to link the oil
distributor port structural parameters with the hydraulic
motor speed pulsation, as described in Section 3. Based
on the simulation results, an orthogonal analysis method
was used to select the optimized oil distributor port, as
described in Section 4. In Section 5, several speed-pul-
sation experiments on hydraulic motors are described to
validate the effectiveness of the proposed optimization
design approach. Finally, Section 6 concludes the paper.

2 Configuration and Working Principle

of the Cam-Lobe Hydraulic Motor
A typical cam-lobe hydraulic motor configuration is
illustrated in Figure 1, which mainly consists of an oil
distributor, multiple piston assemblies (i.e., pistons
and rollers), a cam ring, and a cylinder block. It is
worth noting that the cylinder block is fixed, while the
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Figure 1 Configuration and working principle of the cam-lobe
hydraulic motor
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Figure 2 Oil distribution process of the cam-lobe hydraulic motor

cam ring and oil distributor rotate to convert hydrau-
lic energy into output torque and mechanical rotation.
Rotation of the cam ring is achieved by the tangen-
tial force generated between the cam ring and piston
assemblies, which is controlled by periodically sup-
plying high-pressure oil and draining low-pressure oil
from the piston chambers through the oil distributor.
Thus, the oil distributor plays a critical role in regulat-
ing the flow of high-/low-pressure oil in and out of the
piston chambers.

To further illustrate the working principle of the oil
distributor, the detailed high-/low-pressure oil distribu-
tion and switching process is illustrated in Figure 2. The
oil distribution process can be described as that when
the piston chamber is connected to the high-pressure
oil port of the oil distributor through the cylinder block
port, high-pressure oil flows into the piston chamber and
drives the piston assemblies outward to push the roller
from the inner dead center to the outer dead center.
Conversely, when the piston chamber is connected to
the low-pressure oil port of the oil distributor, the piston
assemblies move inward, causing the roller to move from
the outer dead center to the inner dead center. After the
roller reaches the inner dead center of the next cycle, the
piston chamber connects to the next high-pressure oil
port of the oil distributor. During the high-/low-pressure
oil switching process, the inevitable pressure impact
causes the speed pulsations of the hydraulic motor, which
is directly related to the oil distributor port configuration.
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Therefore, optimizing the oil distributor port is crucial
for achieving low-speed pulsation and stability in hydrau-
lic motors.

3 Theoretical Analysis and Oil Distribution
Pulsation Simulation Model

To optimize the oil distributor port for low-pulsation
hydraulic motors, it is necessary to establish a relation-
ship between the structural parameters of the oil dis-
tributor port and the hydraulic motor speed pulsation,
that is, an oil distribution pulsation model. The oil dis-
tribution pulsation model is primarily determined by the
flow area of the oil distribution port, leakage of the oil
distribution port, and kinematics of the piston assembly.
Thus, in this section, the flow area of the oil distribution
port, leakage of the oil distribution port, and kinematics
of the piston assembly are analyzed in detail, and the oil
distribution simulation model of a single-piston assem-
bly is established based on these three aspects. Accord-
ing to the different positions and motion law of the piston
assembly on the cam ring, the oil distribution pulsation
model of the entire hydraulic motor can be established
by summing the oil distribution simulation model of the
single-piston assembly.
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3.1 Flow Area Theoretical Analysis of the Oil Distribution
Port

The basic structural parameters of the oil distribu-
tor and cylinder block ports are shown in Figure 3(a),
(b), respectively. To reduce the pressure impact on the
high-/low-pressure oil-switching process, an arc tran-
sition area was designed on the oil distributor port, as
shown in Figure 3(a). The corresponding plane expan-
sion view of a high- or low-pressure oil-distribution
process is shown in Figure 3(c), in which the oil distrib-
utor port gradually moves through the cylinder block
port. It is apparent that the flow area of the oil distri-
bution port is equal to the intersection area between
the oil distribution port and the cylinder block port,
which can be calculated by integrating the contour of
the intersection.

