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Abstract

In the last years Prognostic and Health Management (PHM) has become one of the challenging topic in the engineering field.
In particular, model-based approach for diagnostic relies on the development of a mathematical model of the system representing
its flawless status. Once the model has been developed and carefully calibrated on experimental data referred to flawless pump
condition the comparison between the model output and the real system output leads to the residual analysis, which gives a
diagnosis of the component health. This paper presents the mathematical model of a hydraulic axial piston pump developed in
order to replicate the dynamic behavior of the swash plate for PHM applications. The model has been developed on the basis of
simplified hypotheses, a friction model between swash plate and bearings has been introduced. A detailed experimental activity
was carried out to calibrate and validate the model with step tests and sweep tests. The comparison between numerical and
experimental results shows a satisfying agreement and highlights the model capability to reproduce the swash plate dynamics.
Future works will include tests with the pump in faulty conditions to evaluate the pump health state through the residual analysis
of the swash plate position.
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1. Introduction

Nowadays, prognostics and health management is rapidly gaining interest from both academia and industry. Most
of the efforts have led to the development of diagnostics methodologies which can increase the reliability and safety
of the machine. The purpose is that of determine the system health state and detect or identify an incipient fault before
a system breakdown occurs. Preventive and scheduled maintenance can be eliminated enabling a real time monitoring
with the result of significant cost savings and downtime reduction. Different approaches were used to the diagnostic
of the hydraulic systems: data-driven, model-based and hybrid diagnostic approaches. Data driven concept is based
on data acquired from the system for the development of diagnostic algorithm. The data-driven approaches consist of
an offline phase for the training of a classification algorithm and an online phase when the system is operating, to
compute the diagnosis. Furthermore, diagnostic solutions have been conceived for hydraulic components and systems.
Gao et al. [1] applied on the delivery pressure signal of a hydraulic pump the wavelet analysis while a vibration-based
methodology, through the testing of different classifiers, was conceived by Torrika et al. [2]. Buono et al. [3,4] applied
a vibration analysis to detect abnormal working conditions for a gerotor pump. Casoli et al. [5] proposed the
thermodynamic method based on temperature measurements as condition monitoring tool for axial piston pumps.
Some works involve the development of PHM solutions for the overall hydraulic system. Campanini et al. [6]
presented an optimized control with diagnostic features for an independent metering hydraulic system; Helwig et al.
[7] tested a novel condition monitoring approach based on Linear Discriminant Analysis to detect the system
degradation. El-Betar et al. [8] developed a diagnostic tool for the identification of actuator internal leakage and valve
blockage based on artificial neural network. On the other side, model-based approach exploits data generated from an
accurate model of the system in healthy conditions; the comparison between real data and mathematical model outputs
permits the faults detection. The difference between the model output and the real system output is the so-called
residual. The analysis of the residuals can be performed not only for the fault detection but also for the identification;
indeed, each fault can affect residual values in a different combination. Medjaher et al. [9] presented the model of a
hydraulic circuit where the diagnosis is computed by analysing the residual values. Palazzolo et al. [10] proposed the
use of a physics-based model for the detection of different types of leakages in a variable displacement axial-piston
pump installed on an aircraft. A hybrid approach between data driven and model-based was presented by Marcu et al.
[11] which exploited dynamic neural networks to simulate the behavior of different systems; the classifier is trained
referring to past data and then applied online to create residuals for the diagnosis. In literature, different modelling
approach can be found with the purpose of analyse solutions for efficiency improvements [12-17], conduct energy
analysis for both systems and components [17-18], optimize the power split transmission [20-22] or the coupling
between the engine and the hydraulic system [23] and support the designer during the prototype development [24-27].

