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Abstract

Hydraulic systems are commonly employed in industrial systems and machinery due to their advanced characteristics.
Among these, axial piston pumps, as the primary component, play a key role in developments and refinements of
modern hydraulic systems. In this study, the Karhunen-Loéve (KL) expansion is employed to analyse the pump dynamic
characteristics (i.e., outlet pressure and flow rate). A dynamic model of the axial piston pump is formulated to
investigate the pump dynamic behaviors using the numerical Runge-Kutta (RK) scheme at a reasonable convergence
level. Subsequently, surrogate models are reconstructed using a truncated KL expansion to analyse the pump dynamic
responses while accounting uncertainties of system parameters in a high-dimensional space. The results demonstrate
that, with a convergence level at a relative error of 1x1077, the forth-order truncated surrogate model shows a strong
predictive capability in characterizing the pump dynamic responses having transition regions. Additionally, in terms of
uncertainty quantification, pump characteristics appear to follow a normal distribution function regardless of whether
the input system parameters are normally or uniformly distributed.

Keywords: Axial piston pump, dynamic response, pump pressure, outlet flow rate, reduced-order model, Karhunen-
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1. Introduction characterize the pump performance characteristics,
. . . includin ressure fluctuations, flow dynamics, and
Hydraulic systems are fundamental to the functionality g P ) ) ) Y )
. . . . . mechanical interactions, which provide a
of industrial system and mobile machinery, enabling ) o
. . .. . comprehensive assessment of efficiency, performance,
the execution of high-power and precision-driven - ) i
. . e . . and stability. By capturing the complex interplay
operations, including lifting, pressing, and transporting i ) )
. . between hydraulic and mechanical components, this
substantial loads. These systems are extensively N o )
. . . approach facilitates the optimization of pump design
implemented in sectors such as construction, i . i o
. . . . and control strategies, ensuring reliable and efficient
agriculture, aerospace, and industrial manufacturing, ] o o
. . functionality in real applications [4-9].
where their advantages —such as exceptional power

density, precise modulation of forces and torques, and
accurate control of motion and positioning—are
critical. The incorporation of hydraulic technology into
automated heavy machinery has led to substantial
advancements in industrial processes, enhancing
operational efficiency and ensuring improved safety
standards [1, 2]. Axial piston pumps are essential
components of hydraulic systems, converting
mechanical energy into fluid flow energy with a wide
operating pressure range, depending on actual usage
requirements [3, 4]. Constructing a dynamic model for
axial piston pumps is essential for evaluating their
operational behavior across a range of working
conditions. These constructed models enable to

Dynamic models of axial piston pumps have been
extensively explored [5, 10-12]. W. Latas and J. Stojek
[11] developed a 13-DOF dynamic pump model
considering the relationship between the wear level of
the components and the stiffness and viscous damping
parameters of the connections. The phase trajectory
calculated at certain observation points provides
information for assessing the wear condition of the
components. Similarly, effects of the working
conditions (i.e., outlet pressure, rotating speed, and
displacement angle) and structural parameters (i.e.,
stiffness and damping coefficients of different contact
zones such as piston-cylinder bore, cylinder-valve plate,
and slipper-swash plate) on the dynamic responses
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(i.e., amplitude-frequency vibration, phase trajectory
diagram) are investigated with 8-DOF [5] and 19-DOF
[12] dynamic model. To solve dynamic models of pump
systems, various methods have been developed
depending on the model complexity and research
objectives: CFD model [13], numerical integration (i.e.,
RK scheme [5], Newmark-8 method [12]), commercial
tool (i.e., Matlab-Simulink [8, 9] AMESim [15]), or
hybrid/combined approaches [12, 16]. Thanks to these
computational tools and techniques, some dynamic
behaviors of axial piston pumps can be assessed, with
the flow rate [13, 14] and outlet pressure [15, 17]
ripples; as typical examples. Ensuring the reliable
operation and extended lifespan of hydraulic piston
pumps necessitates effective monitoring strategies to
mitigate the risk of unexpected failures during the
process of use and operation. Thanks to the
mathematical and dynamic models developed above,
advanced diagnostic methodologies typically involve
the continuous acquisition of real-time data on key
operational parameters, including pressure,
temperature, flow rate, and leakage [4, 18-20]. These
critical indicators facilitate the early identification of
wear and potential malfunctions in essential
components such as pistons and cylinder block. By
integrating sensor technology with intelligent
diagnostic software, maintenance teams can
proactively identify  deviations from  normal
performance, enabling timely corrective measures.
Furthermore, predictive maintenance frameworks
leveraging these monitoring techniques enhance
system reliability by minimizing unplanned downtime,
optimizing operational efficiency, and prolonging the
service life of hydraulic pumps [25-27]. It can be stated
that the system parameters and the structural
characteristics of hydraulic components are often not
deterministic in practice. Therefore, the problem of
studying the system dynamics must be addressed [28—
32]. Within mismatched uncertainties, the challenges in
controlling variable-speed pump-controlled hydraulic
systems were addressed [28]. The study examines the
uncertainties related to measuring pump efficiency,
with the goal of establishing appropriate confidence
intervals and precisely evaluating the pump’s
performance and dynamic behavior [29]. The
uncertainty quantification frameworks are also
extended to research for similar elements such as
centrifugal pumps [30, 31] and hydraulic actuators [32].
In this work, we develop a computational model to
analyse the working characteristics of the axial piston
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pump using a reduced-order surrogate based on KL
expansion. To achieve this objective, the remainder of
the paper is structured as follows. In Section 3.1, we
introduce the dynamic model of the pump considering
the piston pressure and the pump outlet pressure as
working parameters. In Section 3.2, the RK scheme and
KL expansion, as applied to the pump dynamics
problem, are presented. The outlet pressure and flow
characteristics of the pump are discussed in Section 4,
following an assessment of the convergence properties
of the numerical 2 calculations. To sum up, some
concluding remarks are provided in Section 5.

