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Low-pulsation design of motion structure in cam-lobe hydraulic motor

Abstract: Cam-lobe hydraulic motors are widely used in high-end equipment
due to their low speed and high output torque. The motion structure composed
of piston assemblies and cam ring is the key component that converts hydraulic
power into mechanical rotational speed, which directly affects the hydraulic
motor rotational speed pulsation. Yet, there is little research on the
low-pulsation motion structure design. For that, this study proposed the
low-pulsation design approach of motion structure to achieve the hydraulic
motor with good speed stability. In general, the piston assembly number and
the action number design should ensure that the total angle distribution
coefficient is not less than 2, but it should be greater than 3 when the
asymmetric distribution coefficient is 2. Finally, several hydraulic motors are
used to validate the effectiveness of the low-pulsation design. This study can
provide theory guidelines for the low-pulsation motion structure design.

Keywords: hydraulic motors; low-pulsation; motion structure; cam ring curve;
speed stability.
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1 Introduction

Hydraulic motors are the key components of the hydraulic rotary drive system of various
types of large machinery and equipment (Tao et al., 2019; Zhang et al., 2021a, 2022a;
Dasgupta et al., 2012; Pettersson and Jacobson, 2007; Wang et al., 2022; Olsson and
Ukonsaari, 2003; Chao et al., 2023). Cam-lobe hydraulic motors, as a type of typical
low-speed high-torque hydraulic motors, so can provide excellently low speed and
ultrahigh torque for large equipment, such as shield machines, winches, drilling
machines, shredders, and wind turbines (Zhang et al., 2022b; Darnet and Bideaux, 2022;
Fan et al., 2022; Skaare et al., 2013; Zhang et al., 2023; Sjodin and Olofsson, 2003). In
order to avoid damage or poor work quality caused by large equipment vibration, the
output speed of the cam hydraulic motor is usually required to have good stability, that is,
low pulsation. In the cam-lobe hydraulic motor, the output speed is achieved through the
motion structure consisting of the piston assemblies and cam ring curve since the motion
structure is a core component that converts hydraulic power into mechanical motion
(Ceschini et al., 2013; Kelley and Hagan, 2020; Kleckner and Kress, 1973; Dasgupta
et al., 2012; Liu et al., 2017). It can be concluded from this the output-speed stability of
the cam-lobe hydraulic motor is mainly affected by the design of the motion structure
(Wang et al., 2022; Zhang et al., 2023). Thus, it is very important to design a
low-pulsation motion structure for the cam-lobe hydraulic motor to avoid the severe
vibration of the large equipment.
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To date, a large number of scientists and engineers have made much effort to design
the motion structure of hydraulic motors for improving speed stability and reducing speed
pulsation. Most scholars attach much importance to designing and optimising the cam
ring curve of hydraulic motors. The design methodology of the cam ring curve could be
roughly grouped into four types: geometric-based curve design, kinematics-based curve
design, contact force-based curve design, and other innovative curve design (Zhang et al.,
2021b). Based on the above design methodology, a lot of innovative curves are proposed
to improve low-speed stability, including the parabolic curve, sine curve, equal
acceleration curve, and other modified curves. In addition, there are still some
optimisation methods of the cam ring curve for low-speed stability, such as the
high-order constant acceleration and constant deceleration cam ring curve based on a
genetic algorithm, elliptical cam ring curve, and modified heart-shaped cam ring curve
(Zhang et al., 2021b; Qiu et al., 2005; Nguyen and Kim, 2007; Nguyen et al., 2019).
Meanwhile, the performances of these cam ring curves have been analysed. It is
discovered that the equal acceleration cam ring curve has relative speed stability (Huang
et al., 2013; Gao et al., 2012; Zhao, 2017). The existing research on the motion structure
is mainly confined to the design and optimisation of the cam ring curve, and there is little
complete and universal design for the speed stability of the hydraulic motors (Lin et al.,
2010; Liu et al., 2018, 2017).