In this work, a mathematical model of the swash plate of an axial piston pump has been developed for diagnostic
purpose. Axial piston pumps with variable displacement are widely used in industry as hydraulic transfer device thanks
to fast response time and power economy. During the last decades significant researches have been conducted to study
the static and dynamic behavior of swash plate axial piston pumps. Zeiger et al. [28] and Lin [29] presented a
comprehensive mathematical model for the estimation of the average torque on the swash plate for steady state
conditions; Schoenau et al. [30] proposed a dynamic model of the pump and found a good correlation between
experimental and theoretical transient responses. The contribution of this work is that of modelling accurately the
swash plate dynamics considering all the torque contributions acting on the swash plate and of developing a reliable
tool for condition monitoring applications. This work involves the modelling of pump regulators and considers the
friction between swash plate and bearings. Experimental step and sweep tests have permitted to calibrate and validate
the model. The next step of the research activity will be the testing of the pump in faulty conditions to evaluate the
effects of failures on the acquired signals and develop a methodology based on the residual analysis between model
and real system outputs.

2. Mathematical model
2.1. Kinematic analysis

Considering the geometric characteristics of the pump, the equation of the instantaneous piston displacement is a
function of the swash plate angle and of the rotation angle of cylinder block, eq. (1). Figure 1 shows the representation
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of the cylinder block and a single piston coupled with a slipper and the swash plate to deduce the piston displacement.
The swash plate is inclined by an angle o respect the vertical axis. Furthermore, through this scheme can be defined:
the circular position of the piston with respect to the y-axis (3) and the piston-pitch radius (R). In the right side view
of fig. 1, the rotational axis of the swash plate is identified with a yellow spot; respect to the rotational axis of the
cylinder block there is an eccentricity e.
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Fig. 1. Scheme of the pump kinematics Fig. 2. Scheme of the piston forces acting on the swash plate

The piston displacement y, is calculated by eq. (1); after deriving eq. (1), the piston speed can be obtained, eq. (2):
(R-sinﬁ+a-sina—e) -
“a

Yp = C050{+R-sin19 - tana —e-tana )] Yo = cos?a 2)
+R w ' cos¥- tana
Further deriving, eq. (2), the acceleration of the piston is found:
5, = — w?-R-sind-tana + (Z-w-R-gosﬂ) - a(cosza+2-sinza)+2-}:-sina-sinﬁ—z-e-sina] e
cos“a cos a
(R-sin19 +a-sin a—e) i (3)
cos?a

2.2. Equation of motion

The equilibrium position of the swash plate depends on the forces that each component of the pump applies on the
swash plate. On the swash plate different torques act due to: the forces exerted by the pumping elements (F,); the
force exerted by the cylinder block spring (F); the force exerted by the displacement actuator control (Focr).

To evaluate the equilibrium position reached, the equation of dynamic equilibrium that yields to eq. (4) is used.

9
]-éx'+Tf=ZTpi+Tm—Tact 4)
i=1

Where: T, is the torque exerted by i-th piston, 7}, is the torque exerted by the spring, 7. is the torque exerted by
the actuator control, J is the overall mass moment of inertia of the swash plate, slipper and slipper hold-down and 7y
is the friction torque. Rearranging eq. (4), the acceleration of the swash plate can be deduced:

i = ?=1Tpi+T1;_Tact_Tf (5)

The torque exerted by the i-th piston can be evaluated with eq. (6) starting from the forces generated by the pistons,
fig.2:

T,; = Fg; " b; (6)
pi Ri i
Where the force Fr; is defined with eqs. (7,8) for the i-th piston and the piston force moment-arm (b) is calculated
for each piston with eq. (9).
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Fig. 3. Pressure profile

In eq. (7) M, is the piston mass, p is the fluid pressure acting on the piston and A4, is the piston area, while the term

f is expressed by eq. (10), [30]:
dp
hy/2

Where: d, is the piston diameter, L, is the minimum length of contact between piston and relative chamber and 74,
is the radial clearance between piston and guide, u is the fluid dynamic viscosity.

In this work, it has been assumed a simplified approach to evaluate the pressure inside the chamber of each piston.
The pressure profile that acts on the pistons has been obtained through geometrical consideration and it can be
observed in fig. 3, for both inlet (p;) and delivery pressure (pq) average value.

The force exerted by the spring located inside the cylinder block introduces a torque on the swash plate due to the
eccentricity e, fig. 1: T,,, = F, e .

Finally, the torque imposed by the control displacement actuator is controlled by the actuator pressure that is calculated
by the mathematical model of the regulator.

