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The piston slipper in an axial piston pump demonstrates most complicated dynamic motions: two rotations (tilting
toward to the swash plate and rotating about the pump shaft) and one translation together with the pumping piston. In
addition, the slipper is used to lubricate the swash plate surface with hydraulic oil, but prevents high pressure fluid
escaping from the piston bores. In hydraulic engineering, improper designs of the piston and slipper assembly cause
many instability and unbalance issues while the slipper attempts to lift and tilt off the swash plate. This may cause cata-
strophic failure and damage to a piston pump. To suppress the undesirable motion is one of most design difficulties that
might take a range of different dynamics into consideration and compromise the design parameters of piston assemblies.

In this study, the complicated dynamics are simplified and linearized with some assumptions that are able to apply stabil-
ity conditions. The dynamic response of the assembly as operating needs to follow its desired rotating movement, i.e.
the swash plate angular position. The slipper motion is affected by its inputs (including piston bore pressure, hold-down
forces, etc.). This paper investigates the dynamic behavior of the piston and slipper assembly by using the parameter per-
turbation analysis (PPA) method. The results can be used as robust design recommendations for piston assemblies in the
piston pump from a novel perspective.
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1. Introduction

Robust engineering design systematically analyzes the
effects of variations, and makes products less sensitive to
parameter variations, as well as ensuring the robust
design study is completed as soon as possible within the
concept start and the design release phase. The product
is permitted to tolerate the given presence of variations
in design and manufacturing parameters with robust
design processes. For instance, in Lin and Yak (2000),
the robust design is used to minimize the variation
effects on micron-level alignment of optical components
in the laser pickup of a compact disc system, so that the
product is robust against parameter variations instead of
removing variations. Alyaqout et al. (2010) combine
robust design with robust control and investigate the
relationship between them with an electric DC motor. To
reduce the computational cost and solve the minimax
control optimization problem, sequential and iterative
strategies are proposed and compared to an all-in-one
(Aio) strategy to address the minimax problem.

Hydraulic control systems are found in many indus-
trial, mobile, and airborne applications and offer many
distinct advantages, such as high horsepower to weight
ratio, hydraulic fluid lubricating, high stiffness, and sim-
ple strategies to apply the open and closed loop control,
etc. However, the design and performance analysis of
hydraulic systems is complexi and difficult due to enor-
mous nonlinearities, including fluid compressibility, lami-
nar or turbulent flow, passage geometry, friction factors,

and discharge coefficients (Merritt, 1967). In hydraulic
design engineering, the approach of parameter perturba-
tion analysis (PPA) is commonly used to adjust design
factors to deal with the problem (such as stability, noise,
efficiency, response speed, accuracy, etc.) and achieve a
robust and optimal design. The process of the PPA is to
find out what the best configuration of contributing fac-
tors is to achieve the best performance, and what the
most important work is in the design.

In axial piston pumps, there is one piston cylinder
combination, i.e. rotating group including a number of pis-
ton assemblies (the piston and slipper), cylinder barrel,
hold-down devices, etc. Piston assemblies rotate about the
drive shaft to generate the reciprocating motions with the
swash plate angle, which draw fluid into each piston bore
and then expel it to produce pumping flow. In the variable
displacement design, the swash plate is placed at different
angles to cause the pistons to move back and forth for dif-
ferent traveling distances in the cylinder barrel when slip-
per pads tilt against the swash plate surface. Three
movements (reciprocating, rotating about the shaft, and
tilting toward the swash plate) imply that the piston
assembly is the component that presents the most complex
dynamics and design difficulties in piston pumps. The pis-
ton slipper also works as a device to lubricate the swash
plate surface and prevent high pressure fluid escaping
from the piston bore. Therefore, if the slipper has an obvi-
ous lifting or discrepancy between its tilting angle and the
swash angle, piston assemblies may be destabilized and
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cause catastrophic failure, such as slipper rolling and
scoring, piston cocking and scratching, swash plate
surface damaging, etc.

