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Foreword 
 

In this master’s thesis, the pressure ripple of a hydraulic pump will be examined in collaboration 

with Tenneco Automotive Europe BV. For this, a test setup will be made. The examined hydraulic 

pump is used in a wide range of cars, varying form track-focused sports cars to big SUV’s, to reduce 

the roll, pitch and squat of the cars while cornering, braking and accelerating. This master’s thesis 

is written in the context of our master’s degree in Electromechanical Engineering Technology in 

the joint study program of UHasselt and KU Leuven and will span from August 2021 to June 2022.  

 

We chose this subject for our master’s thesis mainly because of our interest in cars and the 

technologies used to make them faster or more comfortable. The system in which this pump is used, 
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us got fascinated by cars when members of their family restored a classic car. Another aspect that 

appealed to us in this project, was the practical approach, since we both like to make and repair 

things ourselves. 

 

We would like to thank Tenneco Automotive for the opportunity to realize this project. Within 

Tenneco, we want to especially thank our external promotor ir. Frank Gommans and our supervisor 

ing. Stein Slootmaekers for the continuous support and feedback provided during the realization of 

this thesis. We also want to thank our internal promotor from UHasselt and KU Leuven, ir. Gert 

Vanhees, who made this thesis possible thanks to his contacts at Tenneco, and who was always 

available to answer any possible questions. 

 

For the practical realization, we would like to thank Pierre Franssen from AFMECH s.a., for the 

constructive cooperation, especially as the realization of the project underwent several iterations 

that required changes to be implemented in a short time window. We would also like to thank prof. 

dr. ir. Elke Deckers for providing the background information to better understand the problem. 

Lastly, we would also like to thank our family, and in particular our parents, to enable us to follow 

this study program and support us in, and outside of our education. 

 

We sincerely hope that you enjoy reading this thesis, and find it interesting. 
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Abstract 
This master’s thesis is performed on behalf of Tenneco Automotive Europe BV and focuses on the 

hydraulic pump of the CVSA2/Kinetic® system. This system uses semi-active dampers and 

hydraulic connections between the dampers to provide the stiffness to control the rolling of a 

vehicle while cornering. The pump used to adapt this stiffness, is expected to introduce a pressure 

ripple into the system, which causes noise in the vehicles. The main objective in this thesis is to 

develop a means to quantify the pressure ripples causing this noise. 

To fulfil this, a test setup is built after performing a literature study on the generation of pressure 

ripples and similar problems. In this test setup, the pressure ripple is measured using high-frequency 

piezoelectric pressure sensors. The oil flow and the absolute pressure are also measured to define all 

parameters of the system. The pressure in the system is controlled by a needle valve. A pressure 

relief valve is installed to ensure that the components do not get damaged. The data is acquired via 

a CompactDAQ and processed via LabView and MATLAB. 

To carry out the tests on the setup in a repeatable manner, a test procedure is composed. Next, 

several tests are carried out to verify the repeatability of the tests. The data from the tests clearly 

show the pressure ripple that needed to be measured. The other measurements ensure all parameters 

of the system are known. Now the magnitude of the pressure ripple is known, future developments 

can reduce the ripple in the system.  



  



Abstract in het Nederlands 
Deze masterproef is uitgevoerd in opdracht van Tenneco Automotive Europe BV en focust op de 

hydraulische pomp van het CVSA2/Kinetic® systeem. Dit systeem gebruikt semi-actieve dempers 

en hydraulische verbindingen tussen de dempers om stijfheid te bieden voor rolcontrole van een 

voertuig. De pomp die deze stijfheid aanpast, introduceert een drukrimpel in het systeem die lawaai 

in de voertuigen veroorzaakt. Het doel van deze masterproef is het ontwikkelen van een manier om 

de drukrimpels te kwantificeren. 

Hiervoor is een testopstelling gebouwd na het uitvoeren van een literatuurstudie over de opwekking 

van drukrimpels en soortgelijke problemen. In de testopstelling wordt de drukrimpel gemeten met 

hoogfrequente piëzo-elektrische druksensoren. De absolute druk en het oliedebiet worden gemeten 

om alle parameters van het systeem te definiëren. De druk in het systeem wordt geregeld door een 

naaldventiel. Een overdrukventiel wordt geïnstalleerd om te verzekeren dat de onderdelen niet 

beschadigd raken. De meetgegevens worden verzameld via een CompactDAQ en verwerkt via 

LabView en MATLAB. 

Om de tests op een herhaalbare manier uit te voeren, is een testprocedure opgesteld. Hierna worden 

er verschillende tests uitgevoerd om deze herhaalbaarheid te verifiëren. De resultaten tonen 

duidelijk de drukrimpel die moest worden gemeten. Samen met de resultaten van de andere 

metingen zijn alle parameters van het systeem bekend. Nu de grootte van de drukrimpel gekend is, 

kunnen toekomstige ontwikkelingen de rimpel in het systeem verminderen.



  



1 Introduction 

This master’s thesis will be performed on behalf of Tenneco Automotive Europe BV in Sint-Truiden, 

which is a part of Tenneco Inc., with its head office situated in Lake Forest, Illinois (U.S.). The 

experiments carried out in this thesis are performed at METC (Monroe Engineering and Technology 

Center) in Sint-Truiden (Belgium) [1]. 

This thesis focuses on Tenneco’s CVSA2/Kinetic® suspension system which combines semi-active 

dampers hydraulic connections between the different dampers to achieve a body control system [2]. 

The Kinetic system uses a hydraulic pump and electronic valves to set and adjust the stiffness which 

controls the body roll of a vehicle during cornering as well as the pitch and squat during braking 

and accelerating. The system is applicable to sports cars as well as to SUVs to improve handling 

whilst providing a good level of comfort. The pump is powered by the ECU (Electronic Control 

Unit) of the car via an integrated PWM-controlled (Pulse Width Modulated) power source. This 

PWM-signal controls the electric power delivered to the pump, and in doing this also the hydraulic 

performance. The pump motor and the pump casing are identical for every use case, while the 

hydraulic oil tank and the noise cover for the entirety of the system are custom built for every 

application. As such, the volume of the oil tank can be adjusted to fit the needs of different vehicles. 

Figure 1 shows an example of a vehicle system layout.  

 

Figure 1: Vehicle system layout and key components [3, p. 5] 

As seen in Figure 1, the system consists of several main components. When a vehicle is fitted with 

a CVSA2 damping system, the dampers are mounted to the chassis of the vehicle and to the wheels. 

Additionally, the vehicle is fitted with various sensors to monitor the displacement of the wheels 

and the acceleration of the body. These sensors are then electrically connected to the vehicle’s ECU. 

If the vehicle is additionally equipped with a Kinetic anti-roll system instead of a traditional anti-

roll bar, a hydraulic pump, an electronically controlled hydraulic manifold and hydraulic lines to 

connect the manifold and the dampers are installed in the vehicle. 
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1.1 Problem statement 

The problem at hand is that the current hydraulic pump for the Kinetic anti-roll system is suspected 

to generate pressure ripples in the system which, in turn, can result in noises that may be 

experienced as unpleasant or even cause concern to vehicle owners. This problem is more notable 

in hybrid and electric vehicles due to less noise produced by the ICE (Internal Combustion Engine). 