2.3. Karnopp Model

The coupling between the swash plate and the bearings has been modelled with the Karnopp friction model. This
model permits to define the static and viscous friction depending on the swash plate velocity [31]. The Karnopp model
defines a speed interval equal to &, ; if the velocity is smaller than «,,, the model considers the swash plate velocity
equal to zero. In this speed interval the friction torque has been set equal to the minimum value between the torque
acting on the swashplate (7%, and the maximum static friction torque (7smqx)-

After this region there is a descendent line due to Stribeck effect and then an increase of the torque owing to viscous
friction, eq. (11). The Karnopp coefficients reported in table 1 have been defined in order to match the simulated
results with experimental data.

Table 1. Karnopp model coefficients

Tr = min(|Teor |, TSmax) * Sign(Teor) a < dp Viscous friction coefficient 50
11) i . . . . . C[N'mjs/rad]
{Tf = (TC + ((Tsmax -T.)- el C""xl))) -sign(@) + C+-a& & > &y, | Coulombian torque T [N - m] 10
Static torque TSmax [N - m] 48
Stribeck coefficent C, [s/rad] | 100

2.4. Flow Compensator

The flow compensator (FC) has the important function of maintaining a fixed differential pressure across the
control orifice by modulating the pump displacement. The logic integrated in the FC is to compare the load sensing
pressure (prs) with the pump delivery pressure (ps) to modulate the torque exerted by the actuator control (7 ) . The
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mathematical model of the compensator includes a fluid-dynamic model and a mechanical-geometrical model. The
fluid-dynamic model is based on a lumped parameter framework. The pressure inside each control volume is assumed
uniform and time dependent and is determined by means of the pressure-rise rate equation combining the continuity
and fluid state equations and assuming constant fluid temperature. The mechanical model calculates the instantaneous
position and velocity of the spool using Newton’s second law; the forces acting on the spool of the compensator
considered are: hydrostatic forces; spring force; friction forces; hydrodynamic forces [12].

2.5. Theoretical pressure and flow rate delivered by the pump

The flow rate delivered by the pump has been calculated as a sum of the flow delivered by each piston eq. (12),
considering the leakages between piston and cylinder :

Ty, hp3
6-u- (Lp +ypi)
With reference to fig. 4 the load sensing pressure has been assumed as an input of the model, while the delivery
pressure has been calculated by means of the orifice equation (eq. 13) assuming steady-state conditions:

The orifice equation defines a correlation between the delivery pressure, flow rate and flow area (£2). In transient
conditions a sudden change in the flow area changes the value of the pressure drop (pump margin) until the pump sets
the flow rate at the new value. The model assumes a quasi steady-state conditions during the transient and the delivery

pressure so defined has been used to estimate the pressure actuator through the mathematical model of the flow
compensator.

Qi = Ypi " 4p

9
B Qu= 0 (D Qui=Cyf
i=1

3. Experimental activity

A wide experimental activity was carried out with the aim of calibrating and validating the pump mathematical
model. The tests were performed on the test bench installed at the Laboratory of the Engineering and Architectural
Department at the University of Parma. The case study is the variable displacement axial piston pump Casappa®
MVP60-84. The pump is equipped with a Flow compensator (FC) and with a Pressure compensator (PC) and is
installed in Load Sensing (LS) circuit. The FC regulates the pump displacement to keep a constant pressure drop
(pump margin) between the LS pressure and the pump delivery pressure. The PC acts to limit the pump displacement
when the delivery pressure reaches the maximum tolerable value (280 bar in this application). The flow rate is
controlled with a proportional valve installed in the delivery line as well as the LS pressure is controlled with another
proportional valve. The pump was instrumented with several sensors in order to acquire: suction fluid temperature,
delivery pressure, swash plate angular position, torque, shaft speed, delivery flow rate and drain flow rate. The
hydraulic scheme of the experimental layout is reported in Fig. 4.

drain
® ,5% Table 2. Transducers type and features
@j o Fropontional Variable Sensor Main Features
S/ ey Ts Thermistor Pt100 0100 °C 0.2 °C
ot % Vdelivery ‘ Ps Pressure Transducer 0 — 10 bar £0.3%FS
; — z Pd, PLS Pressure Transducer 0 — 400 bar £0.5%FS
1 . 0.1-150 I/min £ 0.3%
pLs %D:%EL i .