Much attentions has been paid to high speed transla-
tion and rotation dynamics of the slipper in previous
research. To design the hydrostatic balance of a slipper,
the retainer, balance pressure of no-sealing land grooves
on the slipper commonly exist in the industrial designs
and are used to relieve most part of hydrostatic load, up to
85% and 95%. The remaining mechanical force – about
10% – between slipper and swash plate is needed to cover
hydrodynamic forces and forces of inertia. In order to
examine the stability of the piston slipper, Harris et al.
(1996) developed a dynamic model to predict the slipper-
pads that allow lift and tilt behavior, including the effects
of possible contact with the swash plate or slipper retain-
ing plate. The oil-film parameters, slipper tilting angle,
and mean clearance of the piston assembly are considered
by theoretical analysis and experiments to investigate the
dynamic characteristics of the slipper bearing (Iboshi and
Yamaguchi, 1982, 1983). The flow rate and load carrying
capacity of the slipper bearing have been investigated in
theoretical and experimental methods under different
deformation conditions (Manring, Johnson, et al., 2002;
Manring, Wray, et al., 2004). To stabilize the motion of
pistons, Yamaguchi (1976) used a type of piston with
which the film thickness between the cylinder and the pis-
ton varies exponentially with respect to the longitudinal
position of the piston.

Meanwhile, many researchers have addressed the
pump dynamics combined with piston assemblies. The
containment forces and torques on the swash plate
exerted by piston assemblies have been extensively stud-
ied in Zeiger and Akers (1985) and Manring (1999,
2001). Some dynamic and steady-state models for the
piston pump have been proposed and developed in the
research (Schoenau, 1990; Manring and Johnson, 1996;
Zhang et al., 2001). In Manring (2002), the impact of
the secondary swash-plate angle is analyzed to obtain an
optimal control and containment of the swash plate. A
revised shape of a valve plate is proposed to improve the
stability of the cylinder block dynamics and the volumet-
ric efficiency of the pump based on numerical simula-
tions in Ahn et al. (2005). In the study by Du (2002),
the robust stability of the variable displacement piston
pump can be obtained by a rugged E/H control design
for the load sensing.

In this work, the dynamics of the piston and slipper
assembly in a variable displacement piston pump is
reviewed and analyzed. A linearized model is developed
to demonstrate the dynamic characteristics of piston
assemblies. Some important design parameters can be
investigated by the PPA approach to consider the instabil-
ity and robust design of piston assemblies. Following this
introduction and literature review, mechanical dynamics
and the dynamical model are derived in Section 2.
Section 3 presents the main results and discussions.
Concluding remarks are provided in Section 4.

2. Mechanical analyses

The schematic of a typical axial piston pump is shown
in Figure 1. The inlet and outlet fluid of the pump passes
through the instantaneous flow passages between the cyl-
inder barrel and valve plate when piston assemblies are
located at different angular positions. For the purpose of
cost reduction, an offset between the swash rotating cen-
ter and shaft axis of the pump is designed to simplify
control mechanisms (i.e., removal of the bias piston).
The offset is labeled as e in Figure 1. The variation
between the slipper pivot center and swash rotating cen-
ter is indicated as a. The swash angle α0 is the variable
that determines the pump displacement or the amount of
fluid outputs per shaft revolution. In Figure 1, two coor-
dinate systems are used to illustrate the free body dia-
grams of the swash plate and rotating group. The
coordinate system of x – y – z is used to describe the
motion of the swash plate. The origin of the x – y – z is
located at the swash rotating center, and the x0 � y0 � z0

has the origin in the shaft axis.
Figure 2 shows the free body diagram of a piston