In addition to this, partly due to the electrification of cars, car manufacturers are also setting high 

standards to eliminate unnecessary noises in their vehicles. 

To solve this problem, there is a need for a method to quantify the magnitude of these pressure 

ripples that cause noise. This can be accomplished by examining similar examples in other industries 

or by building a test setup. After the quantification of the pressure ripples, different possible 

solutions can be examined and/or applied. 

If no solution for this problem is found, vehicles are required to have more sound insulation. Adding 

more sound insulation in vehicles will raise the price of said vehicles as well as their weight. Another 

problem is that not every vehicle has a sufficient amount of space to accommodate additional sound-

proofing. 

1.2 Objectives 

The main objective of this thesis is to develop a way to quantify the magnitude of the problem. To 

achieve this, there is a need for a method to quantify the pressure ripples which cause the noise.  

When the main objective is completed, a secondary objective can be treated. This secondary 

objective consists of examining and issuing propositions for solutions that mitigate the amount of 

noise heard by the vehicle owners. 

The development of this project includes a study for a test setup to measure the pressure ripples 

generated by the hydraulic pump. With the results of this study, the setup will also be built. For this 

project, there are no strict limitations, but all the needed components and their price will be 

discussed with the promotors within Tenneco. 

Tenneco has prepared a requirements package that the project must take into account. This 

requirements package consists of multiple categories. 
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 Mechanical 

o Dimensions of the climate chamber 

o Rigid setup that is transportable 

 Electrical 

o Power supply from 230 V AC to 9.7 – 16 V DC (25 A continuous, 60 A peak) 

o Necessary sensor power supplies 

o Shielded wires to prevent signal loss 

o The power supply needs to be excluded from the “Device Under Test” 

 Include options to register the (external) DUT power supply 

 Include options to control the (external) DUT power supply 

 Hydraulic 

o Working pressure up to 120 bar, burst pressure >150 bar 

o Service temperature from -40 °C to 80 °C 

o DUT output flow from 0.5 to 3 L/min 

o Resolution of flow measurement 0.01 L/min 

o Compatible with CHF-202 hydraulic oil 

o Pressure ripples measurable with a minimal resolution of 0.01 bar 

o Total pressure measurable with a resolution of 0.2 bar 

1.3 Preview 

In this thesis, experiments will be executed on a system with a hydraulic pump. The test setup will 

have the ability to be connected to a manifold and dampers in a later stage of testing. 

In chapter 2, a literature study will be performed to understand how pressure ripple are generated 

in hydromechanical systems. If the source of the pressure ripple is determined and the pressure 

ripple can be measured, it is possible to look for ways to reduce the noise heard by the vehicle 

owners. This can be achieved by tuning various design parameters to lower the measured pressure 

ripples. To achieve this, there will be a second part in the literature study to explore similar problems 

and their solutions. If the timespan of this thesis allows it, some of these solutions obtained for the 

problems researched in the literature study will be tested. 

After the literature study, a test setup will be developed in chapter 3. The development of the test 

setup consists of selecting suitable components as well as building the setup. Following the 

development of the test setup, different tests will be carried out with the selected sensors to establish 

a baseline of the current system.  

After the realization of the test setup and the performance of the tests, the experiments and their 

results will be discussed in chapter 4, before exploring some additions and future developments that 

can be performed on the subject of the thesis in chapter 5. Finally, a conclusion will be formulated 

in chapter 6. 
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2 Literature study 

Pump flow in hydraulic systems has a large, steady component and a smaller, cyclical component 

superimposed upon it. This smaller, cyclical component reacts with the fluid in the system and 

causes fluid-borne noise or pressure ripples. The fluid-borne noise can be transmitted through the 

pressurized liquid and result in unwanted noise and vibrations of attached components and 

structures [4]. The first part of this literature study examines the working principle of the pump that 

will be researched during this thesis. The second part describes the influence of pump and pipe 

parameters on the generation of pressure ripples and noise. After researching the pressure 

generation phenomena, the literature study will focus on the reduction of pressure ripples and noise. 

This reduction can take place at the main source, the pump or in the pipe system. 

2.1 Working principle of the pump 

2.1.1 General overview radial piston pump 

To better understand the principle behind the generation of the pressure ripples from the pump that 

will be examined in the setup, a paper about radial piston pumps will be researched. Figure 2 shows 

an example of the pump kinematics of a radial piston pump. 

 

Figure 2: Pump kinematics of radial piston pump [5, p. 41] 
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In radial piston pumps, the displacement of the piston xpi and the velocity of the piston vpi can be 

calculated through formula 1 to formula 3 [5]. 

𝑥𝑝𝑖 =  𝑟𝑠 + 𝑒(1 − 𝑐𝑜𝑠𝜃𝑖) − 𝑟𝑠𝑐𝑜𝑠𝜙𝑖    (1) 

Where 𝜙𝑖 =  sin−1{(𝑒/𝑟) sin 𝜃𝑖}    (2) 

And 𝑣𝑝𝑖 =  𝑒𝜔{sin 𝜃𝑖 + (𝑒/2𝑟𝑠) sin 2𝜃𝑖}    (3) 

In  these formulas: 

- rs equals the radius of the outer ring,  

- e represents the eccentricity of the axis of the piston housing, 

- θi represents the angle between the ith piston and the TDC-point (Top Dead Center), 

- ω is the angular velocity of the shaft. 

Formulas 1 and 3 result in the graphs shown in Figure 3.  

 

Figure 3: Displacement and velocity in radial piston pumps [5, p. 46] 

As the displacement of the piston equals the stroke of this piston, it is visible that due to the 

eccentricity of the cylinder block (B in Figure 2), a sine wave is generated with a peak-to-peak value 

of two times the eccentricity of the pump used in [5]. The velocity reaches its maximums at 90° and 

270° in to the rotation. When the piston is at TDC or BDC (Bottom Dead Center), the velocity is 

zero. 

According to [6], the flow rate Q is linked to the velocity of the piston v, as shown in formula 4. 

𝑄 = 𝑣 ∗ 𝐴       (4) 

In formula 4, A represents the area of the piston head. The evolution of the velocity and the flow 

rate are shown in function of the time in Figure 4. 
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Figure 4: Velocity and flow rate in function of time [6, p. 17] 

In Figure 4, the blue part represents the flow rate in to the piston chamber during the suction stroke 

and the brown part shows the flow rate that is pumped out of the chamber during the compression 

stroke. Figure 4 also provides a visual representation of the relation between the velocity of the 

piston and the flow rate, as given by formula 4. If this is applied to multiple pistons in one rotation, 

the evolution of the flow will take shape as shown in Figure 5. 

 

Figure 5: Flow rate triplex implementation [7, p. 5] 

In Figure 5, the flow rate of a three piston pump is shown in function of the angle of rotation. The 

black parts in the bars at the bottom represent the compression stroke of the three different 

cylinders, while the white parts represent the suction stroke. The graph at the top in Figure 5 shows 

the flow rate in the discharge line of the pump. The cross-hatched sections show the instantaneous 

flow rate in the discharge line.  