To obtain the contour of the intersection, the con-
tours of the oil distributor and cylinder block ports are
established. By considering the midpoint of each con-
tour as its origin, two coordinate systems are estab-
lished, as shown in Figure 3(a), (b). It can be seen
that each contour can be established by a quarter of
its entirety, as both contours are centrosymmetric
shapes. A quarter of the oil distributor port contour is
described by function f(x), while a quarter of the cylin-
der block port is described by function g(x), which can
be respectively expressed as follows:

s (1)
’ 2 2 0<x<d—r,
fx) = \/Vz—(x—d+r2) +s—r d—r<x<d,
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Figure 3 Shape and motion of the ol d|5tr|but|on port: (a) Oil
distributor port, (b) Cylinder block port, (c) Oil-distribution process
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where s, d, r;, and r, are the half-height, width, arc transi-
tion radius, and corner radius of the oil distributor port,
respectively. / and r are the semi-major and -minor axes
of the cylindrical block port, respectively.

3.2 Leakage Analysis of the Piston Assembly Based on Oil
Distribution

Leakage of the piston assembly occurs at two locations:
the switching interface between the oil distributor and
cylinder block (i.e., oil distribution pair) and the sliding
interface between the piston assembly and cylinder block
port (i.e., piston pair). Leakage can be considered as an
eccentric annular flow with linear pressure reduction,
considering the fabrication error and thermal deforma-
tion of the oil distributor. Based on the basic eccentric
annular flow equation [27], the leakage of the oil distribu-
tion pair (q;) can be expressed as:
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where «a is the radian of the leakage port (i.e., the high-
pressure oil distribution port), R, is the average radius (R,
= 0.5r, + 0.5r,, where r, and r,, are the radii of the oil dis-
tributor and cylinder block center port, respectively), / is
the concentric gap (4 = r,, — r,.), 4 is the dynamic viscos-
ity, L is the length between the oil distributor port and
the outer sealing belt, Ap is the leakage pressure differ-
ence, and ¢ is the eccentricity ratio (¢ = e/h, where e is the
eccentric distance).

Similarly, the leakage in the piston pair (gq,) is analyzed
in accordance with the leakage in the oil distribution pair,
and can be expressed as:

27TR32h3 2
_ SRl (1 15 ) 4
q2 1200, p2( 1+ 1.5 (4)

where R, is the average radius (R,, = 0.5R, + 0.5r,, where
R, and r, are the radii of the piston chamber and piston,
respectively), /1, is the concentric gap (13 = Ry,—r,.), L is
the leakage length, Ap, is the leakage pressure difference,
and ¢, is the eccentricity ratio (e, = e,/h,, where e, is the
eccentric distance).

Thus, the total leakage of the piston assembly (gy) is the
sum of the leakages in the oil distributor pair (g,) and pis-
ton pair (g,), and is given as follows:

ax = q1 + q2. (5)

3.3 Kinematics Analysis of the Piston Assembly Based
on the Oil Distribution

The kinematics of the piston assembly are mainly deter-
mined by the cam-ring curve; a constant acceleration
and constant deceleration cam-ring curve were used
in this study. As shown in Figure 1, the piston assem-
bly moves from the inner dead center to the outer dead
center (upward movement) and then moves to the inner
dead center in the next cycle (downward movement) in
each acting cycle. During this upward and downward
movement, the piston assembly has an equal and oppo-
site velocity. After the piston assembly reaches the inner
dead center of the next cycle, the piston assembly repeats
the above motion. During the movement of the piston
assembly from the inner dead center to the outer dead
center, a degree of velocity is introduced to constrain the
motion of the piston assembly, as illustrated in Figure 4.
The velocity of the piston assembly during the piston
assembly movement from the inner dead center to the
outer dead center can be mathematically expressed as
follows:
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where k; and k, are the coefficients expressed as follows:
2h;
ki = - : (7)
(93 = @2 + 94 — 1) (@2 — ¢1)
2h;
k2 10 (8)

(g3 — @2+ oa— 1) (9 — 93)

where (¢) is the rotation angle of the hydraulic motor, /;,
is the difference in radius between the outer dead center
and the inner dead center of the cam-ring curve, (0, ¢;)
and (¢ga, ¢s) are the zero-speed zone, (¢1, ¢2), (@2, ¥3),
and (g3, ga) are the acceleration, constant-speed, and
deceleration zones, respectively.