2. Dynamic model of axial piston pump

This section will present the typical structure and
operation of an axial piston pump. After that, a system
of differential equations will be formulated for
describing the dynamic characteristics of the pump
system such as outlet pressure and flow rate responses.

2.1. Description of axial piston pump structure

a) b)
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Swashplate d ctio groove
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Figure 1: Structure and geometrical/operational
parameters of an axial piston pump

The functional principle and geometrical/ operational
parameters of an axial piston pump are depicted in Fig.
1. This pump system has some primary components like
swashplate, pistons, cylinder block, and valve plate (see
Fig. 1a). In the operation process, the drive motor or
engine supplies rotational motion to the pump shaft,
which then rotates the cylinder block, leading pump
pistons in motion. The swashplate, inclined at a specific
angle (i.e., 8) relative to the cylinder block, plays a
critical role in creating alternating suction and
discharge strokes for each piston as it rotates. This
inclination causes each piston to follow a reciprocating
motion, drawing in hydraulic fluid during the suction

130



Journal of Harbin Engineering University
ISSN: 1006-7043

phase and expelling it during the discharge phase. The
valve plate (positioned at the piston base, Fig. 1b)
directs hydraulic oil from the suction port into the
piston chambers and facilitates the exit of pressurized
fluid through the discharge port, enabling controlled
fluid flow through the pump system. Details of the
symbols shown in Fig. 1 and their descriptions will be
covered in Section 3.1.2. It should be noted that in
modern pumping systems, the above pump structure
will be integrated 3 with control valve system control
flow, working pressure as well as achieve other
advanced functions of the system in terms of drive and
control quality, as well as self-protection and self-
diagnosis features.

One of the problems that needs to be addressed in the
design and operation of axial piston pump systems is
studying the relationship between dynamic
characteristics (i.e., pressure and flow rate) between
the single piston chambers and the pump discharge
chamber, taking into account the influence of
structural/operational parameters and hydraulic oil

properties.
2.2. Dynamic modeling

Mathematical formulas representing the dynamic
model of the pump system can be stated through the
following equations for the piston instantaneous
pressure and the pump output pressure. For the pump
piston system, their instantaneous pressure can be
formulated by [21]:

where R: and Rz are outer and inner radius of the
discharge kidney port in the valve plate, respectively.
For a more detailed explanation of the expressions
related to the discharge area, refer to Ref. [15].

The pump outlet pressure Ps can be calculated from the
total discharge flow Qp and the outlet flow Qs by:

(Qseg)ﬁ(Rlz RZZHZ?’:;EP Re-
Ay = (9363)E(R1 R )’{ 22;6(53:2_213)2

e (RE-RY),

00, A7 ;e

0,
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P :Vo “AS, (Qkpi -Q, _lei)! (2.1)
where Bis the bulk modulus of hydraulic oil, Vo denotes
the initial volume of the piston, and A, denotes the
piston area. The stroke Spi the i-th piston is given as:

S, =R, tan B(1-cos(y), (2.2)

with R, represents the piston pitch radius, Q=wt-(i-1)a
is the angular position of the i-th piston, a is phase
delay, 8 is the swash-plate angle, and w refers to the
rotational speed of the pump shaft.