From the upper graph in Figure 5, the relation between the frequency of the pressure ripple and the 

rotational speed can be deducted. In Figure 5, six pressure ripples are visible while the pump has 

three pistons. When this result is multiplied with the rotational speed of the shaft, the frequency of 

the first harmonic of the pressure ripple can be calculated, as shown in formula 5. 
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𝑓 = 2 ∗ 𝑁 ∗
𝑛

60
       (5) 

In formula 5, N  represents the number of pistons used in the pump, and n gives the rotational speed 

of the pump shaft in rpm (rotations per minute). Figure 6 shows the start-up of a 5-piston radial 

piston pump. 

 

Figure 6: Pressure and flow rate of a radial piston pump in function of the angle of rotation [5, p. 48] 

When Figure 6 is compared to Figure 5, it can be seen that the pulsations in the flow rate happen 

more often when the number of pistons is increased. Because of the increased number of pulsations 

within one rotation, the flow pulsation frequency of the pump with the higher number of pistons 

will be higher when they rotate at an equal shaft speed. Since the two pumps that are shown in 

Figure 5 and Figure 6 are different from each other, no statement can be made about the magnitude 

of the flow pulsation. 

The pressure generated by the pump is considered to be a pure dynamic pressure (static pressure 

differences are negligible). This means that the pressure in the discharge line can be calculated 

with formula 6, provided that the losses in the pump are pL. 

𝑝 =
1

2
∗  𝜌 ∗ 𝑣2 −  𝑝𝐿     (6) 

In formula 6, ρ is the density of the fluid and v is the piston speed. In practice, pL is dependent on 

the velocity of the piston v and the density of the fluid. This is why the practical measurements in 

Figure 6 do not have a symmetrical evolution as opposed to the theoretical values shown in Figure 

5. If formula 4 and formula 6 are combined, the relation shown in formula 7 is found between the 

pressure and the flow rate in the discharge line of the pump. 

𝑝 =
1

2
 ∗  𝜌 ∗  (

𝑄

𝐴
)

2
− 𝑝𝐿    (7) 
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Formula 7 is used to calculate the instantaneous pressure created by one piston. When the pressures 

of five different pistons are added up, the evolution for the pump unit is obtained. This evolution is 

also shown in Figure 6, during the start-up of the pump. 

2.1.2 5-piston pump 

One of the pumps used in the test setup is a 5-piston radial piston pump. The composition of the 

pump is shown in Figure 7. 

 

Figure 7: Composition of 5-piston pump [8, p. 8] 

On the left in Figure 7, the pump is shown with the pump motor and a hydraulic oil tank attached. 

On the right in Figure 7, the internals of the pump are visible. The pump uses 5 pistons which are 

able to move freely in the radial direction when no pressure is applied to the pump. When the pump 

rotates, the housing of the pistons rotates around the eccentrically (in relation to the ball bearing) 

placed shaft. The ball bearing rotates due to friction of the backside of the pistons, and by rotating, 

it reduces the friction between the pistons and the ball bearing. Multiple non-return valves are 

installed in the pump block to ensure the oil follows the desired path. The operating pressure of the 

pumps used in the vehicles varies between 50 and 60 bar. 

2.1.3 7-piston pump 

The composition of the 7-piston pump that will be used in the setup is nearly identical to the 

composition of the 5-piston pump. To achieve the same flow rate as the five piston pump, the 

diameter of the piston heads is reduced to 3 mm instead of 3,5 mm in the 5-piston pump. To 

accommodate the additional pistons, only the piston housing and the bushing shown in Figure 7 

have to be replaced. The operating pressure of the 7-piston pump is identical to the one of the 5-

piston pump, since they are used in the same system. 
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2.1.4 Difference between 5-piston and 7-piston pump 

The biggest difference between the two pumps is the number of pistons and the volume of the 

pistons. The different number of pistons has an effect on the frequency of the pressure ripple, while 

the different volume has an influence on the flow rate generated by the pump. 

2.2 Generation of pressure ripples 

Now the working principle of the examined pump is known, a study can be carried out to compare 

the findings from paragraph 2.1 to other researches. As found in paragraph 2.1, [9] confirms that 

the main cause for pressure ripples (and noise) are flow pulsations. In gear pumps this is mainly 

caused by the intermeshing of the gear teeth. A secondary effect of the intermeshing of a gear pump 

is noise due to the impact of the teeth. The increased impact noise is caused by the meshing 

characteristics of gears. This means that a difference in base pitch between the driving and the 

driven gear will occur. This difference can be caused by: 

 profile error, 

 installation error, 

 bearing deformation during meshing transmission. 

This noise can be reduced by reducing the impact energy of the gears and ensuring that the 

intermeshing of the gears is more stable. [10] shows that the reasons for noise generation in axial 

piston pumps are similar to these in gear pumps due to the similar periodic pumping dynamics. 

As per [11], in axial piston pumps one of the major noise sources is the pressure variation 

characteristics in the cylinder and the discharge line. This can be measured by fitting a miniature 

pressure transducer on the rotating cylinder block of an axial piston pump. In this setup, the data 

gets transmitted by a slip ring unit to ensure a continuous measurement. The magnitude of the 

pressure ripple is dependant on the exhaust pressure and the rotational speed. The influence of the 

exhaust pressure is shown in Figure 8. 

 

Figure 8: Pressure pulsations in the discharge line [11, p1024] 

Figure 8 shows the relations between the pressure variations in the discharge line compared to the 

absolute pressure in the discharge line. Other factors of the axial piston pump which influence the 

pressure ripple are the pre-compression angle and the addition of a V-notch between the cylinder 
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and the exhaust. The V-notch provides a leak path from the cylinder to the discharge port, which 

leads to a more constant pressure at the exhaust. Finally, [12] and [13, para. 7.8] state that the flow 

speed has a negative impact on the generated noise of a pump. 

According to [13, para. 7.9], in pipe systems, coincidence is the dominant source for noise in straight 

runs downstream of bends, valves and other components. Local flow disturbances induced by these 

components cause pressure changes and internal noise pressure fields. Noise can also be generated 

through mechanical vibrations of the fittings. Other sources of noise can be: 

 diffusers, 

 flow spoilers, 

 flow through grilles, 

 jets, 

 cavity resonances. 

Finally, the vibration response of pipe walls to excitation is determined by the coincidence of higher 

order acoustic modes and the resonant flexural modes of the pipe wall. 

2.3 Measuring pressure ripples 

2.3.1 ISO 10767-2  

To set a reference in the development of the test setup, ISO 10767-2 [4] was used. ISO 10767 gives 

the determination of pressure ripple levels generated in systems and components. The second part 

of this norm specifies a simplified method for pumps. 

While flow pulsations are the cause of pressure ripples in hydraulic systems, they are more difficult 

to measure accurately. Therefore ISO 10767-2 gives a method to measure pressure ripples to 

characterize the fluid-borne noise generation potential of hydraulic power pumps. Measuring 

pressure ripples depends greatly on the pump design and the test circuit. To achieve uniform test 

results, the circuit needs to be controlled. The second part of ISO 10767 is used in this thesis because 

the pressure levels in the examined system are not deemed low, and the frequency of the ripple is 

expected to be relatively high. 

ISO 10767-2 gives the hydraulic scheme to measure pressure ripples caused by a hydraulic pump. 

