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Abstract: Cam-lobe radial-piston hydraulic motors are widely used in large machinery due to their excellent capability to
withstand high loading at low speed. However, the line contact between the roller and cam ring generates elastic deformation of
the cam ring under high loading, leading to obvious speed and torque pulsations and even the detrimental crawl problem of
hydraulic motors. To address this issue, we propose a deformation pre-compensated optimization design approach to compensate
for the cam ring deformation in advance, thereby eliminating the influence of cam ring deformation on the hydraulic motor’s
pulsation. In this approach, the design process is divided into two steps: first, the overall profile of the cam ring is optimized
based on the calculated elastic deformation; second, the local profile of cam ring is further optimized until the hydraulic motor’s
pulsations no longer reduce. Finally, a case study is carried out to verify the effectiveness of this approach. The result indicates
the pulsation rate of a deformation pre-compensated cam ring is 40% lower than that of an uncompensated one. This study

offers an easy and feasible way to design an optimized cam ring profile for low pulsation hydraulic motors.
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1 Introduction

Hydraulic actuation plays an important role in
various machinery and equipment (Dasgupta et al.,
2012; Tao et al., 2019; Zhang C et al., 2020, 2021;
Mehta and Rath, 2021; Lyu et al., 2022; Shi et al.,
2022; Zhang K et al., 2022). Low-speed high-torque
hydraulic motors can output large torque at low speed
and are widely used in ship, port, construction, and
metallurgical machinery (Sjodin and Olofsson, 2003;
Pettersson and Jacobson, 2007). As a typical repre-
sentative of low-speed high-torque hydraulic motors
(Olsson and Ukonsaari, 2003; Wang et al., 2022),
cam-lobe radial-piston hydraulic motors can drive
heavy loads by using hydraulic power to push mov-
ing components, and rotate along the cam ring with a
specially designed curve profile (Lewis, 2009; Zhang
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XL et al., 2021a). The curve profile design of the
cam ring directly affects the motion characteristics
of the hydraulic motor, including its speed, accelera-
tion, and position. The main factors that affect the
torque and speed pulsation of the motor in the system
are the fluctuation of oil supply pressure and load, the
non-uniformity of leakage and friction, and the unrea-
sonable design of the motor structure. This study fo-
cused on the impact of the cam ring on pulsation. An
inappropriate curve profile will cause high speed and
torque pulsations, leading to low actuation accuracy
and instability (Liu YS et al., 2017; Liu Y et al.,
2018). Thus, it is very important to design an opti-
mized curve profile for the cam ring when developing
low-pulsation hydraulic motors (Lin et al., 2010).
Many scholars and engineers have tried to opti-
mize the cam ring in attempts to achieve a low pulsa-
tion design for hydraulic motors. Limited by process-
ing technologies and equipment, the early curve pro-
file designs of cam rings were always simple and easy
to process, including mainly circular arcs and straight
lines. However, such curve profiles produce very high
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speed and torque pulsations in hydraulic motors. With
the development of high-precision processing technol-
ogies and equipment, more sophisticated designs of
cam ring profiles were gradually developed. A series
of cam ring profiles (including parabolic, sine, and
equal acceleration) were designed and used to achieve
lower speed and torque pulsations in hydraulic motors
(Wang, 2014). To further optimize the cam ring, theo-
retical investigations of optimization of the design and
accuracy of cam ring profiles were carried out. For
example, a modified cardioid profile of a cam ring
was developed for cam-lobe radial-piston hydraulic
motors to reduce their impact pulsations (Yu et al.,
2012). A cam ring profile with equal contact stress
was solved and drawn, and simulation results showed
that it had lower contact stress and a longer service
life (Wang, 2017). A generalized elliptical cam ring
profile was designed and analyzed in detail, and the
results indicated this cam ring profile had low pulsa-
tion and good processability (Xin, 2019). A genetic
algorithm-based optimization design method was pro-
posed to design a special cam ring profile with a high-
order function curve. Results indicated that the transi-
tion of each speed interval was smoother, and the pul-
sation was lower, compared with the original designs
(Zhang XL et al., 2021b). Optimization of the design
and theoretical analyses of cams could also provide
guidance for developing an optimized cam ring pro-
file due to their remarkable similarity in shape and
functionality (Qiu et al., 2005; Nguyen and Kim,
2007; Sun and Tang, 2011; Lassaad et al., 2013). A
non-uniform rational B-spline curve was used to im-
prove the motion characteristics of a cam follower.
Results showed that the proposed cam curve was able
to achieve cam mechanisms with arbitrary boundary
conditions of the follower motion as well as the dy-
namic characteristics, such as the improved inertial
forces and the tendency of vibration of the cam mech-
anism (Nguyen et al., 2019). The Fourier series was
used to describe the displacement function of the cam
follower in a high-speed cam mechanism, which can
effectively reduce the vibration and shock velocity
(Zhou et al., 2016). A balancing cam mechanism in
engine camshafts was proposed to minimize torque
fluctuation. Test results showed that the root mean
square value of the fluctuating torque curve was re-
duced by more than 80% (Lin et al., 2017).

