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Abstract: The number of pistons in axial piston pumps plays a significant role in determining the
performance characteristics of the pump. While increasing the number of pistons can improve
capacity, stability, and flow, it also requires careful consideration of design complexity and
operational efficiency. The optimal number of pistons will depend on the specific requirements of the
application and the trade-offs that can be effectively managed. With multiple pistons operating
together, the resulting pressure profile is smoother, reducing fluctuations that can affect system
performance. This is crucial in applications where stable pressure is necessary, as it can improve the
reliability and efficiency of the hydraulic system. Each piston contributes to the total displacement,
resulting in an increase in flow rate. However, this must be balanced against the potential for
increased internal friction and the complexity that can arise from multiple moving parts. The effect
of the number of pistons on vibration and operating balance is another important factor. A well-
balanced multi-piston pump can minimize pulsations and vibrations, resulting in smoother
operation. This is essential for applications where excessive vibrations can lead to wear or system
instability.

Keywords: axial piston pump; casing; clip; flow; wear and tear; pressure pulsations; vibrations;
amplitudes; decibel; number of cycles; model; simulation; an experiment

1. Introduction

The number of pistons in an axial-piston pump significantly affects the vibrations of the pump
housing. More pistons can lead to a more balanced distribution of forces through the pump. This
balance helps reduce vibration, as the alternating forces from each piston can cancel out to some
degree [1-3]. The overall design and configuration of the pump, including the number of pistons
used, also play a role.

For example, pumps designed with an even number of pistons may exhibit different vibration
patterns than hose with an odd number [4,5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. The pump housing.

The mathematical model relates pressure pulsations to vibration frequencies through coupled
differential equations [6]. Analysis of the system’s response to pressure changes reveals how
increased pulsation leads to higher vibration frequencies, especially under resonant conditions [7].
Using numerical methods or simulations can provide further insight into pump dynamics under
different operating conditions.

A higher number of pistons can result in reduced torque fluctuations in the drive mechanism,
which contributes to smoother operation and less vibration [8,9]. Fewer pistons can create larger
torque spikes, increasing the potential for vibration [10].

The arrangement and number of pistons can affect how the pump absorbs and dissipates energy.
More pistons could improve the damping characteristics of the system, reducing the amplitude of
vibrations transmitted to the case [11-13].

2. Mathematical Model

Mathematical modeling, fluid dynamic behavior, flow characteristics and pressure variations
inside the pump are described by differential equations by introducing systematic assumptions and
definitions with certain limitations. Fluid properties, structural parameters and forces are described
by appropriate equations [14].

Mathematical modeling of axial piston pumps is a multi-faceted process that involves careful
consideration of equations, components, operating conditions, and physical constraints. This
approach not only improves understanding of pump dynamics, but also aids in the design and
optimization of hydraulic systems for improved performance and reliability [15].

2.1. Description of Mathematical Models of Pump Processes

The models are combined into a set of differential equations that describe the time-varying
behavior of the pump under different operating conditions. Solving these equations requires
numerical methods (e.g., Runge-Kutta) to simulate the dynamic response of the pump in different
scenarios [16,17].

Fluid flow into the suction chamber of the pump at location 1, Figure 2:

daQ
— =01y Ay 2 pslpy — psl, (1)

where:
c1=1 for pu> ps, 61=-1 for pu< ps
A, - geometrical flow section of the intake pipe

M, - flow coefficient of the intake pipe
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Figure 2. Description of the schematic representation of fluid flow in an axial piston pump: 1. Suction pipe
connection, 2. Pump suction space,3. Cylinder block, 4. Pump delivery,5. Supply pipe connection, 6. Piston, 7.
Lifting plate, 8. Inclined plate.9. Drive pump shaft, 10. Drive pump shaft support.