This hydraulic scheme is shown in Figure 9. 
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Figure 9: Schematic diagram of test circuit [4, p. 5] 

The diagram in Figure 9 shows the main components of the setup: 

 the examined pump, 

 a piezoelectric pressure transducer, 

 an orifice, 

 different pipeline segments with defined lengths and diameters. 

After the composition of the test setup, a test procedure is given. This procedure consists of eight 

steps describing the installation of the components, the adjustments of the valves and the recording 

of the measurements. 

2.3.2 Examples of test setups 

In addition to the ISO-norm, other research subjects have been explored for use as a reference to 

develop the test setup. Figure 10 shows an example of a test setup. 
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Figure 10: Hydraulic circuit for test equipment [11, p1021] 

In Figure 10, [11] gives an example of a test setup to measure pressure ripples. One of the main 

difficulties of this setup is the incorporation of a miniature pressure sensor, which is built into the 

pump body and uses a magnetic pickup for the read-out. This principle is not usable with the pump 

examined in this thesis, because of spatial constraints, technical difficulties because of fragile 

components and protection by intellectual property of the manufacturer. Figure 11 shows another 

test setup used to measure a hydraulic system. 

 

Figure 11: Silencer test rig hydraulic circuit [14, p. 5825] 

In Figure 11, a test setup is shown to test the effectiveness of a silencer in the hydraulic system. 

Since Tenneco wishes to research the influence of the pipe that connects the pump to the manifold, 

many parts of this setup will be carried over to the test setup developed later in this thesis. 
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2.4 Reduction of pressure ripples 

There are multiple ways to reduce noise. [5] gives three aspects to control noise generation: the 

noise source, the transmission path and the receiver. In the automotive industry, there is very little 

influence on this last aspect, so this paper will focus on the first two aspects. 

2.4.1 Reduction at the source 

The most effective way to control noise is at the source. According to [9], a possible solution is to 

increase the number of gear teeth of a gear pump, which results in lower flow pulsations. A similar 

effect can be seen in piston pumps: by increasing the number of pistons, the magnitude of the flow 

pulsations can be lowered. In axial type piston pumps, there are various other parameters which 

influence the generated noise [10], some of which can also be applied to a radial type piston pump 

like the pump discussed in this thesis. 

The pump tested in [11] uses suction and discharge ports that can result in a bigger pressure ripple 

if the timing of opening and closing the ports is not correct. Opening the discharge port too early 

can result in a reverse flow if the pressure in the discharge line is higher than the pressure in the 

piston itself. If the discharge port is opened too late, a pressure overshoot occurs, which leads to an 

even bigger pressure ripple in the system. Figure 12 shows the shape of the valve plates used during 

testing. 

 

Figure 12: Shape of test valve plates [11, p. 1021] 

Figure 12 shows the implementation of the pre-compression angle and the V-notch in the test plates 

of the pump. The addition of a pre-compression angle in the pump significantly reduces the 

generated pressure ripple because the piston pressure that is exposed to the discharge line is at 

approximately the same pressure, since it has already been compressed. Adding a V-notch to the 

valve plate of the axial piston pump gives a leak path between the discharge port and the piston in 

the cylinder. This leads to a gradual increase of the pressure due to the pressure in the discharge 

line. In adding this V-notch, the pressure difference between the discharge line and the piston gets 

reduced, which reduces the pressure ripple in the discharge line. 



27 

 

In addition to changing the shape of the valve plate of the pump, the influence of the rotational 

speed of the pump was researched. 

 The width of pressure variations increases slightly if the rotational speed of the pump is 

increased from 500 to 1000 rpm. 

 The width of the pressure variations increases more when the rotational speed is increased 

from 1000 to 1500 rpm. 

This is caused by the fixed size of the components of the system. As the rotational speed increases, 

the flow rate increases and the components experience more resistance in the system. This leads to 

an increase of the pressure variations in the cylinders. The losses through the V-notch and the 

reverse flow increase as well if the rotational speed increases. 

The parameters best applicable to radial type piston pumps are the variation in the pre-compression 

angle, adding a leak path from the discharge port into the cylinder and lowering the rotational speed 

of the pump. These changes will reduce the pressure ripple and therefore the noise generated in the 

system. 

2.4.2 Reduction in the transmission path 

If noise control at the source is not possible, there are possibilities to control the noise in its 

transmission path. In the case of noise control in the transmission path, the most commonly used 

solutions, according to [9], are: 

 sound insulation, 

 sound absorption, 

 vibration damping, 

 noise elimination. 

Sound insulation can for example be achieved by using rubber inserts in the mounting hardware. 

By insulating the vibrations of the pipe from the chassis of the vehicle, the sound will be damped as 

well  [13, para. 7.9]. Foams or other sponge-like materials can be used to absorb the energy of the 

noise, or to insulate the source from the receiver. An example of vibration damping using free-layer 

visco-elastic damping materials is experimentally tested in [10]. Adjusting the wall thickness of the 

pipes also provides some variations in the coincident frequencies [13, para. 7.4]. 

According to [15], a nitrogen charged hydraulic accumulator can be used to absorb hydraulic 

pressure pulsations. Figure 13 gives an example of an in-line nitrogen charged noise suppressor. 



28 

 

 

Figure 13:  Section of an in-line nitrogen charged noise suppressor [15, p. 387] 

With a normal accumulator, there is a possibility that the pulsation will not enter the accumulator, 

depending on the frequency of the pressure ripple. If the frequency of the pressure ripple in the 

system is not constant, as is the case with the pump in this application, an in-line nitrogen charged 

noise suppressor (as shown in Figure 13) is a better solution for pressure ripple damping in systems 

with a more variable frequency of the pressure ripple. The pressure ripple has no possibility to 

bypass the in-line suppressor as is the case with a normal accumulator. Another type of in-line 

suppressor is a reflection type silencer [14]. This silencer has a wider frequency range than a 

traditional accumulator, and can be used to eliminate multiple frequencies at once. The frequency 

range of a traditional accumulator is shown in Figure 14, the frequency range of an in-line 

suppressor is shown in Figure 15.  

 

Figure 14: Absorber type of fluid power attenuator (accumulator) [14, p. 5824] 

 

Figure 15: Reflection type of fluid power attenuator [14, p. 5824] 
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The type of silencer shown in Figure 15 uses a local bigger diameter, which creates an expansion 

chamber in which the pressure ripples are reflected at the opposite end of the silencer due to the 

sudden increase in diameter and volume. The reflected pressure ripple will interfere with the 

normal pressure ripple by reflecting back and forth between the wall at the end of the silencer and 

the wall at the beginning of the silencer. To solve some of the problems that occur when using 

traditional accumulators, systems are developed to direct flow in to accumulators, as shown in 

Figure 16. 

 

Figure 16: Accumulator with flow directing unit [15, p. 386] 

Figure 16 shows a method to direct flow into an accumulator. The design of the components to 

direct the flow is complex and therefore very expensive. Additionally, these systems generate a very 

high pressure drop, which can cause problems. 

Another subject treated in [15] is the influence of bends in hydraulic hoses on the generated noise. 

Different types of bends are shown in Figure 17. 

 

Figure 17: Types of bends in hydraulic hoses [15, p. 386] 

Figure 17 shows two different approaches to making bends in hydraulic hoses. Research shows that 

the configurations using only hydraulic hoses can increase the noise level in hydraulic systems. 