assembly. The origin of the coordinate system
x00 � y00 � z00 is defined at the gravity center of the slip-
per. The identical and opposite reaction force by the
swash plate against the slipper is Rn. Since the tilting
movement of the slipper is the main interest to study the
stability condition in the research, the friction between
the swash plate and slipper surfaces are not included in
this case. Rn is one major force to rotate the slipper
about the y00. and its exerting position is located in the
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Figure 1. The schematic of an axis piston pump.
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Figure 2. The free body diagram of a piston assembly.
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plane of x00 � z00. The contact point between the swash
plate and slipper can be assumed to sit on the position
of average radius (that can be called as supporting
radius) of sealing and nonsealing lands of slipper to pre-
vent the excessive leakage from the piston bore to pump
housing. There, the radius of the supporting radius rs
can be considered as the moment arm of Rn that makes
the angular rotation about the slipper gravity center. As
pumping, the slipper needs to maintain tilting position α
and speed _a same as the swash angle α0 and velocity _a0
that are desired. Otherwise, the inappropriate angles may
cause the slipper pad to lift and tilt off the swash plate
surface causing undesired leakage, instabilities, and even
damage. In practice, the slipper is allowed to have some
degree of tilting and rotating in other directions during
operation. Also, the degree of tilting is an important fac-
tor that can cause a large amount of leakage, unstable
flow, and even a failure of the entire pump if the tilting
or rotating angle is excessive. In this study, the scale can
be considered as the steady-state error range in the sta-
bility condition. All of this type of vibrating movements
may be limited to a small range.

As the slipper rotates about y00, the total moment can
be written (Greenwood, 1988):

My
hd þM y

Sn þM y
n þMy

B � I 00yy€a ¼ 0 (1)

The moment My
Pn is generated by the piston pressure

that can be calculated as:

M y
Pn ¼ �PnAPXS sinðaÞ (2)

The load point of Fhd is assumed to be located at the
plane of x00 � z00 because the most interest in the study is
the angular movement of the slipper about y00. Thus, the
moments by the hold-down mechanism and swash plate
may be written as:

My
hd ¼ Fhdrh (3)

M y
n ¼ Rnrs (4)

where the moment arm of Fhd is determined by the radius
rhof the slipper retainer, and the supporting radius is rs.

The pressure balance force FB is generated by the
pressure of the fluid film between the slipper pad and
swash plate surface. The pressure balance force is a sig-
nificant to enable both the slipper and piston to generate
sufficient force and friction on the swash plate surface as
well as to generate an oil film between the slipper and
piston and the slipper and swash plate. If the sealing and
nonsealing lands of slipper are designed symmetrically,
back pressure flow can go through the grooves, and the
deformations of slipper are not considered, the exerting
point of pressure balance force will pass the piston bore
center in most operating conditions. If the oil film is not
designed or distributed symmetrically on the rear of slip-
pers, the small orifice through the piston, slipper and its
sealing grooves might be considered for the stability
analysis.

From Manring, Johnson, et al. (2002) and Manring,
Wray, et al. (2004), the balance force can be described
as a linear function of piston pressure such that:

FB ¼ n � Pn (5)

where ξ is the coefficient that is affected by the sealing
land and deformations of the slipper. However, the influ-
ence of stability analysis is not considered in this case,
as FB passes through the centerline of the slipper and
results in a zero moment about y00.

Substituting Eqs. 2–4 into Eq. 1 yields:

�PnAPXS sinðaÞ ¼ Fhdrh þ Rnrs � I 00yy€a ¼ 0 (6)

In the axial piston pump, the mechanical hold-down
device generates a constraint force Fhd to slippers. Fhd

and Rn counterbalance each other to parallel the slipper
pads to the swash plate surface as shown in Figure 2.
Since the piston and slipper rotate each other with a ball
joint, the piston assembly can be regarded as a rigid
body system. By using D’Alembert’s principle, the total
forces exerting on the assembly along x and z can be
written as:

ApPn � ðFB þ Rn � FhdÞ cosðaÞ �MS€x
00
n �Mp€x

00
n ¼ 0

(7)

ðFB þ Rn � FhdÞ sinðaÞ �MS€z
00
n ¼ 0 (8)

where Mp is the mass of a single piston, and Ap is the
pressured area. The friction inside the piston bore is
ignored in the analysis because the friction is very small
comparing to the pressure force when pumping pistons
are well lubricated.