3.4 Oil Distribution Pulsation Simulation Model

By coupling the flow area theoretical analysis of the oil
distribution port (Section 3.1), leakage analysis of the
piston assembly based on oil distribution (Section 3.2),
and kinematics analysis of the piston assembly based
on oil distribution (Section 3.3), the oil distribution
pulsation simulation model of a single-piston assem-
bly can be obtained, as shown in Figure 5(a). Accord-
ing to the initial positions and motion law of the piston
assemblies, the oil distribution pulsation model of the
hydraulic motor can also be established by summing
the oil distribution simulation models of all piston
assemblies, as shown in Figure 5(b). The oil distribution
pulsation simulation model can be used to calculate the
speed pulsation of the hydraulic motor during the sub-
sequent optimization.
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Figure 5 Simulation model: (a) Oil distribution pulsation simulation
model for a single-piston assembly, (b) Oil distribution pulsation
model of the hydraulic motor

Table 1 Factor level of the orthogonal analysis

Factor A(s) (m) B(d) (m) C(ry) (m) D(r,) (m)
Level 1 0.013 0.006 0.008 0.005
Level 2 0.0135 0.0065 0.0085 0.0055
Level 3 0.014 0.007 0.009 0.006
Level 4 0.0145 0.0075 - -

Level 5 0.015 0.008 - -

4 Oil Distributor Port Optimization
for Low-Pulsation Hydraulic Motors

To reduce the speed pulsation of the cam-lobe hydrau-
lic motor, an optimization design approach for the oil
distributor port was developed based on the orthogo-
nal analysis method. The orthogonal analysis method
was used to evaluate the influence of the oil distributor
port parameters on the speed pulsation of the hydraulic
motor, thereby obtaining the optimal oil distributor port
structural parameters. The orthogonal analysis process
and oil distributor port parameter results are described
in this section.

4.1 Orthogonal Analysis of the Oil Distributor Port
Parameters

Orthogonal analysis is a scientific optimization analysis

method that was used in this study to select the opti-

mal oil distributor port parameters [28-32]. The four

main oil distributor port structural parameters should
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be analyzed and determined, including the half-height
(s), width (d), radius of the arc transition part (r;), and
radius of the elliptical groove (r,), as indicated in Fig-
ure 3. The next step was to define the parameter values
as factor levels, where one parameter value corresponds
to a one-factor level for each structural parameter in
Table 1. The parameter values are selected for struc-
tural parameters while considering the rationality of
geometric constraints and parameters, including the
number of oil distributor ports and distance between
the oil distributor ports, among others. It is apparent
that Factors A(s) and B(d) have five Levels, whereas
Factors C(r;) and D(r,) have three Levels. Therefore, it
is necessary to establish a mixed orthogonal analysis, as
the levels of each factor are not equal; a special stand-
ard orthogonal analysis is presented in Table 2. In addi-
tion, it is worth noting that the pulsation rate values in
Table 2 were calculated using the oil distribution pul-
sation simulation model (Figure 5(b)). The simulation
parameters of the structure and working conditions are
listed in Table 3.