The right-side expression of Eq. (2.1) includes the
kinematic flow Qupi, the flow discharge Qpi, and the
internal leakage Qui associated with the i-th piston (see
Fig. 1c), which are defined by the following equations:

2
Qui = w”d4Rp tan fsinQ,, (2.3)
_ 2|P,; R
Qui =CarA fSIgn(P R), (2.4)
mdhy;

Q|pi :m(Ppi _Pc)’ (2-5)
herein, d is piston diameter, hyi is the piston-cylinder
radial clearance of the i-th piston, Lo is the initial length
of the leakage path in the piston, Pc is the pressure of
the case drain chamber, and Cu: is flow discharge
coefficient. Symbols u and p represent the absolute
viscosity and the density of the fluid, respectively. The
discharge area A4 of the i-th piston port, which
establishes a flow path to the discharge chamber within
the valve plate, is provided in Ref. [9]:

-13° <) <9°

9 <) <17°

:|7ZRP(R1_R2)v 17° < Q; <39° (2.6)

39° < Q); <141°

141° < Q; <171°
171° < Q; < 347°

B
R —I(Qp -Q,), (2.7)

with

Q,= Zl‘,Qpi, (2.8)
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end

Q =cd2mjzf , (2.9)

where V. denotes the discharge chamber control
volume, Cy2 is the flow discharge coefficients, and Ay
denotes the area of the throttle valve.

By integrating Eq. (2.1) and Eq. (2.7), we derive a system
of (m+1) first-order differential equations that govern
m piston pressure variables and the pump outlet
pressure.

3. Mathematical framework

The numerical method for solving the system of
differential equations governing the pump dynamic
behavior will be presented. Additionally, the KL - based
surrogate modeling technique will be introduced to
represent pump responses over time using a finite set
of reduced variables.

3.1. Runge-Kutta scheme

As previously discussed, the mathematical model of the
pump operation is formulated by a system of ordinary
differential equations, which collectively describe the
evolution of pressure variables within the system:

dd—I::F(P,t), WithP:[{Ppi}mxl PS] (3.1)
This section recalls the forth-order RK scheme
employed to solve the differential equation system
shown in Eq. (3.1) over the interval t € [to, tf] and the
initial function P(to) = Po. The computational time is
divided into N subintervals with a step size h = t/N. At
each time step tn+1 = to +nh, the function value P(ts1) is
iteratively updated from its previous state P(t.) at t, =
to+(n - 1)h as:

Pu=Prok 226 k). (2

where the intermediate coefficient vectors expressed
as:

k, =T(t, P),

k,=T t+h,P+ﬁh ,
2 2

h k
k,=T|t+—,P+-2h]|,
2 2
k, =T'(t+h, P +k;h).
A comprehensive convergence analysis is conducted for
the numerical simulation of the pump dynamic

characteristics, with a particular emphasis on the outlet
pressure. Initially, the relationship between the

Vol 46 No. 1
March 2025

pressure difference, denoted as dPs, and the grid
number difference, denoted as dN, at the grid levels (i
+1) and (i) is established.

dPs [_ Ps(i+l) _ Ps(i) (3.4)

dN | NO _ij: F(N).

Assuming that the above function f(N) is integrable, the
relative error of the numerical computation at grid level
N can be approximated:

. PS(Nl) _pS(N) 1 N,
%(:TJ:WIN f (N)dN. (3.5)

3.2. Karhunen— Loéve decomposition

This section aims to construct a surrogate model that
captures the relationship between key system
parameters—encompassing both geometric and
operational factors—and the dynamic response over
the characterization period t €T. Let x € R represents
the input parameter vector within a D-dimensional
investigation space, and assume that x> J(t;x)

denotes the forward mapping of interest. For brevity,
the response function J(t;x) will be denoted as J(t) in the
subsequent analysis. This response function can be
systematically decomposed using the KL expansion [22,
23], facilitating an efficient representation of its
stochastic variations.