Since MS is the mass of a single slipper, the position of
the coordinate system x00 � y00 � z00 related to the x – y – z
can be determined as:

x00n ¼ xn þ XS cosðaÞ (9)

z00n ¼ zn þ XS sinðaÞ (10)

Combining Eqs. (6), (7), (8), (9) and (10) yields:

� ½MSXS sinðaÞ þ ðMp þMSÞ secðaÞrs�€xn
þMSX

2
S ½cosðaÞ _a2 þ sinðaÞ€a� sinðaÞ

þMSXS½€zn þ XS sinðaÞ _a2 � XS cosðaÞ€a� cosðaÞ
þ Fhdrh þ ðfApPn þMS½XS cosðaÞ _a2
þ XS sinðaÞ€a�g secðaÞ � FB þ FhdÞrs � Iyy€a ¼ 0

(11)

The rotating trajectory of a piston assembly about the
shaft axis is shown in Figure 1. The displacement of the
piston along the x-axis is (Manring, 1999):

xn ¼ r tanðaÞ sinðhnÞ þ a secðaÞ þ e tanðaÞ (12)

The instantaneous acceleration of the piston assembly
in the x-axis may be yielded by differentiating Eq. 12
twice with respect to time, such that
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€xn ¼ r€a
cos2ðaÞ þ

2r _a2 sinðaÞ
cos3ðaÞ � r tanðaÞ _h2n

� �
� sinðhnÞ

þ 2r _a _hn
cos2ðaÞ cosðhnÞ þ

€aþ 2 _a2 tanðaÞ
cos2ðaÞ

� �
e

(13)

where €hn can be ignored in the steady-state operating of
the pump, and the offset a = 0 for most designs.

The displacement of a piston assembly along the
z-axis direction is:

zn ¼ r sinðhnÞ þ e (14)

Similarly, the instantaneous acceleration can be
derived as:

€zn ¼ �r sinðhnÞ _h2n (15)

Since the swash plate usually travels in a small range
and the most instability occurs in the event of high pres-
sure standby or cutoff of the axial piston pump, the
swash plate angle is closed to zero. Therefore, it is
approximated that sin(α) ≈ tan(α) ≈ α, cos(α) ≈ 1,
ðMS þMpÞrs secðaÞ[ > MSXS sinðaÞ, XS >> rs tanðaÞ.
Thus, substituting Eqs. 13 and 15 into Eq. 11 yields:

½I 00yy þ ðMp þMSÞðr sinðhnÞ þ eÞ þMSX
2
S �€a

¼ MSrsXS _a
2 � 2ðMp þMSÞrsr _hn cosðhnÞ _a
þðMp þMSÞrrs _h2n � sinðhnÞa
�MSXS½r sinðhnÞ _h2n� þ Fhdrh

þðfApPng � FB þ FhdÞrs

(16)

in which the pressure balance force FB is caused by the
fluid film between the slipper pad and swash plate sur-
face.

By using the first order Taylor expansion, the term of
_a2 can be linearized in its desired conditions (α0 and _a0)
such that _a2 ¼ _a20 þ 2 _a0€a0ð _a� _a0Þ Therefore, Eq. 16 can
be written as:

€a ¼ DðhnÞ½BðhnÞ _aþ CðhnÞaþ UðhnÞ� (17)

where

DðhnÞ ¼ 1

I 00yy þMSX 2
S þ ðMp þMSÞrs½r sinðhnÞ þ e�;

BðhnÞ ¼ 2rs½MSXS _a0€a0 � ðMp þMSÞr _hn cosðhnÞ�;
CðhnÞ ¼ ðMp þMSÞrrs _h2n sinðhnÞ;