Mass flow of fluid when filling one pump cylinder:

dQy
dat

=0y My AuN 2 ps - |Ds — pel, (2)
where:
ouw=1 for ps> pc, ou= -1 for ps<pc
Au- geometric flow cross-section
L, - geometric flow cross-section coefficient
The mass balance of the suction chamber is:

40s _ 41 _ gz 9Quj
dt ~ dt j=1 gt ®)

where:
7=1,2,...,zc, zc - cylinder numbers
Pressure equation in the suction chamber of the pump:

as _ _E (4 _ gz 2
do ~ Vgps (d(p Zf=1 de ) “)
E - modulus of elasticity;
@ - the driving shaft angle,
Pressure in the pump cylinder:
ape _ E [Acvk | 1 (dQu _ dQ:
= o (@) ®
where:
Ve =Vemin +Vex 5 Vex =4 %
Vex - the volume of the pump cylinder achieved by moving the piston
dv,
dtc =—A.-v;, x;- current displacement of the piston.
Cylinder volume by moving the piston:
4o _ yzc Qij _ 40
ac Zjca a  adt ©)

where: j=1,2,..., zc- the numbers of piston
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Fluid flow from the pressure chamber of the pump:
aQ
d_:zaz'ﬂz'Az' 2+ pe - Ipy — Pl )

where:

o2=1 for pv=pn, 62=-1 for p«< pn

A:z- geometrical flow section of the delivery pipe line
Pressure in the pressure chamber of the pump:

dpy _ _E ( Zc _inJ_ﬂ)
dp ~ Vypy e dp  do ()

Fluid leakage through the concentric gap between the cylinder and the piston:

dQ; _ m-DgArd
dt  127x()

: (pc - ps) " Pc (9)

where: D, - Cylinder diameter, Ar - Radial clearance between the piston and the cylinder, 7-
Dynamic viscosity, x; (¢) - current displacement of the piston, pc Cylinder pressure, ps- Suction

pressure, p, - Fluid density in the cylinder.

2.2. Mathematical Model of Balance of Forces
Piston forces:
Fn=p-A (10)

where is:

Fnthe hydraulic force,

p is the pressure of the fluid, and

A is the cross-sectional area of the piston.
Mechanical forces:

Fm spring forces (like a force from a spring),

Fs friction forces between the piston and the cylinder wall.

The friction force (Fr) between the piston and the cylinder wall is a resistive force that opposes
the relative motion between these two components.

Force balance, to analyze the motion of a piston, we must consider all the forces acting on it.

Fn- Fm-Fe=0 (11)

3. Experiment

Figure 4 shows the hydraulic installation for testing the piston-axial pump, which consists of:
1.Tested pump; 2. Vibration measuring transducer; 3. Reducer; 4. Incremental rotary encoder; 5.
Electric motor; 6. Cylinder pressure transducer; 7. Pressure transducer in pressure chamber; 8.
Manometer; 9. Absolute pressure transducer; 10. Faucet; 11. Measuring turbine for flow; 12. Valve for
pressure limitation; 13. Return filter; 14. Pourer with vent; 15. Thermometer in the tank; 16.
Refrigerator; 17. Working fluid level indicator; 18. Heater; 19. Suction tap; 20. Suction filter; 21.
Manovacumeter.
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Figure 4. Hydraulic installation for the tested pump experiment.
Table 1. Technical data of the tested pump.
Number of pistons z=8
Nominal pressure pn=200.0 bar
Suction pressure ps=4.45 bar
Volume of the pressure space Vs=271104*m3
Radial clearance of the piston in the cylinder rec=9.78¢10-¢m
Volume of the harmful space Vus=30.25010° m?3
Angle of the beginning of the suction phase A sp=31.030 ©
Stiffness of the pressure valve spring S vs=1108.0 N/m
Mass of the pressure valve plate mve =4.3310 -3 kg

Pressure transducers, based on measuring tapes type P3MA, range 500 bar, accuracy class 0.1
and bandwidth 100 kHz (Figure 5a,b) were used to measure the pressure in the cylinder and pressure
chamber of the pump. The flow measurement was performed with a measuring turbine type RE2
25/180 1/min, accuracy class 0.4.

Figure 5. Measuring transducers on the tested pump; a) pressure transducer in the cylinder, b) pressure

transducer in the pressurized chamber, c) vibration transducer.
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An incremental encoder type ROD 426 E, with 1024 optical markers and a maximum number of
revolutions of 12000 min-1, was used to measure the rotation angle of the pump’s drive shaft. Using
an accelerometer with a measurement range of 5 m/s? the vibration amplitudes of the housing were
measured.