Despite the progress achieved in reducing motor
pulsation for such cam rings or cam designs, an
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important factor—the deformation of the cam ring
under high loading—had never been considered in
the profile design. The working pressure of cam-lobe
radial-piston hydraulic motors increases quickly, and
a higher working pressure leads to greater cam ring
deformation. An added complication is that cam ring
deformation has the characteristic of a nonlinear dis-
tribution along the profile. This nonlinear characteris-
tic changes the motion pattern of rollers and thus af-
fects the rotational speed and torque pulsation. There-
fore, it makes sense to consider the effect of cam ring
deformation on the pulsation of a hydraulic motor in
advance of cam ring design.

In this study, a general deformation pre-
compensation optimization approach to cam ring de-
sign is proposed to minimize rotational speed and
torque pulsation of cam-lobe radial-piston hydraulic
motors. Firstly, the kinematic, force, and deformation
characteristics of a typical cam-lobe radial-piston hy-
draulic motor are analyzed in detail. Secondly, the de-
formation pre-compensation optimization approach is
built to optimize the cam ring profile to reduce the
pulsation of the hydraulic motor based on a proposed
pulsation evaluation criterion. Finally, a case study was
used to demonstrate the effectiveness of the deforma-
tion pre-compensated optimization design approach.

2 Configuration and working principle of hy-
draulic motor

Fig. 1 shows the typical configuration of a cam-
lobe radial-piston hydraulic motor consisting of a cam
ring, a cylinder, and a number of pistons and rollers.
The cam ring is made of several identical minimum
working cycle curves, and the number of cycles can
be referred to as the number of actions n,. The point
in the upper section of the minimum working cycle
curve is the inner dead center, while the point in the
lower section is the outer dead center. The movement
of a roller on the minimum working cycle curve can
be divided into two symmetrical parts. Firstly, fed by a
pump, high-pressure oil (highlighted in red in Fig. 1) is
input into the piston chambers through high-pressure
oil ports to push the pistons outward, thereby press-
ing the rollers to roll from the inner dead center to
the outer dead center along the upward bevel of the
cam ring. Secondly, when the rollers pass the outer
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Fig. 1 Typical configuration and working principle of a cam-lobe radial-piston hydraulic motor

dead center and the piston chamber connects to the
low-pressure oil port, the cam ring pushes the roller to
roll from the outer dead center to the inner dead cen-
ter along the downward bevel of the cam ring. During
this process, the low-pressure oil (highlighted in blue
in Fig. 1) is discharged from the piston chamber to
the low-pressure oil port. As this minimum cycle mo-
tion is repeated again and again, the cam-lobe radial-
piston hydraulic motor can continuously convert the
hydraulic pressure to rotating motion and torque.

From the above, the cam ring is the key compo-
nent of a cam-lobe radial-piston hydraulic motor, and
directly determines the motion characteristics of the
motor. Therefore, optimization of the design of the
cam ring profile in advance is important to improve
the performance of the motor, especially its speed and
torque stability. Moreover, high-pressure operation of
the hydraulic motor will cause large elastic deforma-
tion of the cam ring, leading to obvious speed and
torque pulsation, highlighting the need for a deforma-
tion pre-compensated optimization approach to cam
ring design to reduce pulsation and improve opera-
tional stability.

3 Deformation characteristics of cam ring

To realize the deformation pre-compensated op-
timization design, the deformation characteristic of
the cam ring in the process of roller extrusion should
first be determined. The deformation characteristics
of the cam ring are determined mainly by the kine-
matic characteristics of the roller and the force char-
acteristics between the roller and cam ring. Thus,
the detailed kinematic, force, and deformation char-
acteristics of a hydraulic motor are analyzed in this
section.