For that, this study proposes a low-pulsation design approach of motion structure for
cam-lobe hydraulic motors. The motion structure design consists of two parts: the piston
assembly number and the action number design and the cam ring curve design. The
piston number and the action number design is responsible for determining whether the
cam-lobe hydraulic motor can achieve low speed pulsation and speed stability. The cam
ring curve design is used to further reduce output speed pulsation of hydraulic motors.
The structure of this study is as follows. Section 2 introduces the typical structure and
working principle of the cam-lobe hydraulic motor and the working process of the motion
structure. The pulsation evaluation criterion and the basic conditions with free pulsation
and the low-pulsation motion structure design is presented in Section 3. In Section 4, a
case study on the structure parameters of the actual hydraulic motor products is carried
out to validate the effectiveness of the design approach. Finally, Section 5 summarises
this study.

2 Configuration and working principle of cam-lobe hydraulic motor

A typical configuration of the cam-lobe hydraulic motor is illustrated in Figure 1(a),
which consists of the motion structure (i.e., a cam ring and several piston assemblies), an
oil distributor, a cylinder block, etc. During the rotation of the hydraulic motor, the
pressurised hydraulic oil flows into the piston chamber and acts on the bottom of the
piston, which drives the piston assembly (i.e., roller and piston) along the cam ring curve.
Meanwhile, a tangential force is generated between the cam ring and roller, resulting in
the rotation of both the cylinder block and main spindle. Thus, the cam-lobe hydraulic
motor can continuously convert the hydraulic pressure to rotational motion and torque.
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Figure 1 Typical configuration and working principle of a cam-lobe hydraulic motor
(see online version for colours)
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To further illustrate the working process of the motion structure, the corresponding
expanded view of the cam ring is depicted in Figure 1(b). It schematically shows eight
piston assemblies (as indicated by Roman numerals 1, 2, 3, 4, 5, 6, 7, and 8) in different
positions (the oil suction region is indicted as red region, while the oil discharge region is
indicted as blue region). The distance between adjacent piston assemblies is 2m/z and z
represents the number of piston assemblies. The total angle of both an oil suction region
and an oil discharge region is the action angle ¢., which can be expressed as:

2z

Or = (1

X
where x is the action number (i.e., the number of concave and convex in cam ring curve).

All the piston assemblies are put into the same oil suction region and oil discharge
region, as depicted in Figures 1(c) and 1(d). It is apparent that the piston assemblies can
be classified as two groups, which have the same working process. The motion distance
from positions 1 to 2 is considered as the minimum motion period of the piston
assemblies Ag, which is given by:

Ap=2x @)

z
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where z’ is the number of piston assemblies in each piston assemblies group, which can
be expressed as:

3

where m is the number of piston assemblies groups, which can be represented as the
minimum common divisor between the action number x and piston assemblies number z.

From the above, it can distinctly show that the output characteristics of cam-lobe
hydraulic motor is influenced by the motion law of the piston assemblies. The motion law
of the piston assemblies is constrained by the motion structure (i.e., the action number x,
the piston assemblies number z, and the cam ring curve). Thus, the low pulsation design
of the motion structure is important to improve the performance of the hydraulic motor,
especially its speed stability.

3 Low pulsation design of the motion structure

To evaluate the influence of low-pulsation design approach of motion structure for cam-
lobe hydraulic motors, a reasonable pulsation evaluation criterion needs to be given. In
this section, the pulsation evaluation criterion of the cam-lobe hydraulic motor is
introduced first, and develop the low-pulsation design approach of motion structure. The
motion structure design is mainly determined by the action number x, the piston
assemblies number z, and the cam ring curve. Thus, the design of the action number x and
the piston assemblies number z are analysed in detail, and the low-pulsation cam ring
curve about the constant acceleration and constant deceleration cam ring curve has been
developed.