The ultra-fast measurement and control system ADS 2000 - CADEX (Figures 6 and 7) enables
continuous measurement and calculation of the characteristic parameters of the pump’s working
cycle in real time.
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Figure 6. Structural diagram of the applied ultra-fast measuring system ADS 2000-CADEX.
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Figure 7. Ultra-fast measuring system ADS 2000-CADEX in use.

The processor takes data from the A/D converter in real time directly into the CPU-DRAM. At
the same time, the processor controls the amplifier and multiplexer cards in real time. Software for
measuring cyclic and non-cyclic rapidly changing processes with graphic online display was
developed for the system. Statistical processing of the measured data in the measurement process is
performed with a graphic display. The maximum measurement speed is 3MHz with 6... 12
simultaneous A/D converters at 50,000,000 measured data in one ensemble. Up to 4 VME-CPU cards
with Motorola 68020... 68060, Intel Pentium, Digital Alpha or Motorola Power PC processors can be
integrated into the system.

The VME-bus ADC system uses ADC cards, each containing two 12-bit A/D converters, each
with a sampling rate of 350 kHz, operating simultaneously. Data acquisition can be triggered by
either an angle encoder pulse or a timer. The hardware registers the incremental angle encoder
reference mark for synchronization. However, the system does not perform real-time error checking
or angular encoder status monitoring. The system is scalable and can integrate up to six A/D cards,
providing a total of 12 A/D converters.

The VME-bus PGA multiplexer and amplifier module has six high-speed instrumentation
amplifiers for direct connection of full-bridge tape measure transmitters with 5 V DC supply (options
12 or 15). The maximum switching speed is 150 kHz. 4 VME-bus PGA modules are integrated into
the implemented system.

The applied measurement system enables simultaneous measurement on 4 fast analog channels,
with parallel measurement of time intervals from the angle mark to the incremental angle encoder
mark “changed to”. The measurement system enables simultaneous data acquisition from four fast
analog channels, synchronized with precise measurements of the time interval between the encoder
pulse and the reference mark (index pulse or Z-pulse) from the same encoder.

4. Comparison of Simulation and Experimental Results

Measurements of cylinder pressure, pump pressure chamber pressure, pressure pipeline
pressure, and pump housing vibration amplitude were acquired as a function of the drive shaft angle.
Data were sampled at intervals of approximately 0.09° of shaft rotation, resulting in 4096 samples per
revolution. An optical incremental rotary encoder with 1024 pulses per revolution (PPR) was used.
An interface with a multiplication factor of four (quadrupling) was employed to generate 4096 pulses
per revolution [19,20].

To perform Fast Fourier Transforms (FFTs) on the measured signals, each signal was sampled
at 4096 points per revolution (cycle). With five measured signals (four pressures and one vibration),
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this resulted in a total of (4 + 1) x 4096 = 20,480 data points per revolution and 204,800 data points for
10 consecutive revolutions. Measurements were conducted across seven operating modes, with
parameters detailed in Table 2.

Table 2. Operating modes and parameters used in pump experiments.

Ordinal Pressure in the Cylinder, Number of Revolutions of the
An Example . .

Number p., bar Pump Drive Shaft, n, min?!

1. E 03 180 1000

2. E 04 50 800

3. E 05 160 800

4. E 06 180 800

5. E 07 200 800

6. E 08 200 1000

7. E 09 200 875.6

To assess the uniformity of the drive shaft’s angular speed and monitor the performance of the
incremental rotary encoder, four analog signals (pressures and vibration) were simultaneously
digitized using four high-speed analog-to-digital converters (ADCs). Concurrently, the time interval
between consecutive encoder pulses was measured. Data were acquired for ten consecutive shaft
revolutions under each operating mode to evaluate the repeatability of the measurements.

4.1. Pressure Dynamics

Figure 8 shows the pressure profile over one drive shaft revolution (following 388 operating
cycles) of the eight-piston axial piston pump. The pressure profile exhibits a characteristic rise, a
period of near-constant pressure, and a subsequent decline. This is followed by the suction phase,
marking the start of the next pumping cycle.