3.1 Kinematic characteristics

Fig. 2a shows a schematic diagram of a cam ring
profile, in which the dashed line represents the ideal
theoretical profile and the trajectory of the roller cen-
ter, while the solid line represents the actual profile of
the cam ring. The trajectory of the roller center visually
reflects the law of roller motion and so is called the
theoretical profile. In the design process of a cam ring
profile, the theoretical profile is always the first to be
designed. The actual profile can then be obtained by
offsetting it outward by a roller radius r,. The dis-
placement of the theoretical profile has a base circle
with a radius of p, (Fig. 2b). The difference in radius
between the outer dead center and the inner dead cen-
ter of the theoretical profile is 4. When the hydraulic
motor rotates, the trajectory of the roller center can be
described by a periodic function p(6) in polar coordi-
nates (@ is the rotational angle of the hydraulic motor).

The movement of the piston and roller can be di-
vided into two parts: their telescopic movement along
the cylinder block bore, and their rotation implication
movement along with the rotating cylinder block. To
obtain the inertial force in these two movements, the
motion acceleration of the piston and roller must be
known. The velocity v and acceleration a of the piston
and roller relative to the cylinder block can be calcu-
lated as follows:

_dp_dpdo _

V4 T dodr TV M
d’p d*p d*0

= A e ©

where w is the angular velocity, and v, and a, are the
critical degree-velocity and degree-acceleration func-
tions, respectively.
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Fig. 2 Theoretical profile and kinematic characteristics of a cam ring: (a) schematic diagram of the cam ring profile with
the movement of the piston and roller; (b) displacement of the theoretical profile; (c) degree-velocity of the theoretical

profile; (d) degree-acceleration of the theoretical profile

The degree-velocity v, of the piston and roller
with respect to the cylinder block is given by

b
T de’

Vo

3)
The degree-acceleration a, of the piston and roller

with respect to the cylinder block is given by:

d’p
a$= "

“)

The velocity of the rotation implication motion
v,, the acceleration of the rotation implication motion
a,, and the Gauche acceleration of the piston and roller
a, can be calculated as follows:

V,=pa,
)

a,=pw’,
a,=2wv,.
However, these kinematic characteristics are es-

sentially determined by the cam ring profile, so the
design of the profile is most important. As the most

used theoretical profile of the cam ring is an equal
acceleration and deceleration profile with transition
zones, this was selected as the basic design in this
study. The displacement p(6), degree-velocity v(6),
and degree-acceleration a() curves of the profile are
shown in Figs. 2b—2d, respectively, and their equa-
tions are as follows:

Dos 0<6<40,,
1 2
Pr=pPot 5‘%1(0—(90) > 0,<0<0,,
0 ,01+a¢1(01(9—(00—(01), 0,<0<0,, ©)
p =
p1+a¢1¢1(9_¢0_¢1) + 0,<0<0,,
1 2
§a¢1(9_¢0_¢1_¢2) 5
po+h, 0,<0<40,,
0, 0<6<46,,
a{p1(0_¢0)7 61<9<027
v(0) = a, 0, 0,<0<05, (7)
a¢1§01+a¢3(0_¢0_¢1_¢2)’ 0,<0<0,,
0, 0,<0<0,,
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0, 0<60<0,,
a,= 2h . 0,<0<0,,
¢1(¢1 +2(ﬂ2+(03)
a(0)= 0, 0,<0<0,, (8)
a,= —2h . 0,<0<0,,
0. (¢, +20,+¢)
0, 0,<0<0,,

where the zero-speed zone ¢,=0,=0.-0,, the accelera-
tion zone ¢,=60,—0,, the constant-speed zone ¢,=60,—
6,, and the deceleration zone ¢,=0,—6,.

3.2 Force characteristics

To calculate the deformation of the cam ring, it is
essential to know the force of the roller pressing on the
cam ring. Fig. 3 shows the force analysis of the piston
and roller. The (x, y) coordinate system is set up in the
roller center, while the y-axis is always parallel to the
central axis of the cylinder block bore. The core forces
are the hydraulic force £, of the high-pressure oil on
the bottom of the piston, and the supporting reaction
force F, of the cam ring on the roller. The combina-
tion of these two forces keeps the hydraulic motor
spinning. The inertial forces and frictional forces are
also considered. The specific analysis process is as
follows.

The force of the hydraulic pressure F, acting on
the piston chamber is:

T
Fp:Zdzp’ (9)

where d is the piston diameter, and p is the pressure in
the cylinder block.

Cam ring

Roller

Piston

Cylinder block ——=

Reciprocating the linear motion of the piston in
the cylinder block bore, the inertial force F, due to the
relative acceleration of the piston is:

F.=ma=maw’a,, (10)
where m is the sum of the masses of a piston and a
roller.