3.1 Pulsation evaluation criterion of cam-lobe hydraulic motor

The speed pulsation of the hydraulic motor is equal to the torque pulsation when power
loss is ignored. Therefore, in this study, the theoretical speed pulsation of the cam-lobe
hydraulic motor ¢ can be expressed as:

oo

— i=1 i=1 (4)

ol $r

i=1

where vg; is degree velocity of the piston assembly. The free pulsation condition of cam-
lobe hydraulic motor is that the sum of all piston assemblies degree velocity is constant,
which is given by:

4

Zv(,,,- = constant ®)]

i=1
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It is known that the piston degree velocity can be obtained by integrating the piston
degree acceleration ag;, thereby the condition of the free pulsation can also be expressed
as:

z

D =0 (6)

i=1

In general, the theoretical free pulsation evaluation criterion of the cam-lobe hydraulic
motor can be expressed that the sum of all piston assembly degree velocity is constant or
the assembly degree acceleration is zero.

3.2 Low pulsation design of the piston number x and the action number z

The piston number x and the action number z, play a crucial role in determining whether
the cam-lobe hydraulic motor can achieve low pulsation performance. It is worth to
known that the design of the piston number x and the action number z must be satisfied
the radial force balance first, because the unbalanced load would cause the speed
instability of hydraulic motors. Thus, we first analyse the radial force under different
combination of the piston number x and the action number z. Subsequently, the design of
the action number x and the piston assemblies number z are analysed. The radial force
plays a key role in the motion structure design, which is the premise of low-speed
stability. The radial force analysis of the piston assemblies in the movement is illustrated
in Figure 2. In Figure 2(a), it is observed that F'; and Fs, F, and Fg, F3 and F7, F4 and Fy
are the reaction forces of the cam ring on the whole internal rotating body. They are equal
in magnitude and opposite in direction, that is, the radial forces are completely balanced.
In comparison, it can be seen that the resultant force points to the lower left corner and
the radial force is unbalanced based on the vector superposition method in Figure 2(b).
The unbalanced load would cause the speed pulsation of hydraulic motors. Thus, the
design of the piston number x and the action number z should ensure radial force balance
first.

Figure 2 Force analysis of cam-lobe hydraulic motor (see online version for colours)

Iy
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The relationship between the action number x and the piston assemblies number z can be
expressed as the total angle distribution coefficient K. The physical meaning of the total
angle distribution coefficient K is that an action angle can be divided into K equal angles.
The total angle distribution coefficient K can be calculated as follows:

Px
K = — 7
Ap )

The common combinations of the piston number and the action number are listed in
Table 1, where the number in the table is the total angle distribution coefficient K. The
unbalanced combinations of radial forces (indicated by ‘x’) that fail to achieve complete
balance should be disregarded entirely when selecting the piston number and the action
number. To further analyse the influence of the total angle distribution coefficient on
speed pulsation, selecting five different radial force balanced combinations, as shown in
Table 2.

Table 1 The common combinations of the piston number and the action number

5 6 7 8 9 0 11 12 13 14 15 16 17 18

X

3 X X X X X X X X X X X X X X
4 x 1.5 X X x 2.5 X X X 3.5 X X X 4.5
5 X X X X X X X X X X X X X X
6 x x x 2 1.5 25 x X X 35 X 4 X x
7 X X X X X X X X X X X X X X
8 X 1.5 x X X 2.5 X 3 X 3.5 X X X 4.5
9 X 1 X X X X X 2 X X 2.5 X X X
10 X 1.5 X 2 X X X 3 X 35 15 4 X 4.5
11 X X X X X X X X X X X X X X

12 X X X 2 1.5 25 X x X 35 25 4 X 4.5

Note: ‘%’ is radial force unbalanced combinations.