4.2 Orthogonal Analysis Results for the Oil Distributor Port
Parameters
The orthogonal analysis results for the oil distributor
port parameters were divided into range and variance
analyses. Range analysis can be regarded as an intuitive
analysis that is used to determine three factors (including
the primary factor, the optimal level of the factor, and the
optimal level combination of factors). The range analysis
results are presented in Table 4. In this study, the R-value
was used to determine the primary factor by determin-
ing the influence of different factors on the evaluation
index. The larger the R-value, the greater the influence
on the pulsation rate. As can be seen in Table 4, C(r;) has
the greatest influence on the pulsation rate, followed by
A(s), B(d), and D(r,). To directly determine the influence
and trend of the factors on the evaluation index, the rela-
tionship between the factor level and evaluation index
was established. The pulsation rate at each factor level is
shown in Figure 6. From an optimization perspective, the
pulsation rate should be as small as possible. The optimal
level of each factor was as follows: Factor A(s) was Level
4, Factor B(d) was Level 5, Factor C(r;) was Level 3, and
Factor D(r,) was Level 2. However, range analysis can-
not provide an accurate quantitative estimate of the fac-
tors in the order of importance. Thus, a variance analysis
was introduced to determine whether there was a bias in
the results, which was used to ensure the accuracy of the
orthogonal analysis design, as presented in Table 5. In
this study, the P-value was used to judge the significance
of the different factors. The variance analysis results also
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Table 2 Orthogonal analysis design, L25, and pulsation rate
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Number A B C D s(m) d(m) ry (m) r, (m) Pulsation rate

1 1 1 1 1 0.013 0.006 0.008 0.005 1.5661404

2 1 2 3 2 0.013 0.0065 0.009 0.0055 0.79965735

3 1 3 3 2 0.013 0.007 0.009 0.0055 0.79848375

4 1 4 2 3 0.013 0.0075 0.0085 0.006 1.02446695

5 1 5 2 3 0.013 0.008 0.0085 0.006 1.0378248

6 2 1 3 2 0.0135 0.006 0.009 0.0055 0.8050608

7 2 2 2 2 0.0135 0.0065 0.0085 0.0055 0.98213585

8 2 3 2 3 0.0135 0.007 0.0085 0.006 1.0150537

9 2 4 1 3 0.0135 0.0075 0.008 0.006 143252115

10 2 5 3 1 0.0135 0.008 0.009 0.005 0.8174325

1 3 1 2 2 0014 0.006 0.0085 0.0055 0.9610844

12 3 2 1 3 0.014 0.0065 0.008 0.006 1.61695565

13 3 3 3 3 0.014 0.007 0.009 0.006 0.79660925

14 3 4 3 1 0.014 0.0075 0.009 0.005 0.80824745

15 3 5 2 2 0.014 0.008 0.0085 0.0055 1.0360318

16 4 1 3 3 0.0145 0.006 0.009 0.006 0.8066908

17 4 2 3 3 0.0145 0.0065 0.009 0.006 0.80014635

18 4 3 2 1 0.0145 0.007 0.0085 0.005 1.01837075

19 4 4 2 2 0.0145 0.0075 0.0085 0.0055 1.02549385

20 4 5 1 2 0.0145 0.008 0.008 0.0055 1.12215285

21 5 1 2 3 0.015 0.006 0.0085 0.006 0.96083175

22 5 2 2 1 0.015 0.0065 0.0085 0.005 0.98251075

23 5 3 1 2 0.015 0.007 0.008 0.0055 1.6366379

24 5 4 3 2 0.015 0.0075 0.009 0.0055 0.80620995

25 5 5 3 3 0.015 0.008 0.009 0.006 0.8141399

Table 3 Parameters of the structure and working conditions Table 4 Range analysis results