The centrifugal force F, due to the centripetal ac-
celeration of the piston (a,) as it rotates with the cylin-
der block is:

F.,=ma,=mpw’. (11D

The implication motion is the rotation of the cyl-
inder block with the Gauche inertia force F, caused
by the Gauche acceleration:

F.=ma,=2mw’v,. (12)

The linear frictional forces between the piston

and cylinder block on two sides F,, and F,, and the

rotation frictional force between the roller and cam
ring F; are expressed as:

Fy :fFla (13)
Fo=/F,, (14)
Fo=fF,, (15)

where f'is the coefficient of sliding friction between
the piston and cylinder block, and £, is the coefficient
of rolling friction between the roller and cam ring.

Egs. (16) and (17) show the force equilibrium
equations in the x and y directions, respectively, while
Eq. (18) is the torque equilibrium equation:

Fig. 3 Force analysis of the piston and roller



F,sinf+F,—F,—F,cosf—F,—F,=0, (16)

F,—F,cosfp—Fysinf—F,—F,-F,=0, (17)
d d

F111+Fﬂ§ _me —F,)l,=Fr,=0, (18)

where the pressure angle between the roller and cam
ring f=arctan (pd(fg)’ [, is the distance from the equiv-
alent point of action of the squeezing force F, to
the x-axis, and /, is the distance from the equivalent
point of action of the squeezing force F, to the x-axis
as shown in Fig. 3.

The supporting reaction force of the cam ring on
the roller F, is solved based on the following assump-
tions: the hydraulic motor rotates steadily at a very low
speed, so its inertial force is very small and can be
neglected, and the rotation friction force F}; is much
smaller than other forces, and so can be ignored. The
hydraulic force F, is considered as known, while the
lateral force of the cylinder block on the pistons F),
F,, and the supporting reaction force F, are unknown.
Thus, the supporting reaction force F, can be solved
by Egs. (16)—(18).

FP(ZZ_II)
(I,—1,)cos B+ (I, f+f>d+1,f)sin

F(0) = (19)

3.3 Deformation characteristics

Combining the actual roller working conditions
and Hertzian contact theory (Johnson, 1985; Sanchez
et al., 2017; Kong et al., 2018), the contact between
the cam ring and roller is simplified as cylinder-to-
cylinder contact with parallel axes (Nakhatakyan and
Kosarev, 2012). Fig. 4 shows the simplification pro-
cess. The total deformation of the cam ring is given by:

iEquivaIent cylinder

X

Fig. 4 Process of simplification of the roller and cam ring to
Hertzian contact deformation of two parallel cylinders
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where E. is the equivalent modulus, which can be ex-
pressed as L_1-v + 1-v;
E. E E,
tively Young’s moduli of the cam ring and roller mate-
rials, and v, and v, are respectively Poisson’s ratios of
the cam ring and roller materials. / is the roller width.

R, is an effective radius, which can be expressed as

1; :ri + 1 (the minus sign in the formula indicates
e

internal contact). 7, is the curvature radius at the con-
tact point of the cam ring.

For a general case, the cam ring does not have an
analytic formula, especially after optimization design.
The curvature x of 2D discrete data with three points
(x,, 1), (x,, 1), and (x,, y,) can be calculated as follows:

. E, and E, are respec-

e

"ot

x"y _ 2(asb,—a,b;)
Jereon)” V"

x/yll

K= , 2D

where x=b+b,T+b,T* and y=c,+c,T+c,T’, where T is an
intermediate variable, and the coefficients b and ¢ can
be derived from the coordinate points (x,, ¥,), (X,, 1),
(X5 ).

When the curvature x is obtained, the curvature
radius 7, can be obtained from:

(22)

4 Deformation pre-compensation optimization
design of cam ring

To evaluate the influence of the deformation pre-
compensated optimization design of a cam ring on the
pulsation characteristics of a hydraulic motor, a rea-
sonable pulsation evaluation criterion needs to be
applied. In this section, we first introduce a pulsation
evaluation criterion, and then develop a deformation
pre-compensated optimization approach to cam ring
design to reduce the pulsations, based on the criterion.

4.1 Pulsation evaluation criterion

The speed and torque pulsation of a hydraulic
motor is related to the design of the cam ring profile,
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and the effect of the cam ring profile on pulsation was
considered in this study. The torque pulsation rate of
the hydraulic motor J,, can be expressed as follows:

max (M) —min(M)
M ,

av

Oy= (23)

where M, is the average torque.