3(0) =g(t)+§\/2 ), (3.6)

herein, t — J(t) represents the mean function of the
dynamic response, defined as J(t) = E{J(t)} forallt €
T. The set of pairs {A,@i}=1 corresponds to the
eigenvalues and eigenfunctions of the covariance
operator ((tt’) satisfying the following integral
equation:

[.Ctat)dt = 2q0), (37)

and the reduced variables {ni}1are centered, mutually
uncorrelated, and have unit variance. They are
estimated by,

L

= \/TU t)—J (1), o (1)) (3.8)
The operator {.,.) represents the inner product, which
is defined as:
(f.9)=[ fat)dt. (3.9)

The series representation in Eq. (3.6), truncated at
order p, is written as:
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30=30+ Ao, (3.10)

where p can be determined based on a convergence
analysis (i.e., limpse Jp = J).

To quantify the convergence characteristics of the
truncated KL expansion, the following two functions are
utilized. First, the required number of realizations to
achieve convergence is assessed by evaluating the
function Cov(Ns), defined as:

Cov(N,) = “[C(Ns)]“, (3.11)

where [C] represents the covariance matrix of the
discretized process.

To identify the truncation order p for the statistical
estimator, the second convergence property is
analysed by the error function Err(p) defined as,

—Z‘p:i/l' : (3.12)
wr([¢])

4. Results

Err(p)=1-

Within a given piston pump configuration, the method
developed in this study will be applied to evaluate the
convergence characteristics and the potential
effectiveness in investigating the dynamics of the pump
system while accounting for the uncertainty of model
parameters.

4.1. Case study and convergence assessment

As an illustrated case study, an axial piston pump
configuration is chosen with the following parameters
[9, 21]: Ap = 8.343E-05 m? A, = 4.457E-06 m?, B =
8.547E+08 Pa, C41 = 0.675, C42=0.610, d = 1.031E-02 m,
hg =45 pm, Lo=0.0145 m, P = 1E+05 Pa, R = 5.162E-03
m, Rz =0.0238 m, Rz = 0.0204 m, R, =0.0221 m, m =9,
Vo = 1.543E-06 m3, V. = 3.156E-05 m?, V= 2.0540E- 07
m3, a = 0.698 , 8 = 0.335, w = 188.4 1/s, u =5.855E-02
Ns/m?, p = 860 kg/m?3. In this work, initial pressures are
given as Ppi(to) = 1E+07 Pa and Ps(to) = 9E+06 Pa. All
computations were performed on a computer with an
Intel(R) Core(TM) i7-4500U CPU @ 1.80 GHz (boost up
to 2.40GHz) and 8.00 GB of RAM. For tf = 0.05 s with a
step of 1 us, the computation time is approximately 58
seconds.
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Figure 2: Graphs of the calculated flow rate
responses: outlet flow (solid lines, thick and thin
curves are for hgi= 0 and hgi = 45 um, respectively)
and theoretical flow (dashed-dot line).
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Figure 3: Results of the calculated outlet pressure
response for the case of with (thick line) and without
(thin line) the radical clearance.

As shown in Figs. 2-3, two calculated pump
characteristics are provided including the outlet flow
rate (Fig. 2) and the outlet pump pressure (Fig. 3). The
pump flow rate and pressure results indicate that the
pump starts to reach its working value when the first
piston completes its cycle (when Qi(t) = 5a or at the
time t = 5a/w ~ 0.0185 s) of pumping oil into the plate
valve. The highest ripple occurs at the moment when
the pumping system completes one delay phase angle
o (i.e., angular distance between two consecutive
pistons). These observed results are consistent with
previously published works [9,13]. An interesting
feature appears on the pump characteristic curve,
where the temporal evolution of the characteristics
differs entirely from the theoretical predictions (see the
enlarged views extracted in Figs. 2-3). This finding is
consistent with the impact of the valve plate geometry
on the pump response, provided in Ref. [33]. The
calculated results show that the outlet pressure and
flow rate exhibit a cyclic variation of 7o = a/w ~ 0.0037
s. It can be seen that the actual f low rate (maximum
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value of 3.4422E-04 m3/s and 3.3902E-04 m3/s for cases
of hg = 0 and hy = 45 um, respectively) of the pump is
smaller than the theoretical flow rate (maximum value
of 3.4851E-04 m3/s). The ripple level of the flow
characteristic curve is quite similar, with 1.97% for the
actual pump flow curve compared to 1.54% for the
theoretical flow one. The pressure characteristics
exhibit a higher ripple level of approximately 4% for
both cases: the pump with and without the wear gap hy
between the piston and the cylinder block. Since other
characteristics are mathematically related to the
pump’s pressure response (see Eq. (2.9) as an example),
the remaining discussions will mainly focus on the
working pressure characteristics of the pump.