Parameter Value Parameter Value Parameter Level A B C D

Action number 6 Pump speed 1500 (r/min) K 1 523 510 737 5.19

Piston number 8 Pump displacement 0.25 (L/min) 2 505 518 1004 997

Piston stroke 0.06 (m) Safety valve pressure 25 (MPa) 3 522 527 805 10.31

Displacement  16.34 (L/min) Moment of inertia 300 (kg'm?) 4 477 510 - _

Roller radius 0.0425 (m) Coefficient of viscous 5 (N-m/(r/min)) 5 570 483 — _

friction Kang 1 105 102 147 104

Piston diameter 0.085 (m) Load torque 58500 (N-m) 5 101 104 100 100
3 1.04 1.05 0.81 1.03
4 095 102 - -

show that Factor C(r;) has the greatest influence on the 5 104 097 — _

results because a P-value of 0.000** indicates significant Optimal level : 3 1 1

differences in the pulsation rate. The variance analysis g 009 009 067 004

results were consistent with those of the range analysis. |, . quantity s B 3 3

According to the range and variance analyses, Factor C . \per of repeats per level r 50 50 80 80

(i-e., the radius of the arc transition part, r,) is the struc- Convert coefficient d 040 040 052 052

tural parameter with the greatest influence on speed 008 008 098 006

pulsation. Finally, the optimized oil distributor port
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Figure 6 Pulsation rate at each factor level

Table 5 Variance analysis results

Quadraticsum df Meansquare F-value P-value
Intercept  24.666 1 24666 2278276  0.000**
A 0.030 4 0.007 0690 0613
B 0.022 4 0.005 0499 0.737
C 1.498 2 0749 69.186  0.000**
D 0.008 2 0.004 0367 0.700
Residual 0.130 12 0011
Significance criterion: *: p < 0.05; **: p < 0.01
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hydraulic motor hydraulic motor
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Figure 7 Pulsation rate at each factor level

structural parameters are as follows. The half-height (s):
0.0145 m; width (d): 0.008 m; radius of the arc transition
part (r;): 0.009 m; and radius of the elliptical groove (r,):
0.0055 m.

5 Experimental Validation of the Optimized Oil
Distributor Port

To validate the effectiveness of the optimization design

approach, cam-lobe hydraulic motors with different oil

distributors were used to test the speed pulsation. The
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Figure 8 Test rig and hydraulic motor

accuracy of the hydraulic motor speed pulsation simu-
lation model and the influence of r; on the hydraulic
motor pulsation were validated, as discussed in this
section.

5.1 Validation of the Hydraulic Motor Speed Pulsation
Simulation Model

Figures 7 and 8 show the hydraulic system schematic
and a photograph of the test rig, respectively, which were
used to test the speed pulsation of the hydraulic motor.
In the hydraulic system of the test rig, the pump deliv-
ered high-pressure oil and the directional control valve
controlled the high-pressure oil flow into ports A and C
of the tested hydraulic motor. The rotation of the tested
hydraulic motor was controlled by periodically supply-
ing high-pressure oil and draining low-pressure oil from
the piston chambers via the oil distributor. The loading
hydraulic motor was identical to that of the tested motor,
which was loaded in the form of torsion. A speed sensor
was used to measure the speed pulsation of the hydraulic
motor and collect the speed pulsation signals using a data
acquisition device.

To validate the hydraulic motor speed pulsation simu-
lation model, three types of oil distributors with different
arc transition part radii (r; = 0.007, 0.008, and 0.009 m)
were designed and manufactured, as shown in Figure 9.
These three oil distributors were installed sequentially in
the tested hydraulic motor, as shown in Figure 8. Using
a working pressure of 25 MPa, the speed pulsation of
the hydraulic motor with three different oil distributors
was measured, and the experimental speed pulsation
rate was obtained by taking the average of the meas-
ured speed data and the standard error of the pulsation
rate. The simulation speed pulsation rates of these three
oil distributors were calculated using a hydraulic motor
speed pulsation simulation model at a working pressure
of 25 MPa.