The instantaneous torque of the entire motor M
can be considered as the sum of the torque generated
by all pistons:

M=ApA2pl. tanﬁ,:ApASVW-, (24)
i=1 i=1

where Ap is the pressure difference between inlet and
outlet oil; A4 is the cross-sectional area of the piston; 7,
is the total number of pistons; v, is the degree-velocity
of the piston.

By substituting Eq. (24) into Eq. (23), the torque
pulsation rate of the motor J,, can be obtained as
follows:

max(zv(,,f) —min(sz)_
mean(sz)

On the premise of ignoring power loss, if the
input power N is kept constant, from N=Mw, the rota-
tional speed pulsation J, can be expressed as

5, = max(3v,) —min(sz)‘
mean(zvqﬂ_)

It is apparent from Egs. (25) and (26) that the
sum of all piston degree-velocities is an important in-
dicator that plays a decisive role in the theoretical pul-
sation of the motor. The rotational speed pulsation J,
will be used as an indicator to evaluate the merits of
the curves in the optimization discussed later in this

paper.

Oy=

(25)

(26)

4.2 Deformation pre-compensated optimization
design approach

Under high working pressure, elastic deformation
of the cam ring is inevitable. In a hydraulic motor, the
deformation of the cam ring is influenced by various

factors, including the profile’s shape, pressure distri-
bution and pressure angle. The coupling of these fac-
tors leads to heterogeneous deformation distribution
along the cam ring and an obvious increase in pulsa-
tion. The deformation pre-compensation optimization
design approach is intended to reduce the negative ef-
fects of heterogeneous deformation on pulsation.

The deformation pre-compensation optimization
design aims to preset an inward offset for the roller in
advance. Because the cam ring curve is continuous
and the thickness of different positions is uneven, the
deformation of a point position will affect the overall
performance of the entire cam ring. Thus, the overall
performance is affected by offsets from each point,
and unreasonable changes in the local area can even
have negative effects. How to determine the amount
of compensation at each point in the entire cam ring
becomes a key challenge. To address this challenge,
we propose a two-step deformation pre-compensated
optimization design approach. The ultimate purpose of
the deformation pre-compensated optimization design
is to reduce the pulsation of the hydraulic motor, but
the deformation pre-compensated cam ring profile is
not allowed to deviate too much from the theoretical
profile due to the limitation of the piston’s movement.
The extension length of the piston is usually set in ad-
vance to ensure a sufficient length of contact with the
cylinder. The contact length will be shortened when
the piston extends too much, making the cylinder
block vulnerable to damage. Therefore, the deforma-
tion pre-compensation is divided into two steps. The
first compensation makes the deformed profile close
to the theoretical profile to maintain a sufficient con-
tact length. The second compensation is performed to
further minimize pulsation caused by the cam ring
profile, mainly by fine-tuning the local profile to ob-
tain a new profile with a minimum pulsation rate. A
flow chart of the deformation pre-compensated opti-
mization design process is shown in Fig. 5, and can
be summarized in the following steps:

Step 1: The theoretical cam ring profile is initially
designed with equal acceleration and deceleration pro-
files with transition zones;

Step 2: The value of the heterogeneous elastic
deformation of the cam ring is calculated;

Step 3: The deformation is fitted to a smooth
curve and compensated to the overall cam ring profile;

Step 4: The local cam ring profile with the largest
error is compensated again, and the profile is fine-tuned
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Fig. 5 Flow chart of the deformation pre-compensated optimization design process

within a small range. The loop iterates until the pulsa-
tion rate no longer reduces;

Step 5: The optimized cam ring profile is ob-
tained to achieve lower pulsation of the hydraulic
motor.

A detailed calculation process of this approach
was conducted to optimize the cam ring profile. The
initial design of the cam ring was first carried out using
the equal acceleration and deceleration profile with
transition zones. Generally, the initial cam ring profile
is consistently considered as a set of high-precision 2D
arrays q:

qg=1[p0), 00)], i=1,2,3, .., n, 27)
where 7 is the total number of the arrays g.

It can also be converted to a rectangular coordi-

nate system by ¢(x,, v,).

q(x.) = (p(i)cos(0(i).p(i)sin(0(i)) ). (28)

The amount of deformation at point ¢ can be
calculated by the deformation calculation process
described in Section 3.3 and can be denoted as d(i).
Since d(i) is a discrete quantity of variation, a five-
polynomial fitting equation is used to express it, thus
obtaining:

d(@)=a,+a,0+a,0’+a,0’+a,0'+a,0°. (29)

With the data input for the d(6), the coefficient
lay, a,, a,, a,, a,, a,] can be calculated.