Replacing the bends in the hydraulic lines with metal tubing bends and using the hoses only in 

straight lines can reduce generated noise by up to 5 dB(A). 
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3 Development of the test setup 

After researching possible test setups in the literature study, a proposition for a test setup was made. 

Because of difficulties with the availability and lead time of the selected components, a second test 

setup was designed. Due to the time limitations of this thesis and to consult additional specialist 

knowledge, the practical realization of the test setup is done in cooperation with an external partner: 

AFMECH s.a., located in Visé, Belgium. 

3.1 Iteration 1: Test setup with differential pressure sensors 

The first iteration of the test setup uses differential pressure sensors to acquire accurate 

measurement data. As mentioned before, there were difficulties concerning the availability and lead 

time of the components selected for this setup, so this setup will not be made within this thesis. 

3.1.1 Setup overview 

Figure 18 shows a proposition for a hydraulic scheme of the test setup for the measurement of the 

pressure ripples caused by the Kinetic pump. 

 

Figure 18: Test setup for measuring pressure ripples using differential pressure sensors 
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The system can be divided into three parts. The first part, shown in blue in Figure 18, is the reference 

circuit. This circuit provides a constant reference pressure so the pressure ripple can be measured 

more precisely. In addition to providing a constant reference pressure for the measurement of the 

pressure ripple, there will also be an accumulator to diminish any minor pressure ripples carried 

over from the differential pressure sensors (pd) and to compensate for the expansion due to 

temperature differences. A pressure sensor will be added to measure the absolute pressure in the 

reference circuit. 

The circuit that is shown in red in Figure 18 is the measuring part of the system. In this part, the 

pump will introduce the pressure ripple, and the ripple will be measured close to the pump as well 

as after a known length (L) of piping. By measuring at two separate points, the effects of the piping 

can be taken into account. In this part of the circuit, the absolute pressure will be measured in 

addition to the temperature of the fluid.  

The circuit shown in black in Figure 18 is the part of the system that returns the hydraulic oil to the 

reservoir that is attached to the pump. This part of the system operates at atmospheric pressure. The 

flowmeter is installed behind the pressure measurement to reduce the interference between the 

pressure ripple and the inline sensor. 

3.1.2 Components of the test setup 

 Absolute pressure sensor ( ) 

In addition to measuring the pressure ripple in the system, the absolute pressure needs to be 

measured. This can be achieved by using a Keller Series PA-23 pressure transmitter with a full-scale 

of 200 bar. This results in an accuracy of 0.4 bar (0.2% FS). The read-out of the sensor will happen 

through a measurement of 0 - 10 V via a 3-wire connection.  

 Differential pressure sensor ( ) 

To achieve a higher accuracy than the absolute pressure sensor, a differential pressure sensor will 

be used in the test setup. The selected differential pressure transmitter is a Keller Series PD-23. The 

version used will be one with a range of 0 – 5 bar differential pressure and a sampling rate of 5 kHz. 

This last option is needed because of the high frequency of the ripple that needs to be measured. 

The use of this transmitter results in an accuracy of 0.01 bar (0.2% FS). The maximum static line 

pressure of this pressure transmitter is 200 bar, which is sufficient for the system with a burst 

pressure of 150 bar. Since there is a maximum overpressure of 10 bar on the measuring side and 5 

bar on the reference side, a protection against higher pressures is needed on both sides. This 

protection will be achieved by placing a ball valve on either side of the pressure transmitter. The 

read-out of the sensor will happen through a measurement of 0 - 10 V via a 3-wire connection. 
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 Flow meter ( ) 

To measure the flow through the system, a HySense QG 100 gear volume flow sensor will be used. 

The version used has a measuring range from 0.2 to 30 l/min at an allowed working pressure of 160 

bar, which leads to an accuracy of 0.015 l/min at the maximum flow that will be used in the tests (3 

l/min). The read-out of the sensor will happen through a measurement of the frequency via a 5-

wire connection. 

 Pressure relief valve (parallel to pd-sensor) ( ) 

The differential pressure sensors (pd) have a maximum overpressure on either side of the sensor. To 

protect the sensor from possible overpressure, pressure relief valves will be installed to reduce the 

pressure difference if needed. 

 Valves ( ) 

To stop the oil flow in the system, valves need to be used. To minimize the amount of flow 

resistance, ball valves are used. The valves are also used to control the path followed by the flow, as 

Figure 18 shows. Additionally, the valves are installed to protect the differential pressure sensors 

from pressure differences exceeding the maximum overpressure. The selected valves are Electric 

high pressure ball valves: KH 38 HD ELI 230. These are electronically controlled with a voltage 

from 24 to 240 VAC or 24 to 135 VDC and have threaded connections of G3/8”. This size is optimal 

for the use in combination with DN10 pipes. These valves will be installed on either side of the 

differential pressure transmitters. 

 Pressure control valve ( ) 

To regulate the pressure in the system, a pressure control valve will be used. It is important that this 

valve does not introduce a pressure ripple or interferes with an existing pressure ripple. Therefore, 

the selected valve is a direct operated proportional pressure relief valve RE06M10T2N1F0. This 

valve is able to control the pressure between 0 and 105 bar. The regulation of this valve can be done 

by using a threshold between which the pressure may vary before the valve opens. The valve is 

controlled by a signal from 0 to +10 Vdc.  

 Accelerometer  

To measure the vibrations of the system, accelerometers will be used. To determine the influence 

of the pipe network, three sensors will be placed in the system: the first one on the pump itself, the 

second one on the start of the test pipe and the last one at the end of the test pipe. The selected 

sensors are Wilcoxon 787A- sensors. These sensors were selected because of their low sensitivity 

tolerance (±5%) and the correct measuring range (0,5 Hz – 10 kHz). The electrical connection for 

this sensor is a standard 4-pin M12 connector. 
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3.2 Iteration 2: Test setup with piezoelectric pressure sensors 

The main reason for the design of this second test setup is the unavailability or long lead times of 

the selected components from the first test setup. Since the unavailable components had no 

substitute with specifications that met the requirements, a second test setup was made with different 

components and a different principle. An additional advantage of the second test setup is that it does 

not need the reference system and the needed safety precautions for the differential pressure 

sensors, which greatly simplifies the setup. Instead, it uses piezoelectric sensors with a high 

measuring frequency to measure the pressure ripple. The setup is not built as described in the ISO-

norm for determination of pressure ripple levels generated in system and components (ISO10767-

2) [4]. The reason for this being that Tenneco also wants to take into account the influence of the 

line that connects the pump to the manifold. In comparison to the ISO-norm, some additional 

components will be added to ensure that the hydraulic behavior of the system can be measured 

accurately. 

3.2.1 Setup overview 

Figure 19 gives another possible hydraulic scheme for a test setup for the measurement of the 

pressure ripples caused by the Kinetic pump. 

 

Figure 19: Test setup for measuring pressure ripples using absolute pressure sensors 

In Figure 19, the thin pipes represent flexible tubes, while the big pipes represent steel pipes with 

an inner diameter of 12 mm. The pump unit used in the vehicles has a piece of flexible tube with a 

quick assembly coupling from Walther Präzision attached to provide a fast way to connect and 

disconnect the pump. This type of quick connector is shown in Figure 20, more information can be 

found in Appendix B.1.  