UðhnÞ ¼ MSXSrs _a
2
0ð1� 2€a0Þ �MSXSr sinðhnÞ _h2n

þ Fhdðrh þ rsÞ þ ðAp � nÞrsPn

Then the dynamics of a piston assembly may be
described by a linearized second order model by using
Laplace transform, such that:

GðsÞ ¼ DðhnÞ
s2 � DðhnÞ � BðhnÞs� DðhnÞ � CðhnÞ (18)

where s is a complex argument and GðsÞ ¼ aðsÞ
UðsÞ is the

transfer function, the coefficients of the transfer function
vary periodically with piston angular positions and oper-
ating conditions of _a0 and €a0.

The input to the linearized model is a lumped term
including the constant input (such as Fhdðrh þ rsÞ) and
angular-varying inputs (i.e., ðAp � nÞrsPn and
MSXSr sinðhnÞ _h2n). The term of MSXSrs _a20ð1� 2€a0Þ can
be ignored because it is common to assume a0; _a0\\1
(Manring, 2001). The piston pressure of Pn changes from
the discharge to intake pressure and vice versa in the
pump that is determined by the valve plate timing from
inlet to outlet ports. As the input to a second-order sys-
tem, smoother transition Pn is preferred to ensure piston
assemblies be able to follow the swash dynamics effec-
tively. The sudden changes of Pn not only can cause the
unstable tilting of the slipper, but generate the fluid
borne high frequency noise.

Since there are no zeros in the numerator of the
second-order model, the assemblies’ dynamics are domi-
nated by a pair of dominant poles determined by roots of
the denominator. Therefore, the stability condition of the
slipper and design robustness can be examined by domi-
nant poles that are defined by some design parameters
such as Mp, XS, I 00yy, etc. These factors can affect the
response time, oscillations, damping ratio, and natural fre-
quency of each piston assembly consequently. The coeffi-
cients DðhnÞ, BðhnÞ, and CðhnÞ are periodical functions of
the shaft angle from 0 to 2p that alternates the poles peri-
odically as well such that average poles between 0 and 2p
(for the real and imaginary parts individually in the com-
plex plane) can be calculated to indicate the stability and
design robustness of parameters. If the location of average
poles demonstrates a certain trend of poles movement
caused by design parameter modifications, it can provide
the evidence of dynamic characteristics and design recom-
mendations. Otherwise, the random motions of poles are
not able to direct the design.

3. Results and discussion

System poles of the transfer function Eq. 18 are
calculated by the characteristic polynomial such that
k2 � DðhnÞ � BðhnÞk� DðhnÞ � CðhnÞ, where k is the
Eigen values. There are a number of design parameters
of the piston assembly that impact on DðhnÞ, BðhnÞ, and
CðhnÞ. To analyze the linearized model, a numerical
example of the piston pump is presented, and the related
parameters are listed in Table 1.

The pump rotates in a constant speed of 2200 rpm
and has a maximum swash angle α0 = 16 deg . During
operating, signs of the tilting speed _a and acceleration €a
can be same or different. If _a � €a\0, the stability condi-
tions is able to use a Lyapunov function V ¼ 1

2 _a
2 to

determine. Thus, the condition _V ¼ _a � €a\0 ensures the
slipper asymptotically stable, which requires the input
UðhnÞ to be satisfied with:
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DðhnÞ½BðhnÞ _a2 þ CðhnÞa _aþ UðhnÞ _a� � 0 (18)

In hydraulic engineering, this ideal condition means
that the slippers will grind to a halt with the opposite
tilting velocity and acceleration, and eventually reach its
final resting state, which is called the attractor (i.e., α0).
However, the condition is too strict to always exist for
the input signal that includes the pressure profile Pn. In
this case, the stability condition of the slipper is only a

concern while _a � €a[ 0, in which both the tilting speed
and acceleration increase and decrease at the same time.
In the numerical example, the rise time of the pump flow
from minimum to maximum is 90 ms, as the swash plate
rotates from 0 to 16° and the rotating speed is about
3.2 rad/s. Generally, the axial piston pump is most vul-
nerable to approach the instability when the pump oper-
ates in the high-pressure standby mode, i.e. α ≈ 0.
However, it can be assumed α0 has any angular position
to linearize the model of (18). The worst case (while the

Table 1. Design parameters of piston assembly and pump.