300
—— PPT.3112.384
—— PPT.3112.385
—— PPT.3112.386
| —— PPT.3112.387 |
250 —— PPT.3112.388
= 1}‘ "E'V";"T,\ﬁ ¥ e V| s ST
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g | \1
= l' ‘:"\l
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Figure 8. Diagram of the pressure after 388 operating cycles.

The diagram shows colored lines that represent the results of the experimental test (red), and
the other colors represent the results of the simulation of the mathematical model for different
combinations of the pump’s operating and structural parameters. The diagram shows the different
peaks corresponding to the maximum pressure during discharge and the valleys where the pressure
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drops during suction. Observing the sharpness or gradual nature of these peaks can provide insight
into pump performance characteristics and fluid handling efficiency.

Given the transducer’s 100 kHz bandwidth, it is capable of capturing fast dynamic pressure. Thi
allows for a more detailed understanding of pressure transients that may occur during rapid changes
in pump operation. An accuracy class of 0.1 indicates high reliability in the pressure reading. It was
important to ensure that the transducer was properly calibrated to maintain this accuracy, especially
given the high-pressure range.

This diagram provides valuable insight into the operating performance of a reciprocating pump,
showing how pressure varies over the cycle, which can help diagnose performance problems and
optimize design parameters. The pressure rise and fall lines in Figures 9 and 10 indicate pulsations,
which can cause vibrations in the pump housing.

Figure 11 indicates the occurrence of high pressure pulsations as a result of the number of pump
pistons (in this case 8 pistons).
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Figure 9. Diagram of the pressure rise.
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Figure 10. Diagram of the pressure fall.
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Figure 11. Diagram of high pressure pulsations.

5. Pump Housing Vibrations

Vibrations of the hydraulic pump housing, induced by piston operation, arise from several
sources. The reciprocating motion of the pistons within the cylinders generates dynamic forces due
to their acceleration and deceleration, directly exciting vibrations in the housing. Furthermore, non-
uniform fluid flow, including pressure transients and flow direction changes, induces pressure
fluctuations that contribute to these vibrations.

When the pump pressure drops below the vapor pressure of the liquid, vapor bubbles form and
collapse, creating shock waves that can contribute to vibration. Materials and designs that provide
damping can help reduce vibration. Proper mounting and isolation techniques can also mitigate the
transmission of vibrations. When the vibration amplitudes of the hydraulic pump casing are
measured with an accelerometer with a measuring range of 5 m/s?, the output quantities include:

e  acceleration, as the primary output from the accelerometer experienced by the pump casing,
measured in meters per second squared (m/s?).

e  speed, which is obtained by integrating acceleration data over time, as the speed of vibration,
usually expressed in meters per second (m/s).

e  displacement as a further integration of the velocity data, which represents the total movement
of the housing over the period, expressed in meters (m).

e frequency components as a result of Fourier transform analysis of acceleration data expressed
in hertz (Hz).

Sound pressure and vibration levels are often expressed in decibels to provide a logarithmic
scale that can handle a wide range of pressures and vibrations.
The decibel level is calculated using the formula:

L, in decibels = 20 log, P

Pre f

where are:

L — number of decibels

p — measured amplitude level

pref =10 Kret - recommended reference level

These output quantities can be used to assess the health and performance of a hydraulic pump
by identifying problems such as imbalance, misalignment or other mechanical faults. The diagram
illustrates the relationship between a series of harmonics and the corresponding pressure levels.
Analysis of peaks in the frequency spectrum helps identify dominant vibration frequencies that may
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be correlated with operational anomalies or imbalances in pumps. It is important to relate the
amplitude of vibrations at certain harmonics to the measured pressure. Significant changes in
amplitude at certain harmonics may indicate problems such as cavitation, misalignment or
mechanical wear.

Figure 12 presents the harmonic content of the pressure signals. Specifically, Figure 12a,b show
the cylinder pressure in bars and decibels, respectively, as a function of harmonic order. Similarly,
Figure 12¢,d display the suction chamber pressure in bars and decibels, respectively, as a function of
harmonic order.