 

Figure 20: Quick assembly coupling (Appendix B.1, p. 1) 
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On the left in Figure 20, the female part is shown (07-003-0-4M010-AADY-Y32), and on the right 

the male one (07-003-2-4M010-AADZ-Y32). The female part of this quick connector is attached to 

a first T-junction which also holds the first piezo-electric pressure transducer. The measuring tube 

is connected to the third terminal of the T-junction. At the opposite end of the testing tube, the 

second T-junction is connected to house the second piezo-electric pressure transducer and to 

connect the third T-junction. This third T-junction houses the absolute pressure sensor and 

connects to the needle valve that regulates the pressure in the testing tube by limiting the flowrate. 

To protect the components in the setup from pressures exceeding their operating ranges, a pressure 

relief valve is placed in parallel to the needle valve. From the needle valve, the flowmeter gets 

connected using a flexible tube and a final piece of flexible tubing is used to return the hydraulic oil 

to the reservoir in the pump unit. The pipes and T-junctions will be interconnected using a Tri-

clamp system (following DIN 32676) as shown in Figure 21 and Figure 22. This system allows for 

quick adjustments during the research phase, while limiting flow restrictions. To attach the sensors 

and valves to the system, some custom components were made (Drawings in Appendix A.1 - A.7). 

Figure 23 shows the test setup as it is deployed at Tenneco. 

 

Figure 21: Components Tri-clamp system [16] 
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Figure 22: Tri-clamp system mounted in the test setup 

 

Figure 23: Test setup 

As can be seen in Figure 23, the test pipe is held in place by two brackets with a rubber insert, one 

in the middle of the test pipe, and one at the T-junction at the pump side. At the needle valve side, 

the pipe is held in place by the mounting block for the needle valve. Table 1 gives an overview of 

all the parts used.  
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Table 1: Overview of used parts 

Part Model Number 

Connection pump unit Quick assembly coupling, type 07-003-0-4M010-

AADY-Y32 

1 

Mount for connection pump unit Custom part: Appendix A.1 1 

Connections test pipe Tri-clamp system, micro clamps (DIN 32676)  14 

T-junctions 12 mm internal diameter  3 

Mounting brackets Brackets with rubber inserts: diameter 15 mm 2 

Piezoelectric pressure sensor PCB Piezotronics 102B04 2 

Mount for PCB 102B04 Custom part: Appendix A.2 2 

Test pipe 12 mm internal diameter 

(Length between two sensors on T-junction) 

1 m 

Absolute pressure sensor Keller PA-33X 1 

Mount for Keller PA-33X Custom part: Appendix A.3 1 

Connection Tri-clamp system to 

mounting block FV102KV 

Custom part: Appendix A.4 1 

Mounting block for FV102KV Custom part: Appendix A.5 1 

Needle valve Parker FV102KV 1 

Mounting plate for FV102KV  Custom part: Appendix A.6 1 

Pressure relief valve VMP ¼” Light 1 

Connections return pipe Quick release couplings  DNP PBV1 DN06-BG1-

ISO6.3-BSP1/4 

3 M 

1 F 

Hydraulic hose Hose with connections: M – F 1 

Flowmeter VSE Flow VSI 0.02 High Definition Flow Meter 1 

Mounting plate for flowmeter Custom part: Appendix A.7 1 

Hydraulic hose Hose with connections: F – open ended 1 

Frame Bosch-profiles 20x40 mm 

(2x1,5 m + 4 cross members 250 mm) 

4 m 

 

Sliding nuts M4 38 

Angle iron 20 mm x 20 mm x 2mm  L=40 mm 8 
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3.2.2 Components of the test setup 

 Absolute pressure sensor (PA-33) 

In addition to measuring the pressure ripple in the system, the absolute pressure needs to be 

measured. The piezo-electric pressure sensors are not capable of measuring absolute pressure, so this 

can be achieved by using a Keller Series PA-33X pressure transmitter with a full-scale of 100 bar 

and a proof pressure up to 300 bar. The PA-33X is shown in Figure 24. 

 

Figure 24: Keller PA-33X 

This sensor has an accuracy of 0.05 bar (0.05% FS). The readout of the sensor will happen through 

a measurement of a 0-10 V signal via a 3-wire connection. The datasheet for the Keller PA-33X is 

added in Appendix B.2. Additionally, this sensor contains a temperature probe that will be used 

instead of the separate temperature sensor from the first iteration of the setup. The readout of the 

built-in temperature probe happens through a digital signal following the RS485 protocol. 

 Piezoelectric pressure sensor (PCB 102B04) 

To measure the pressure ripple in the system, a piezoelectric pressure sensor will be used. The 

selected sensor is the PCB Piezotronics model 102B04 and is shown in Figure 25. 

 

Figure 25: PCB 102B04 
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This sensor has a full scale of 69 bar and a useful overrange of 137.9 bar. The sensitivity of this sensor 

is 0.7 mV/kPa, the resolution is 0,14 mPa and the rise time of the sensor is less than 1 µs. The readout 

of the sensor will happen through the measurement of a current between 2 and 20 mA via a 2-wire 

connection. The datasheet for the PCB 102B04 is added in Appendix B.3. 

 Flow meter ( ) 

To measure the flow through the system, a VSE Flow VSI 0.02 High Definition Flow Meter will be 

used. Figure 26 shows the flowmeter installed in the test setup. The datasheet for the VSI 0.02 

flowmeter is added in Appendix B.4. 

 

Figure 26: Flowmeter 

The version used has a measuring range from 0.02 to 2 l/min at an allowed working pressure of 315 

bar, which leads to an accuracy of 0.02 l/min (given the current setup of the flowmeter) at the 

maximum flow that will be used in the tests (2 l/min). The read-out of the sensor will happen 

through a measurement of the frequency of a square wave via a 5-wire connection. 

 Needle valve ( ) 

To regulate the pressure in the system, a flow control valve will be used. By limiting the flow that 

passes through the valve, the pressure in the system can be increased. It is important that this valve 

does not introduce a pressure ripple or interferes with an existing pressure ripple. Therefore the 

selected valve is a Parker needle valve FV102KV, shown in Figure 27. The datasheet for the Parker 

FV102KV is added in Appendix B.5. This valve is manually adjustable from 0 to 23 l/min, resulting 

in a pressure regulating range of 0 to 204 bar. The use of a pressure relief valve in parallel as shown 

in Figure 28 is recommended to ensure the safety of the used sensors and other components. Later 

a stepper motor or servo can be attached to automate the flow control. 
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Figure 27: Needle valve Parker FV102KV [15] 

 

Figure 28: Needle valve with pressure relief valve in parallel 

As can be seen in Figure 28, the mounting block in which the FV102KV is installed is equipped with 

two quick release couplings of the type DNP PBV1 DN06-BG1-ISO6.3-BSP1/4, also shown in Figure 

29. The datasheet for the DNP PBV1 quick release couplings can be found in Appendix B.6. 

 

Figure 29: Quick release couplings DNP PBV1 DN06-BG1-ISO6.3-BSP1/4 [18] 

 Pressure relief valve 

To protect the system from higher pressures than it is intended for, a pressure relief valve will be 

used to limit the maximum pressure in the system. The selected pressure relief valve is a VMP ¼” 

Light and is shown in Figure 30. More information can be found in the datasheet in Appendix B.7. 