Symbols Descriptions Value Unit

e Offset between the swash rotating
center and the pump shaft axis x0

0.35 cm

MP Mass of one piston 0.18 kg
MS Mass of one piston slipper 0.07 kg
rs The supporting radius that is

assumed as the average of the
sealing and non-sealing lands on
the slipper

1.3 cm

XS Distance between the slipper ball-
joint center and its gravity center

0.98 cm

I 00yy Moment inertia of the slipper
about its gravity center around the
�y direction

5.1×10−6 kg
m2

r Pitch radius of the rotating group 4.6 cm
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Figure 3. Poles movement by r.

-10%
+10%

0%+5% -5%

-2000

-1500

-1000

-500

0

500

1000

1500

2000

-200 -100 0 100 200 300

Im
ag

in
ar

y 
A

xi
s

Real Axis

Figure 4. Poles movement by e.
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Figure 5. Poles movement by Mp.
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Figure 7. Poles movement by rs.
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Figure 6. Poles movement by MS.
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swash plate reach its maximum rotating acceleration
32 00rad/s2) is used to analyze the stability condition.
The sampling rate for acquisition is 1000Hz. To observe
outcomes of driving the system poles by parameters,
design parameters are tuned by ± 5%, ± 10%, ± 20%
separately. Since these design parameters are sensitive to
dynamic performance and precise manufactured in the
piston pump, the modification of each design parameter
is not available to make in practice and their impact on
the pump performance can be varied.

For the dynamic system of (18), the real and imagi-
nary parts of poles are averaged from 0 to 2p and visual-
ized in the complex plane. As magnifying or minimizing

the parameter pitch radius r even in a small range, the
movement of poles is random and cannot show a certain
move to the left or right as shown in Figure 3. It is diffi-
cult to conclude that tuning r may affect the dynamics of
piston assemblies in a certain manner. However, in
Figures 4–9, the parameters of e, MP, MS, rs, XS, and
present the definite impacts on poles in this specific
design. The larger parameters of e, MS, Xs and I 00yy move
the poles left and provide a more stable margin. On
the contrary, smaller MP and rs make the system more
stable in this special case because the reaction force Rn

is assumed to de-stroke the slipper during operation. In
the design case, MS and are able to behave the certain
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Figure 8. Poles movement by XS.
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Figure 9. Poles movement by I 00.

Figure 10. Interactions of the real part of poles by design parameters.
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effects on the stability in a large tuning range ± 20%.
Larger MS will decrease the stability margin in the
design because a large mass of slipper needs more mod-
ulating efforts to get it off steady-state. The total moment
inertial of slipper I 00yy has the similar influence on the
design robustness. e, MP, rs, and XS, are more sensitive
that only show the definite effect in a small tuning range
of ± 10%. Otherwise, their impacts will be unascertain-
able similar to the pitch radius r. The mass of piston has
opposite effects on the stability in comparison with the
slipper mass because the MP can offer more stabilized
inertial to the whole assembly system. e, rs and XS are
more case-based design parameter. In the case, the smal-
ler offset e requires less control torque from swash plates
that help stabilize the piston assembly. The supporting
land radius of rs can have the slipper less stable because
of Rn. A large rotating arm of XS help the slipper more
stable in the case.