The detailed first overall compensation step is
shown in Fig. 6, in which each point on the cam ring
profile is compensated. The compensated point is
noted as ¢'(x], y)):

x/=x,—d[(8,)cosy,
(30)
yi=y,+d(0)siny.

The angle y between the compensation direction
and x-axis can be calculated by trigonometric func-
tions, thereby obtaining:

Xio1—X;
—— . 31
yi_yil) ( )

By substituting Eq. (31) into Eq. (30), the follow-
ing equation can be derived:

y=arctan (

X

x{zx,—d,(@i)cos(arctan()C"_’)),
Yi=Via
(32)
. X, =X,
'=y,+d[(0,)sin arctan(’l’ )
Fi=r ) ( Yi=Yia
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Fig. 6 Calculation process of the first deformation compensation of the overall cam ring profile

Then, the compensated point ¢'=[ p'(i),6(i) ]
in polar coordinates can be obtained by coordinate
transformation:

pi= D)+ ()
: (33)
0= arctan (y,,) .

At this point, the first deformation compensation
of the overall cam ring profile is complete. However,
calculation results show that the cam ring profile after
the first deformation compensation is close to the the-
oretical profile with low or even zero pulsation, but
that deformation non-uniformity still exists. Thus, a
second local deformation compensation is necessary
based on the first deformation compensation step.
Since the conventional design method is able to
achieve theoretical zero pulsation without considering
the deformation, it can be used as a pulsation evalua-
tion criterion for the second local compensation. When
the angles are equal, the error of the polar diameter is
defined as:

e=p'—p. (34)

It is necessary to find the index at the maximum
of e, denoted as m. On the basis of ¢'=[p'(7), 8(i)], the
series points near p'(m) are adjusted when 0(7) is
kept unchanged. As the range of ¢ (a defined constant)
is varying, a series of new cam ring profiles will be
obtained:

p'(R)=p(R) £¢& Re[m—r,m+r]. (35)

Then, the polar coordinates of these new cam ring
profiles can be converted to Cartesian coordinates,
giving:

xj=p" (i) cos(0'(i)),

(36)
yi=p" (i)sin(0'(i)).

These new deformed cam ring profiles d/(7) can
be calculated as

x=x/~d/(0) cos .
(37)

yi=y+d/(0)siny,

X/ —x{’)
=y )

The result of these new deformed cam ring pro-
files in polar coordinates can further be obtained:

2 2
pr= G+ )

"

6= arctan (y’,,,) .
X
1

where y'=arctan (

(3%

The deformed degree-velocity can be obtained
from:

dp "
m__
v d o

v 39)

The pulsation rate is calculated for this series of
profiles, as follows:



" 1 "

max( E vw.) —mm( E vw,)
m
mean( E vq,,)

The profile with the lowest pulsation rate can be
found as the output of the second local compensation
step. Finally, this compensation process is repeated
until the pulsation rate no longer drops.

o= (40)

5 Case study and discussion

A case study was used to verify the feasibility
and effectiveness of the proposed deformation pre-
compensation optimization design approach. The cor-
rectness of the design approach was verified by the
finite element simulation of this case. A comparison
of pulsation between deformation pre-compensated
and uncompensated cam ring profiles was conducted
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to demonstrate the benefits of the deformation pre-
compensated optimization design approach.

5.1 Design case

The basic design parameters of a cam ring are
shown in Table 1. A widely used design method of
equal acceleration law was used for the initial design
of the basic theoretical profile. The kinematic equa-
tions of the cam ring profile can be obtained from the
kinematical analyses in Section 3.1. Figs. 7a—7c re-
spectively show the degree-acceleration, degree veloc-
ity, and displacement of a minimum working cycle in
the cam ring profile, while the entire cam ring profile
is shown in Fig. 7d. Without considering the influence
of cam ring deformation, the general design of the
cam ring profile is complete. However, the deforma-
tion pre-compensation optimization design of the cam
ring was conducted to further reduce the pulsation of
the hydraulic motor in this study.