6
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Figure 4: Results of the computed outlet pump
pressure with different time steps h from 0.1 ps to 10

Ms.

To examine the convergence characteristics of the RK
scheme, seven values of the investigated computation
step include h={1052 1 0.5 0.2 0.1} ps corresponding
to a set of grid levels given as N = tg/h. It can be noted
that with a time step of 0.1 us, the computation time
becomes a challenge (i.e., taking more than an hour and
a half).
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Figure 5: Results of (a) convergence analysis in
pressure calculations (at several calculation times
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and the average pressure shown in circle and cross
markers, respectively) and (b) the corresponding
relative error N - & .

Figure 4 shows the working pressure results of the
pump at different calculated values of the grid level. It
is found that, when decreasing the value of the
calculation time step, the pressure value above the
survey time gradually increases and converges. For
details, Figure 5 presents the convergence level of the
calculation results to be quantified through the
pressure value at five calculation times (circle markers)
corresponding to t = {0.02 0.025 0.035 0.04 0.05} s and
the average pressure value (cross markers). To evaluate
the convergence characteristics of the calculation
results, we obtain the fitting function for all considered
cases, f(N) = exp(a)N? with a = 23.63 and b =-2.405. The
error en in Eq. (3.5) at the grid level of Nmax can be
approximated as,

_exp(@) N —Npo
N TP T (b1)

(4.1)

Taking N~ —>eo and b < -1, the above expression
simplifies to:
exp(a) N2

ON == F)S(Nmax) (b+1) (42)

Using Eq. (4.2) we can estimate the relative error for a
given grid level. For all testing cases, the tolerance error
en < 1x1073 can be reached with a grid level N = 5x10°
(or a time step of h =1 ps) as shown in Fig. 5b.

4.2. Statistical reduction of computational surrogates

This section examines the convergence analysis of
reduced-order models for pump performance with
considering the uncertainties in the system parameters
asRP 9x=[A, AvBBdLoroRR1R2R u Vo Ve V4] with D
= 15. Assume that the system parameters of the pump
dynamic computational model have the same
distribution function. Herein, two types of distributions
for the system parameters are considered, normal
distribution and uniform distribution corresponding to
their tested samples, denoted by NorS:= Xy €N (X:O'x)

and UniS:=x, eU (7—§X,Y+ §X), respectively. It can

be noted that the mean value X is taken from the
deterministic values presented in Section 4.1. To
initialize the survey data, the pump configuration
parameters are built as follows. To consider the degree
of uncertainty of the pressure response of the pump,
the system parameters are assumed to be the same
uncertainty level as o, = o, X and ¢, = £ X . Inthe later
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calculations, these values oy = 0.01 and &y = 0.015 are
selected. Due to the periodic response characteristics,
the value tr is chosen to correspond to the time
required for the pump to rotate by 10a, corresponding
to tr=0.0371 s. The influence of uncertainty factors on
pump pressure characteristics will be considered
simultaneously with the performance comparison

06 a)NorS L0¢  D)UniS
8 8
&7 &7
ae RSB
5 b5
) £
E 4 E 4
A =}
g3 [
g |
&2 & 2
1 1
0 5 10 0 5 10

Dimensionless time, © Dimensionless time, ©

Figure 6: Effects of uncertainties in model parameters
on the pump pressure for the (a) NorS and UniS (b)
scenarios. The colour bound and the centre curve show
the variation of the average outlet pump pressure,
respectively. Here, the sample size is taken as Ns =1000.

of the surrogate functions compared to the reference
functions, from the generated data from two
investigation scenarios as presented in Fig. 6. The
observed results demonstrate that the pressure
characteristics in the NorS scenario (i.e., left panel)
have a larger standard deviation compared to the UniS
scenario (i.e., right panel).

14 a) b)
25 x10 104
NorS
UniS
10°
— 10
107
108
107°
o] 500 1000 100 107 102
N P

Figure 7: Convergence property of the truncated KL
expansions: a) N, |—>”[C~Z(NS)]“ and b) p Err(p).