The above results are calculated by only tuning one
parameter at a time and keeping the remaining parame-
ters unchanged. In the PPA study, the effect of one factor
depends on the level of other factors. The interactions of
the parameters e, MP, MS, rs, XS, and I 00yy may affect the
moving trends of poles in the complex plane. Figure 10
shows the mean values of the real part of poles in the
interaction plot to illustrate possible interactions of
parameters. Two levels of parameter tuning generate a
matrix of interactions that present impacts by one param-
eter in different levels (± 10% or ± 20%) on the other
parameter. Only e and MP show parallel lines in the plot
that means little impact on each other. Other parameters
are associated with each other to influence the dynamic
stability. The greater is the difference of two-line slopes
in the plot, the higher degree of interaction the two
design parameters have.

The simulation results based on the PPA method
shown in Figures 3–9 present the effects of varying
design parameters in the particular case. Since the
hydraulic piston pump is a high precision machining
equipment and operating condition based, the variations
of some parameters may provide different effects in dif-
ferent design cases. The method proposed in the research
can be used to direct the designers to find a straightfor-
ward clue to modify their designs based on the simula-
tion and test results. The test validations can be
proceeded base Design of Experiments (DOE) which has
similar concept to PPA in the laboratory. The method in
the research can be used to direct the DOE and PPA
work and save much engineering trial and error efforts.

4. Conclusions

The movements of reciprocating, rotating about the shaft,
and tilting toward the swash plate make the piston
assembly have the most complicated dynamics and
design difficulties in axial piston pumps. During the nor-
mal operating, the slippers have to effectively follow
their desired dynamics, i.e. swash plate angle and

velocity, otherwise tilting and lifting instability of piston
assemblies may occur. The paper develops a second-
order linearized model to analyze stability and robust
design of piston assemblies. Poles movement of the
model are dominated by design parameters of the piston
assembly and rotating group such that the PPA approach
is used to investigate their impacts on the assembly
motions and ensure stability. Although the model has
angular-varying system inputs and coefficients caused by
the pump rotating and operating conditions, averaged
poles are able to demonstrate the assembly’s dynamics
and stability margin. The impacts on stability margins of
each parameter and interactions can be referred for the
robust design of the rotating group and piston assem-
blies.

Nomenclature
Ap Piston section area
a Offset between the slipper ball joint and

the surface of the swash plate
e Offset between the swash plate pivot and

the shaft center-line of the pump
Fhd Hold-down force exerting on a single

slipper
Fx
Sn;F

z
Sn Reaction exerting on the slipper by the

piston along the x, z axes
_H 00
n The time rate-of-change of angular

momentum for a single slipper about its
gravity center

I 00yy Moment inertia of the slipper about its
gravity center around the y-axis direction

M y
hd;M

y
Sn,

M y
n ;M

y
B

Moments about the gravity center of the
slipper produced by the hold-down
device, piston, swash plate and balance
pressure individually

Mp Mass of a single piston
MS Mass of a single slipper
n Piston and slipper counter
Pn Piston-bore pressure
Rn Reaction on the nth slipper exerted by the

swash plate
r Piston pitch-radius
rh; rs The inner radius of the slipper retainer

and the slipper supporting radius
XS Distance between the slipper pivot center

and its gravity center
x, y, z,
_x; _y; _z,
€x;€y;€z

Displacements, velocities and
accelerations of the piston along x, y, z
axes directions individually

xSn;ySn, zSn Positions of the exerting point of the
piston reaction with respect to the gravity
center of the slipper along x, y, z axes

x - y - z Cartesian coordinates with a origin on
swash rotating center

x’ - y’ - z’ Cartesian coordinates with a origin on the
shaft center-line
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x00 � y00 � z00 Cartesian coordinates with a origin on the
slipper gravity center

α, _a; €a Slipper tilt angle, velocity and acceleration
α0, _a0; €a0 Swash plate angular displacement, velocity

and acceleration
hn; _hn, €hn Angular position, velocity and acceleration

of the rotating kit
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