 

Figure 30: Pressure relief valve VMP ¼” L [19] 
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This valve has an adjustable pressure range from 10 to 180 bar and a maximum working pressure of 

350 bar. The maximum flow of the pressure relief valve is 30 l/min, which is more than sufficient 

for application in this setup. The pressure relief valve is set to 80 bar in this test setup, because this 

is the rated pressure of the Tri-clamp system. 

 Accelerometer 

To measure the vibrations of different components of the test setup, accelerometers can be added to 

the setup. The model that is available at Tenneco is the PCB Piezotronics 356B21, a tri-axial ICP 

accelerometer. The sensitivity of this sensor is 10 mV/g and the sensor has a range of ±500 g. The 

readout of the sensor uses a 4-pin 8-36 connector. An important aspect of the accelerometer is its 

measuring frequency, which is up to 7000 Hz for the x-axis, and up to 10000 Hz for the y- and z-

axes. 

3.3 Data acquisition 

To acquire the data, a National Instruments CompactDAQ is used. A cDAQ-9189 chassis [20] is used 

in combination with a NI-9220 analog input module with spring terminal connectors [21]. The 

analog module is shown in Figure 31. 

 

Figure 31: Analog module NI 9220 

The CompactDAQ is connected to a PC using an Ethernet cable and LabView is used to read the 

data from the CompactDAQ and convert the measured voltages to the suitable units for the different 

inputs. This conversion includes the sensitivity of each sensor individually as well as the setting of 

the signal conditioner if used. The data is also plotted in real-time on the PC screen to provide a 

means to monitor the test conditions. The sensors from PCB Piezotronics use a 482A20 ICP sensor 

signal conditioner, shown on the right in Figure 32, to convert the 4 to 20 mA signal into a 0 to 10 

V signal that can be read by the CompactDAQ. The specifications of the 482A20 ICP sensor signal 

conditioner are shown in Appendix B.9. 
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Figure 32: Setup of data acquisition 

Figure 32 shows on the left the CompactDAQ with the analog module, in the center the AFX-

9660SB power supply to provide power to the Keller pressure sensor and the VSE flowmeter and on 

the right the PCB signal conditioner. The sampling frequency of the CompactDAQ can be adjusted 

through LabView up to 100 kS/s/ch (kilosamples per second, per channel) (LabView program: 

Appendix C). At the end of the measurement, the data is saved. In the LabView program, there is 

also the possibility to connect and read three different accelerometers, but these are not used in this 

thesis because of time constraints.  

The data saved from LabView is processed further using MATLAB R2021b (Matlab code: 

Appendices D.1-D.3). However, the code is made to be compatible with MATLAB R2018b, since 

this is the version used at Tenneco. In MATLAB, the CSV-files from LabView are read, and the 

timestamps are converted into a duration. Then, a lowpass filter is applied to the pressure signals. 

This way only the useful frequencies are visible when the pressure is plotted in function of time. 

After plotting the pressures and the flow, the signals from the PCB-sensors are processed using a 

single-ended frequency analysis. Finally, the amplitude of the harmonic distortion will be plotted 

in function of the frequencies. 

The temperature of the hydraulic oil will be measured by the internal temperature probe of the 

Keller PA-33X. The readout of this probe is only possible through the digital readout of the sensor. 

To convert the digital signal to a signal that can be read by the PC, a Keller K-114B RS485 to USB 

converter is used. The digital readout happens through a proprietary program (CCS30) provided by 

Keller. The data converter is shown in Figure 33, more information is given in Appendix B.8.  



43 

 

 

Figure 33: RS485 to USB converter 

To power the pump during testing, a three phase 380 V power supply is used. The model available 

at Tenneco is the Delta Elektronika SM 60-100 and is shown in Figure 34. This power supply has a 

voltage range from 0 to 60 V and a current range from 0 to 100 A and can be used either in constant 

voltage or constant current mode. During the tests, the constant voltage mode is used. 

 

Figure 34: Power supply for the pump 

3.4 Test procedure 

The last part of the development of the test setup is composing a test procedure, so the measurements 

can be reproduced. The test procedure assumes that the test setup and the other components are 

placed on a level and dry surface. The test procedure uses the filling station for hydraulic systems 

that is widely used within Tenneco. 

1. Check if all the Tri-clamp connections are lined up and tightened down properly. Secondly, 

check if all the threaded connections are screwed in properly and with use of a sealant (e.g. 

doughty washers). 

2. Connect the filling station to the unused PBV1 quick release coupling and connect the filling 

station to a compressed air source (6 bar is used at Tenneco). Turn on the power of the filling 

station. 

3. Use the filling station to pressurize the system with compressed air, to check for any leaks. 

Make sure that the flexible tube connecting the flowmeter to the tank of the pump is 

disconnected to close the system and prevent air or oil passing in/out the setup.  

4. Turn off the compressed air on the filling station and open the valve of the atmospheric 

pressure.  

5. When the system is at atmospheric pressure, this valve can be closed again and a vacuum 

can be applied to the system by opening the vacuum valve.  

6. When a pressure of below 10 mbar is reached, close the vacuum valve. (Generally after 1 to 

2 minutes) 
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7. To pressurize the oil in the filling station, open the compressed air valve. Make sure that the 

vacuum valve is closed.  

8. To fill the system, open the filling valve on the filling station. 

9. When the system is filled, disconnect the flexible hose from the test setup. 

10. Close the pressurized air valve and open the valve for the atmospheric pressure. Then 

disconnect the pressurized air from the filling station and turn off the power of the filling 

station. 

11. Connect the PCB 102B04 pressure sensors to two different inputs of the PCB signal 

conditioner and set the amplification value to 1. Then connect the corresponding outlet of 

the signal conditioner to the cDAQ. 

12. Connect the +Vs and the GND of the Keller PA-33X pressure sensor to the AFX-9660SB 

power supply and set the voltage between 15-30 V. Next connect the analog OUT and the 

GND to the cDAQ. Lastly, connect the two digital readouts and the GND to the RS485 to 

USB converter module. 

13. Connect the +Vs and the GND of the flowmeter to the AFX-9660SB power supply and set 

the voltage between 10-28 V. Then connect the analog OUT and the GND to the cDAQ.  

14. Connect the cDAQ to a PC using an Ethernet cable, and the RS485 to USB converter module 

using the USB connector. 

15. Connect the pump to the Delta Elektronika SM 60-100 power supply. Turn the main switch 

of the power supply on and set the settings to the desired voltage. Do not turn the output of 

the power supply on. 

16. Start the proprietary Keller PC program (CCS30) for the digital readout of the Keller sensor. 

Make sure the correct drivers are installed on the PC. 

17. Start the LabView file for the readout of the sensors. 

18. Use a ¼” hex key to completely open the needle valve. Connect the flexible hose from the 

flowmeter to the reservoir of the pump.  

19. Connect the cooling stand to the pressurized air terminal and slightly open the valve. Aim 

the nozzles at the pump motor. 

20. Turn on the output of the SM 60-100 power supply. The pump will start.  

21. Adjust the pressure by turning the hex key in the needle valve. The manometer installed on 

the system can be used as a reference. For a more accurate readout, check the CCS30 

program for the digital readout of the Keller sensor. 