Figure 10 shows a comparison between the simu-
lated and experimental speed pulsation rates of the
three oil distributors under a working pressure of 25
MPa. The comparison results indicate that the simu-
lated speed pulsation rate was approximately consist-
ent with the experimental speed pulsation rate, with
a maximum error of less than 0.2%. This error may
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Figure 9 Oil distributors with different oil distributor ports: (a
0.009 m, r, =0.006 m, (c) s =0.014 m, d = 0.007 m, r, =0.007 m, r, =

g
=

[ simulation
[ Experiment
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Radius of arc transition part 7y (m)

Figure 10 Pulsation comparison between the simulated
and experimental results with different r, under 25 MPa
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Figure 11 Pulsation rate comparison for different r; under different
working pressures

be attributed to the machining error and cushioning
effect of the coupling, which can be negligible and
within an acceptable range. Thus, the hydraulic motor
speed pulsation simulation model is determined to be
accurate and can be used to analyze the speed pulsa-
tion and optimize other structures to reduce the pul-
sation of hydraulic motors.

REE

a)s=0.014m,d=0.007m,r, =
0.008 m
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0.007 m, r, =0.006 m, (b) s=0.014m,d=0.007 m, r, =

Figure 12 Original and optimized oil distributors: (@) s =0.014 m, d
=0.007 m,r, =0.007 m,r,=0.006 m, (b) s=0.014 m,d=0.007 m, r, =
0.009 m, r, = 0.006 m

5.2 Validation of the Influence of the Arc Transition Part
Radius (r;) on the Hydraulic Motor Pulsation

To validate the influence of r; on hydraulic motor pul-
sation, the above three oil distributors with different
arc transition part radii (r; = 0.007, 0.008, and 0.009 m)
were used again. Figure 11 shows the speed pulsation
of the hydraulic motor with different oil distributors,
which was measured at different operation conditions
with different inlet pressures (i.e., the pressure was var-
ied from 5 to 25 MPa). The results show that the speed
pulsation rate decreases as r; increases, which is consist-
ent with the results discussed in Section 4. At a work-
ing pressure of 25 MPa, the speed pulsation rate was
approximately 2% for r; = 0.007 m, while it was approxi-
mately 0.77% for r; = 0.009 m. Thus, the influence of r;
on the hydraulic motor pulsation was validated.
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Figure 13 Pulsation comparison between the original
and optimized oil distributors

5.3 Validation of the Effectiveness of the Optimization
Design Approach for the Oil Distributor Port

To validate the effectiveness of the optimization design
approach for the oil distributor port, original and opti-
mized oil distributors were manufactured, as depicted in
Figure 12(a), (b) respectively. The original and optimized
oil distributors were installed in turn in the hydraulic
motor, the speed pulsation of the hydraulic motor was
measured, and the results were processed as described in
Section 5.1. Figure 13 presents the speed pulsation rate
of the hydraulic motors with the original and optimized
oil distributors under working pressures ranging from 5
to 25 MPa. As shown in Figure 13, the speed pulsation
rate of the hydraulic motor equipped with the optimized
oil distributor was less than that of the hydraulic motor
equipped with the original oil distributor, and the former
maintained a low-speed pulsation rate (no more than 1%)
under the given operating conditions. At a working pres-
sure of 25 MPa, the speed pulsation rate of the hydrau-
lic motor equipped with the original oil distributor was
approximately 2%, whereas that of the hydraulic motor
equipped with the optimized oil distributor decreased
significantly to only 0.75%, indicating a 62.5% reduc-
tion. Consequently, the proposed optimization design
approach for the oil distributor port was validated to be
effective.

6 Conclusions

(1) A hydraulic motor speed pulsation simulation
model was established and validated experimen-
tally. The simulation speed pulsation results were
consistent with the experimental results, with max-
imum error of less than 0.2%.

(2) The arc transition radius r, was identified as the pri-
mary oil distributor port structural parameter with
the greatest influence on hydraulic motor pulsation.
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Furthermore, as r; increases, the hydraulic motor
speed pulsation decreases.

(3) An optimized design approach for an oil distribu-
tor port was proposed and validated. The speed
pulsation rate of a hydraulic motor equipped with
the optimized oil distributor decreased to 0.75% at
a working pressure of 25 MPa, indicating a 62.5%
reduction compared with that of the original oil dis-
tributor.
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