120 2.60
MERF.RO2 MERF.RO2
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bar bar
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Figure 12. Cylinder Pressure as a Function of Harmonic Order (dB and bars).

Figure 12a presents the frequency spectrum of the hydraulic pump housing vibration, measured
using an accelerometer with a full-scale range of 5 m/s2. The spectrum illustrates the relationship
between vibration amplitude and harmonic order. Peaks at specific harmonics suggest resonant
frequencies or characteristic vibrational modes of the pump. The measurements, conducted across a
range of operating conditions resulting in cylinder pressure variations from 0 to 200 bar, reveal a
clear correlation between certain harmonics and pressure levels. The presence of anomalies or
unexpected spikes in the spectrum may indicate mechanical issues such as imbalance, misalignment,
or pump wear.

Figure 12b shows the frequency spectrum of the cylinder pressure, expressed in decibels (dB),
as a function of harmonic order. The displayed range is 0 to 144 dB. Elevated pressure levels at specific
harmonics, particularly those associated with cavitation or other operational inefficiencies, are
evident as distinct peaks in the spectrum.

Figure 12c presents the frequency spectrum of the suction chamber pressure, with magnitude
expressed in bars, as a function of harmonic order. The displayed pressure range is 0 to 3.6 bar. Peaks
at specific harmonics suggest potential resonant frequencies or characteristic pressure oscillations
within the pump. These measurements, acquired across a range of operating conditions, allow for
analysis of the harmonic content to identify potential resonance issues..
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Figure 12d presents the frequency spectrum of the suction chamber pressure, expressed in
decibels (dB), as a function of harmonic order. The displayed range is 0 to 120dB. These dB levels
represent the magnitude of the pressure fluctuations at each harmonic. Elevated dB levels at specific
harmonics may indicate potential issues such as cavitation or mechanical imbalances within the
pump. The analysis of these harmonics helps identify characteristic frequencies in the suction
chamber pressure signal, which can be related to specific pump behaviors.

6. Conclusions

The research results of this study can be applied to optimize the design of axial piston pumps
based on specific requirements (eg balancing compactness, cost and performance in hydraulic
systems where noise reduction is critical). The importance of these results is relevant for industries
where noise and vibration control is key and is particularly prominent in automotive, aerospace and
industrial machinery.

To minimize structural loading on the pump casing, the relationship between pressure
pulsations and transmitted vibrations was investigated, aiming to achieve a more uniform
distribution of forces. The study demonstrated that increasing the number of pistons generally
reduces pressure pulsations. Understanding the interrelationship between the number of pistons,
pressure pulsations, and casing vibrations is crucial for designing more efficient and reliable axial
piston pumps. Specifically, reducing pressure pulsations can enhance the performance and lifespan
of both the pump and the connected hydraulic system.

All assumptions that could affect the generalization of the results were made during the
simulation and modeling process and refer to idealized conditions (e.g., perfect fluid dynamics,
specific operating range) and do not fully reflect variations in real conditions. Limited experimental
data are related with experimental settings (e.g., using limited pump sizes, material limitations and
lack of long-term performance testing).

The study is focused on specific operating conditions (eg specific flow rates or pressures), and it
is important to note that results may vary outside of these ranges. An extension of the study is
planned to take into account the effects of additional parameters such as fluid temperature, fluid
viscosity and pump casing material properties on vibration and pulsation characteristics. The
influence of parameters such as piston geometry, cylinder block size, would be the subject of future
research on pressure pulsations and vibrations. Long-term experimental studies are planned to
evaluate the effects of different numbers of pistons on pump durability and performance over
extended operating periods, including the effect of wear. It is planned to use more sophisticated
Computational Fluid Dynamics (CFD) or Finite Element Analysis (FEA) methods to simulate
complex fluid-structure interactions in more detail.

The results of the study highlight the significant role that the number of pistons plays on the
pressure pulsation and vibration characteristics of axial piston pumps, which has a direct impact on
the performance and longevity of the hydraulic system. Optimizing the number of pistons is key to
the development of axial piston pumps, specific hydraulic systems.
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