Table 1 Basic design parameters of the cam ring in the case study

Action  Piston Displacement Min. radius, Itinerary, Roller radius, Piston diameter, Roller width, Max. pressure,
number number (cm’/r) p, (mm) h (mm) 7, (mm) d (mm) / (mm) Do MPa)
6 16 6011 122.7 23.7 20 58 40 45
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Fig. 7 Initial cam ring theoretical profile and the kinematic characteristics: (a) degree-acceleration of a minimum
working cycle curve; (b) degree-velocity of a minimum working cycle curve; (c¢) displacement of a minimum working

cycle curve; (d) the entire cam ring profile
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It is apparent that the angle of a minimum work-
ing cycle curve is 60° in this case. Since the minimum
working cycle curve is symmetric, only half (30°)
needs to be analyzed and used for calculation. The
roller was made of GCr15SiMn, while the cam ring
was made of 20CrMnMo. Table 2 shows the basic
material parameters of the roller and cam ring. The
supporting reaction force of the cam ring on the roller
F, and the curvature radius 7, are essential parameters
for calculating the amount of cam ring deformation.
Fig. 8a shows the calculated results of the supporting
reaction force F, by Eq. (19), with the friction coeffi-
cient f'set as 0.1 based on published experimental
results (Olsson and Ukonsaari, 2003; Isaksson et al.,
2009). Fig. 8b shows the calculated curvature results
of the deformed cam ring. The arrow length repre-
sents the magnitude of curvature, and the arrow direc-
tion represents the contact type (the right-facing arrow
indicates the external contact, and the left-facing arrow
indicates the internal contact).

The amount of deformation d, in Fig. 8c indi-
cates the elastic deformation of the cam ring under a
high hydraulic pressure of 45 MPa in half of a mini-
mum working cycle curve (0°-30°). Fig. 8d shows the
difference between the cam ring profiles with and
without considering deformation. The actual cam ring
profile with deformation is shifted outward by a cer-
tain distance compared to the theoretical ideal design
profile without deformation, and the distance between
them is not uniformly distributed at different rotation
angles.

Note that in Fig. 8c the deformation curve of the
cam ring (as indicated by the solid line) is subject to
abrupt changes at different rotation angles. It is diffi-
cult to achieve deformation compensation of such
an abrupt curve. The deformation curve of the cam
ring needs to be fitted to a smooth curve (as indicated
by the dotted line). In this study, a fifth order polyno-
mial equation was used to fit the deformation curve.
According to the detailed process of the two-step

Table 2 Material parameters of roller and cam ring

Material Density (kg/m’) Young’s modulus (GPa) Poisson’s ratio Yield strength (MPa) ~ Ultimate strength (MPa)
20CrMnMo 7900 210 0.3 1292 2483
GCrl15SiMn 7820 216 0.3 1400 1831
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Fig. 8 Elastic deformation of the profile and its process variables: (a) force along the cam ring; (b) curvature of the cam
ring; (c) calculated deformation amount; (d) theoretical profile and the profile after deformation



compensation approach described in Section 4.2, the
first deformation compensation makes a deformed
profile close to the theoretical one to keep a sufficient
contact length. Then, a second compensation is per-
formed to obtain the cam ring profile with the lowest
pulsation rate, mainly by fine-tuning the local profile.
The compensation iterative optimization process
(Fig. 9a) generates a series of new cam ring profiles,
as depicted in Eq. (35). Based on the pulsation evalua-
tion criterion proposed in Section 4.1, the cam ring
profile with the least pulsation could be selected.
Fig. 9b shows the final compensation results, in which
the ideal design profile without considering deforma-
tion (as indicated by the black solid line) is a theoreti-
cal zero-pulsation ideal design situation. When a cam
ring profile is close to or even overlaps with this ideal
design profile, its speed and torque pulsations are low
or even zero. When this ideal design profile of cam
ring is subjected to a certain amount of deformation, it
will be pushed outward away from the circle center of
cam ring and thus becomes the actual working profile
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Fig. 9 Typical second compensation process and final
compensation results: (a) local optimization process; (b)
final compensation results
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(as indicated by the black dotted line). It can be found
that the deformation obviously makes it far away
from the ideal design profile, indicating the forma-
tion of a certain amount of pulsations. Using the de-
sign compensated optimization design approach, the
compensation design profile (as indicated by the red
solid line) of cam ring can be obtained. It is apparent
that the compensation design profile is closer to the
circle center of cam ring than the ideal design profile.
When this compensation design profile of cam ring
is subjected to a certain amount of deformation, it
will be pushed outward away from the circle center
of cam ring and thus becomes the compensation
working profile (as indicated by the red dotted line).
It is worth noting that the compensation working pro-
file is close to the ideal design profile, indicating its
pulsation is lower than that of the actual working
profile.