Additionally, different speed zones of the cam ring curve are designed for different
combinations based on the total angle distribution coefficient. The speed pulsation rate of
the cam-lobe hydraulic motor under different speed zone distribution is calculated
respectively, as indicated in Figure 3. It can be seen that free pulsation can be achieved
through appropriate speed zone distribution under different x and z. The range of optional
speed zone distribution that meets the low-pulsation design criteria increases significantly
as the total angle distribution coefficient rises. In other words, a higher total angle
distribution coefficient resulting from the combination of the piston number and the
action number is more favourable for designing a low-pulsation cam-lobe hydraulic
motor. However, a higher total angle distribution coefficient implies the multiple pistons,
leading to more complex structure, higher costs, increased failure rates, etc. To sum up,
considering various factors, this study suggests that the total angle distribution coefficient
should not be less than 2 to achieve a simple structure and meet the requirements of low
pulsation when designing the overall motion structure.
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Figure 3 Pulsation rate of different amplitude distribution under different x and z
(see online version for colours)
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Figure 3 Pulsation rate of different amplitude distribution under different x and z (continued)
(see online version for colours)
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Table 2 Combination of radial force balance
Number x m K
1 6 3 1.5
2 6 2 2
3 6 10 2 2.5
4 6 14 2 3.5
5 6 16 2 4

3.3 Low pulsation design of the cam ring curve

To further reduce the speed pulsation of the cam-lobe hydraulic motor, the cam ring
curve is designed in detail. The constant acceleration and constant deceleration cam ring
curve is one of the typical cam ring curve among cam-lobe hydraulic motors. The typical
cam ring curve consists of the acceleration zone, deceleration zone, zero-speed zone, and
constant-speed zone. In this section, the influence of different speed zones of the cam
ring curve on speed pulsation is analysed and developed.

3.3.1 Influence of the acceleration zone and the deceleration zone on pulsation

Figure 4 is the constant acceleration and constant deceleration cam ring curve. The
symmetrical distribution of acceleration and deceleration zones can realise the free
pulsation design, yet the acceleration zones and deceleration zones are designed by the
asymmetric distribution to improve the performance of hydraulic motor in some
conditions. In practice, the asymmetric distribution characterised by a wider acceleration
zone than the deceleration zone is beneficial in reducing the contact force on the cam ring
and oil back pressure. However, an excessively high asymmetry coefficient may lead to
excessive acceleration within the deceleration zone, so it is recommended that the
asymmetric distribution coefficient is between 1 and 2.5. Generally, the asymmetric
distribution coefficient C can be expressed as:

c=2 3
(%]
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where ¢; and @3 are acceleration zone and deceleration zone of the cam ring curve,
respectively.

Figure 4 The constant acceleration and constant deceleration cam ring curve (see online version
for colours)
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Figure 5 The influence of asymmetry distribution coefficient on pulsation (see online version
for colours)
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Figure 5 The influence of asymmetry distribution coefficient on pulsation (continued) (see online
version for colours)
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Figure 6 Influence of asymmetry distribution coefficient on pulsation (see online version
for colours)
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The speed pulsation rate of the cam-lobe hydraulic motor under different asymmetry
distribution coefficients is indicated in Figure 5. It is evident that free pulsation can be
obtained when the asymmetric distribution coefficient is 1 or 2, yet, the angle distribution
cannot satisfy free pulsation in any case when the asymmetric distribution coefficient is
1.5 or 2.5. In addition, the achievable minimum pulsation under different asymmetric
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distribution coefficients from Table 2 is calculated, as indicated in Figure 6. It can be
concluded that the free speed pulsation condition includes two parts:

a the asymmetric distribution coefficient C is 1 and the total angle distribution
coefficient is greater than 2

b the asymmetric distribution coefficient C is 2 provided that the total angle
distribution coefficient should be greater than 3.

Figure 7 Influence of constant-speed zone and zero-speed zone on pulsation (see online version
for colours)
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3.3.2 Influence of the zero-speed zone and the constant-speed zone on pulsation

The zero-speed zone is used to prevent oil trapping and increase the effective action
angle, which is commonly set to less than 2°. The constant-speed zone plays an important
role in reducing the velocity impact of the transition between the acceleration zone and
the deceleration zone. Thus, the zero-speed zone and the constant-speed zone have
greater adjustability as functional zones, which have the following linear relationship:

@y =apy+b 9

where a = 2 or -2, b is the constant coefficient related to angle distribution, ¢ is
constant-speed zone of the cam ring curve, and ¢ is zero-speed zone of the cam ring
curve.