. | Vaetivery Flow Meter measured value
h@f . 0.01-80 I/min + 0.3%
; I Varain Flow Meter measured value
m@’ 7777777777777777777777777777777 a Angular sensor 0°—360° + 0.02°

Fig. 4. Hydraulic scheme of the experimental layout « Speed sensor accuracy class 0.05

In order to understand the behavior of the pump in transient conditions, two different types of dynamic tests were
performed: step and sine sweep displacement tests. In all the tests, the displacement was modified by moving the
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proportional valve spool, keeping the angular velocity and the delivery pressure constant. The proportional directional
valve installed has a response time less than 20 ms. For each test, the data were acquired with a sampling frequency
of 1000 Hz. Step tests were executed under different conditions of delivery pressure and rotation speed by repeating
the same step up and step down several times, in order to verify the repeatability of the data. Sine sweep tests were
carried out keeping constant amplitude and varying the frequency.

4. Model validation and Experimental results

The swash plate mathematical model implements the Karnopp friction model whose coefficients have to be
calibrated with experimental data. As reported in fig. 5 the first simulated results, with a preliminary setting of the
friction coefficients with values found in literature, are not satisfying for the purpose of the model. The dynamic
response of the model is slower if compared with the measured data. In order to calibrate the coefficients of the model
has been used a Matlab’s tool called Parameter Estimation; this tool is able to estimate the parameters solving an
optimization problem, reaching the best possible fitting between the simulation results and experimental
measurements. After the optimization process the simulation results show a satisfying prediction of the swash plate
dynamic, fig.5. The time line has been divided for a reference time for confidential reasons.

In fig. 6 is presented the friction torque at different values of swash plate speed according to the Karnopp model,
before and after the optimization process.

After the parameters optimization, the model has been further tested providing different step tests in different
working conditions. Analysing the case reported in fig. 7 respect that reported in fig. 8 appears a discrepancy during
the step up phase between the experimental data and the simulation results when the valve is adjusting to a higher
extend fig.7, while to lesser extend fig. 8 the model follows perfectly the real behaviour of the pump.

In fig. 9 is reported a case at lower speed and also at this working condition the model is able to predict the swash
plate angle course in satisfactory manner. The step down phases are simulated in good manner for each performed
test.

In order to validate the model sweep tests have been conducted. In a sweep test, the frequency of the sinusoidal
law applied to the spool opening linearly increases with time. Figure 10 shows two windows of a sweep test; in fig.
10(b) the frequency is triple than in fig. 10(a) and in both case the simulation results are satisfying. Future development
of the model will be carried out in the path of developing a condition monitoring based on a model-based approach.
A critical aspect is the coupling swash plate-bearings; further experiments will permit to verify and define in more
accurate manner the Karnopp coefficients.
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Fig. 5 Step Test: 1500 rpm, pq =150 bar, spool opening 23-48% Fig. 6 Friction torque according to Karnopp model

As described the model does not simulate fluid dynamic effects; cylinder pressure is considered constant and equal
to the average delivery pressure. A further research activity will be focused on a detailed experimental and numerical
analysis of the dynamic response of the flow compensator that controls the swash plate actuator. The flow compensator
receives the delivery pressure as input signal and the hypothesis of assuming a constant delivery pressure will be
further investigated. Finally, the authors will carry out experimental tests on flawless and faulty pumps to define a
methodology for fault detection and identification.
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Fig. 7 Step Test: 1500 rpm, pd =150 bar, spool opening 23-48%
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4. Conclusions

In this paper a mathematical model of an axial piston pump to predict the dynamic response of the swash plate for
condition monitoring applications has been presented. The model is based on the equation of motion of the swash
plate; pump regulators have been modelled to define the actuator torque and the Karnopp friction model has been
introduced to model the coupling between the swash plate and the bearings. Step and sweep tests were carried out to
provide experimental data, to calibrate and to verify the model; in particular the Karnopp coefficients were defined
through a parameter estimation process. The comparison between numerical and experimental results reveals a
satisfying agreement between curves. Future works will include tests with the pump in faulty conditions in order to
define a model-based approach to monitor in real-time the pump state.
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