5.2 Verification of the optimization design approach

The deformation compensated optimization de-
sign approach is achieved by combining the ideal de-
sign profile and deformation degree. The ideal design
profile results from the pre-determined equal accelera-
tion and deceleration profile. Thus, the correctness of
the deformation compensated optimization design ap-
proach can be directly determined by the correctness
of the deformation calculation. In this section, the de-
formation calculation is verified by finite element sim-
ulation. A simulation of cam ring deformation was
performed at a working hydraulic pressure of 45 MPa
based on the material parameters and design parame-
ters mentioned above. Fig. 10 shows the simulation
results, in which seven positions (at 5° intervals of the
minimum 30° cycle) of deformation cloud pictures are
displayed. The simulated deformation values of the
cam ring at these seven positions were compared with
the calculated deformation values shown in Section
3.3. It is apparent from the bar graph that the simulated
values are in good agreement with the calculated
values. The error values between simulated and calcu-
lated deformation are shown in Table 3, in which the
average error of all positions is only about 3.19% and
the maximum error is 6.57%. This result indicates the
deformation calculation is reliable and accurate. Thus,
the deformation compensated optimization design ap-
proach combining the ideal design profile and defor-
mation value is effective and feasible.
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Fig. 10 Finite element simulation results at different positions (a)—(g), and the comparison between deformation values
obtained by simulation and theoretical calculation (h). URES represents the resultant displacement

Table 3 Error between the simulated and calculated
deformation values

Simulated Theoretical

Location value (mm) value (mm) Error (%)

0° 64.64 67.65 -4.66

5° 64.33 62.38 3.12
10° 66.27 65.62 0.99
15° 74.50 69.91 6.57
20° 69.68 69.55 0.18
25° 67.68 68.45 -1.12
30° 63.84 67.47 -5.68

5.3 Pulsation analysis

Based on the pulsation calculation method de-
scribed in Section 4.1, the pulsation rates of both the

deformation compensated and uncompensated situa-
tions at different working pressures can be obtained
(Fig. 11a). The pulsation rate after deformation com-
pensation is significantly lower than that without com-
pensation. The pulsation reduction rates of deforma-
tion compensated and uncompensated situations were
also calculated (Fig. 11b). The pulsation reduction
rate increased with the increase of working pressure.
This is normal because a high working pressure will
cause more deformation of the cam ring, and thus the
compensation effect is also more obvious. When the
working pressure of the hydraulic motor is higher
than 20 MPa, the pulsation reduction rate is more than
30%. As the working pressure goes up to 45 MPa, the
pulsation reduction rate can reach 40%. These pulsa-
tion results indicate the deformation pre-compensated
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optimization design approach can significantly reduce  an optimized cam ring was manufactured and applied
the pulsation of cam-lobe radial-piston hydraulic motors.  to a motor prototype to test the pulsation. The pulsa-

To verify the effectiveness of the proposed defor-  tion test rig and its hydraulic schematic diagram are il-
mation pre-compensated optimization design approach, lustrated in Fig. 12. In the testing process, the same
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Fig. 11 Pulsation simulation results of deformation compensated/un-compensated situations, and pulsation experimental
results of deformation compensated situation (a); pulsation reduction rates at different working pressures (b)
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Fig. 12 Photo of the test rig and tested motor (a) and hydraulic schematic of test rig (b)
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type of hydraulic motor was used as the tested and
loading motor to make the tested motor rotate pas-
sively, and the load was carried out through the over-
flow valve at the oil outlet. The experimental data
were collected by a speed sensor installed on the con-
necting shaft. Fig. 13 shows the experimental results
of instantaneous speed variation at different working
pressures from 5 to 30 MPa. For each working pres-
sure, the speed pulsation can be calculated by the dif-
ference between the maximum and minimum speeds
divided by the average value of all instantaneous
speeds. The experimental speed pulsation values at
different working pressures are indicated by solid trian-
gles in Fig. 11. All experimental speed pulsation val-
ues agree with the simulated values for the deforma-
tion compensated case, indicating that the deformation
pre-compensation optimization approach to cam ring
design is effective.
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Fig. 13 Experimental results of instantaneous speed variation
at different working pressures

6 Conclusions

In this paper, a deformation pre-compensated op-
timization approach to cam ring design is proposed to
reduce the pulsation of cam-lobe radial-piston hydrau-
lic motors. The main conclusions are as follows:

1. A two-step deformation pre-compensated opti-
mization approach to cam ring design was developed,
including an initial overall compensation process and
a second local compensation process.

2. A process for calculation of cam ring deforma-
tion was derived based on a detailed kinematic and
force analysis of a hydraulic motor, and verified by fi-
nite element simulation method in a case study.

3. The pulsation reduction rate increases as work-
ing pressure increases, and a high pulsation reduction
rate of 40% can be achieved at a high working pres-
sure of 45 MPa.
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