Theinterval is chosen to ensure that that the first piston
completes five phase delay angles to reach a steady
state value (see Fig. 2). For simplicity of presentation,

dimensionless time is used as = @M-Q)/a- It is

clear that, by choosing Qs = 5a, the dimensionless time
t varies from 0 to 5.
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The convergence properties of the KL truncated
expansions are shown in Fig. 7 (left panel: functions
o[Lem]
general, the convergence characteristics of the two
samples exhibit a high degree of similarity. Reasonable
convergence is observed for Ns = 1000, which is
therefore adopted for the subsequent calculations.
Moreover, the error remains below 1x10%, 1x10°¢, and
1x108 for p = 1, p = 4, and p = 22, respectively. In the
following, a truncation order of p = 10 is considered.

, right part: maps p Err(p)). In

(2]
-0.2 ®3

e (D4

s (D5

0 1 2 3 4 5
Dimensionless time, ¢

Figure 8: Plots of the five first eigenfunctions.

t— @ (t) which are used to represent the outlet pump

pressure estimated from the numerical calculations.

Pump pressure, P;(Pa)

Dimensionless time,

Figure 9: Graphs of the ten reference functions
T P, 4 (t) (continuous lines) and the corresponding

s, ref

surrogates T — P, () with p = 10 (dashed lines).

As displayed in Fig. 8, the results of the five first
eigenfunctions {F'—)@(t_)}: indicate that all these

functions exhibit a non-smooth region around the time
when the individual pump piston moves through the
transition zone in the valve plate [14]. Using the
calcualted truncation order, recuduced variables, and
eigenfunctions mentioned above, a quantitative
comparison between the reference functions Psrefand
the surrogate functions Ps« is illustrated in Fig. 9, for a
set of ten selected pump configurations from the NorS
sample data.
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Figure 10 presents the pressure distribution functions
at five different calculation points, comparing the
selected reference pressure (solid lines), the
corresponding surrogate pressures (dashed lines), and
the fitting normal distributions (dotted lines). The
results demonstrate the good predictive performance
of the surrogate model, while also reflecting the
similarity of the pump’s characteristics to a normal
distribution, as shown by the fitting curves.

Finally, we assess the four statistical measures that
describe the shape of the pump pressure distributions,
including [24]: mean value ups, standard deviation ops,
Kurtosis coefficient Ky and Skewness coefficient S« for
both scenarios considered.
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Figure 10: Graphs of the five distribution functions of
the selected reference pressure Psref (continuous lines),
surrogate pressures Psk. (dashed lines),and the fitting
normal distributions (dots).

The results presented in Fig. 11 illustrate that the
uncertainty level or the standard deviation of the pump
pressure with the NorS scenario is larger than that with
the UniS scenario, corresponding to values of 3.25E+5
Pa and 2.85E+5 Pa (calculated through the average
values plotted in Figs. 11a-b). The uncertainty in the
pump pressure response (that is, [ops/UpsInors ~ 0.052
and [ops/Ups]unis ~ 0.045) has a significantly higher value
than that of the system parameters (i.e., on=0.01, éu =
0.015). From the measure characteristics shown in Figs.
11-12, it is again possible to confirm that the numerical
evaluations of the pump pressure distribution
characteristics determined from the reference data and
the surrogate data have a very high similarity.
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Figure 11: Results of the mean (a,b) and standard
deviation (c,d) characteristics of the pressure
distribution functions for the UniS and NorS samples
obtained from the calculated reference function
(continuous line) and the reconstructed surrogate
response (dashed line).
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Figure 12: Results of the Kurtosis (a,b) and Skewness
(c,d) measures of the outlet pressure distribution
functions, legends as shown in Fig 11.

5. Discussion

In this paper, the dynamic characteristics under
uncertainties of axial piston pumps are studied using
numerical methods based on the RK scheme and KL
expansion. From the observed results, it can be stated
that the dynamic model of axial piston pumps can be
solved using the forth-order RK method, which ensures
stable convergence over the entire investigated time
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period. The reconstructed surrogate model, based on
KL expansion with a low truncation order, can
successfully predict the dynamic responses of axial
piston pumps, even in the presence of non-smooth
regions caused by transition periods during operation.
The pump response appears to exhibit a higher degree
of uncertainty than the uncertainty in the system
configuration parameters. When the system
parameters follow either a uniform or normal
distribution, the system response follows a normal
distribution function. A possible extension of the
research presented in this paper is to consider the
uncertainty characteristics of each parameter and
evaluate their sensitivity. In this context, advanced
computational methods can be employed to reduce the
sample size or maintain the large sample size by
generated data based on the limited reference sample.
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