To further illustrate the influence of zero-speed zone and constant-speed zone on
pulsation, the speed pulsation under three different distributions of the zero-speed zone
and constant-speed zone are analysed respectively in Figure 7. The slope of the curve is
calculated and the slope of Figure 7(a) is 4.5 and that of Figure 7(b) is 2.2, indicating that
the speed pulsation rate is more sensitive on the changes in zero-speed zone. Thus, the

constant-speed zone should be optimised first, when designing the angle distribution of
cam ring curve to enhance other performance.



Low-pulsation design of motion structure in cam-lobe hydraulic motor 323

4 Case study

To validate the effectiveness of the low-pulsation design approach for cam-lobe hydraulic
motors, a case study on the structure parameters of the actual hydraulic motor products is
carried out. The piston number x and the action number z can be determined by
observation, while the cam ring curve requires a three-coordinate scanner as depicted in
Figure 8. Table 3 shows the fundamental parameters of the actual hydraulic motor
products. In addition, Figure 9 show the specific reverse analysis process of the cam ring
curve, which is used to obtain the width and asymmetry coefficient of each speed
interval. Thus, the structural parameters and speed zone distribution of seven cam-lobe
hydraulic motors are obtained in Table 4. It can be seen that the total angle distribution
coefficients of all hydraulic motors are not less than 2, which confirms the motion
structure design approach of the piston number x and the action number z. In addition, the
asymmetric distribution coefficient of the hydraulic motors is close to 1 except the
seventh hydraulic motor. The asymmetric distribution coefficient of the seventh hydraulic
motor is close to 2 as well as the total angle distribution coefficient is greater than 3,
which is consistent with the analysis of the cam ring curve design.

Meanwhile, to further prove the design approach of the cam ring curve, the speed
pulsation under different distributions of the zero-speed zone and constant-speed zone are
calculated in Figure 10, respectively. It can be seen that these hydraulic motors are
distributed in the low pulsation zone (pulsation rate < 5%). Thus, the above analysis
verify the effectiveness of the low-pulsation design approach for cam-lobe hydraulic
motors in this study.

Figure 8 The cam ring curve measured by coordinate measuring machine (see online version
for colours)

Table 3 Basic parameters of three coordinate scanners
Parameters Value
Machine size 3,450 x 2,197 % 3,596 mm
Measuring range 1,200 x 1,600 x 600 mm
Operating mode Automation
Probe series Fixation and rotation

Measurement resolution 2 um
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Figure 9 Reverse analysis flow diagram (see online version for colours)
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Table 4 Structure parameters and velocity distribution of cam-lobe hydraulic motor
Number — x z K To® T T2 (°) T3 (°) Ta(?)  Ts5(°) C
1 6 10 25 0 1.0067 8.4033 13.8690 21.3322 22.5 0.9911
2 6 10 25 0 1.0533 85513 139123 21.577 225 0.9783
3 6 10 25 0 1.0354 85051 13.9015 21.4546 22.5 0.9890
4 6 10 25 0 1.0361 85618 13.8345 214175 225 0.9924
5 6 8 2 0 1.0038 14.9652 16.7204 29.4305 30.0 1.0984
6 6 2 0 2.0923 13.4774 17.1648 27.8814 30.0 1.0624
7 10 16 4 0 0.9702 10.3465 12.4382 16.9908 18.0  2.0595

5 Conclusions

This study proposes the low-pulsation design approach of the motion structure for cam-
lobe hydraulic motors. The main conclusions are as follows:

1 When designing the piston number x and the action number z, the total angle
distribution coefficient K should not be less than 2 to meet the requirements of

low-pulsation design.

2 When the cam ring curve is asymmetric distribution, the asymmetric distribution
coefficient C is 2 provided that the total angle distribution coefficient should be
greater than 3. Additionally, the constant-speed zone should be prioritised for
optimisation when adjusting the angle distribution to enhance other performance.
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Figure 10 Verification of low pulsation in the constant velocity zone under the zero-speed zone
(see online version for colours)
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