22. Run the LabView program to start measuring and recording data. When the measurement 

is finished, press the SAVE&STOP button within the LabView program. A directory to save 

the data has to be specified twice (one for the flowmeter data, one for the pressure sensors 

data). 

23. Turn off the output of the SM 60-100 power supply to turn off the pump. Close the valve of 

the cooling stand. 

24. If the graphs are required for analysis of the data after the measurement, load the correct 

CSV-files (flowmeter data and pressure sensor data) into MATLAB and run the program. 

a. There is also a program ‘comparing two measurements’ to compare two 

measurements. To run this, four files need to be loaded into the program. 

b. A program to compare the results from the PCB sensor data from five measurements 

is also created. To run this, the files from five different measurements have to be 

loaded into the program ‘comparing five measurements’. 
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4 Experiments and results 

After the development of the test setup, the setup was built in partnership with AFMECH s.a.. The 

used hydraulic components can be found in paragraph 3.2. During the execution of the tests, some 

additional cooling using compressed air nozzles was provided to the pump motor since the motor is 

designed for short periodical use. Since the system is open to atmospheric pressure at the return line 

into the tank, the pressure drops quickly when the pump is shut down. As a result, the pump needed 

to run for longer intervals at a certain pressure to provide suitable measurement data. The regulation 

of the pressure in the system was carried out manually, which leads to longer run times and possible 

inaccuracies. The settling time of the pressure drop over the needle valve also contributed to longer 

run times. Figure 35 shows a graph that is acquired by the processing in MATLAB. 

 

Figure 35: Results processing MATLAB 

Figure 35 shows on the top left the absolute pressure measured by the Keller pressure sensor, and 

in the top center and right the results from the PCB- piezoelectric pressure sensors, all three in 

function of time. At the bottom left, the flow measured by the flowmeter is shown in function of 

the time. Lastly, on the bottom center and right, the FFTs from the PCB sensors are displayed. These 

FFTs show the amplitude of the pressure ripple in function of the frequency of the pressure ripple. 

A major disadvantage of this readout is that the pressure ripple cannot be seen clearly on any of the 

graphs. Because of this, from now on, all the graphs from the PCB pressure sensors will be zoomed 

in on the time scale to clearly visualize the pressure ripple. 

  



46 

 

4.1 Parameter diagram 

To be able to perform meaningful measurements, the setup needs to have a certain level of 

repeatability and reproducibility. To help define all the parameters in the test setup and their 

influence on either the measurement itself or the collection of the data, a parameter diagram was 

composed. This parameter diagram is shown in Figure 36. 

 

Figure 36: Parameter diagram 

The parameter diagram in Figure 36 shows the different aspects that can influence the collected 

data from a measurement. In the top left corner the factors are shown that can possibly cause noise 

in the measurement. The flowmeter and the pressure relief valve are listed here because they 

include mechanical components. In the flowmeter, there are gears present that intermesh, which 

may cause noise in the measurement. The pressure relief valve contains a spring, so when the 

opening pressure of the valve is approached, this spring can be compressed slightly, which opens 

the valve unnecessarily. On the left, in the center, the direct inputs of the system are displayed. 

These are the factors that can be adjusted easily while performing the measurements. In the bottom 

left corner, the control factors are shown. These aspects of the measurement are adjustable, but to 

adjust these parameters, parts of the setup need to be disassembled. Therefore these are not classified 

as inputs. Lastly, on the right, the outputs of the system are shown. Here all the measured signals 

that are written into the CSV-file by LabView are listed. As can be seen in Figure 36, this output is 

also controlled by a control parameter. This control parameter does however not control the 

measurement, only the scale of the readout. 
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4.2 Reproduction of manufacturer test 

The first measurement was performed to compare the data provided by the test setup with the data 

provided by the pump manufacturer. The test was carried out at a voltage of 13,2 V and a pressure 

of 45 bar. Figure 37 displays the data provided by the pump manufacturer, Figure 38 and Figure 39 

display the data collected in the test setup. 

 

Figure 37: Manufacturer data [12, p. 9] 

 

Figure 38: Measured pressure ripple at 45 bar 
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Figure 39: Magnitude response at 45 bar 

If Figure 37 is compared to Figure 38 and Figure 39, it is clear that the peak-to-peak value of the 

pressure ripple is smaller in the experiments than in the manufacturer data. The peak-to-peak value 

provided by the manufacturer stands at 1,9 bar, while the value from the experiments amounts to 

0,8 bar (80 kPa). When the FFTs are compared to each other, it is clear that they are very similar. 

However the peaks in the FFTs from the experiments tend to be about 20 to 30 Hz lower. Experience 

within Tenneco indicates that there is a variation of ± 10 % on the rotational speed of the pump 

motor, which is a possible reason for this deviation. Another reason for this difference might be that 

the measurements are performed on different temperatures. Since no temperature is provided by 

the manufacturer, this cannot be taken into account when performing the measurement. 
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4.3 Influence of flowmeter 

To examine the influence of the flowmeter on the system, a reference measurement was executed 

to establish a baseline. After this, a measurement was executed without the flowmeter installed in 

the system. This way, the magnitude of the backpressure that the flowmeter adds to the system can 

be determined. Figure 40 displays the pressure measurement with and without the flowmeter in the 

hydraulic system. 

 

Figure 40: Pressure comparison to examine the influence of the flowmeter 

Figure 40 shows that there is little to no difference between the pressure in the system with or 

without the flowmeter installed. In Figure 41, the graphs on the left side are from the PCB-sensor 

mounted closest to the pump and the right graphs are from the sensor mounted next to the needle 

valve. In the graphs, the blue data is with the flowmeter and the orange is without the flowmeter 

installed. 
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Figure 41: MATLAB-results at 45 bar (blue with flowmeter, orange without flowmeter) 

To determine if the flowmeter has changed the pressure ripple, there are two parameters to look for 

in the top left graph of Figure 41. The first parameter is to look for additional peaks in the pressure 

ripple, which may be generated by the movement of the gears in the flowmeter. The second 

parameter is a drastic change in the magnitude of the ripple. Looking at the pressure response of 

PCB 1, it is clear that there are no additional peaks introduced into the ripple. Next, the difference 

between the magnitudes of the ripple with and without flowmeter is ± 5 kPa. This might also be 

slightly influenced by the different offset of the sensors. However this is only for the displayed 

peaks, and the difference between peaks in another time window from the same measurement could 

have another deviation. The same conclusion can be made with the top right graph of Figure 41. 

The FFTs shown at the bottom in Figure 41 indicate that there is no significant shift in frequency 

of the measured pressure ripple.  
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4.4 Influence of mounting brackets 

To examine the influence of the mounting brackets, different measurements were done with 

different numbers of mounting brackets installed. 

4.4.1 Influence of the central bracket 

The first measurement, shown in blue in Figure 42, is the measurement with both brackets. The 

measurement shown in orange is the measurement where the central bracket is removed. 

 

Figure 42: Measurement influence of central bracket 

As can be seen in Figure 42, both measurement are very similar. The peak-to-peak values of both 

pressure measurement are nearly identical, and the FFTs of both measurements also show a lot of 

similarities. The small difference of 5 kPa between the two measurements could be caused by a small 

difference in the setting of the needle valve, since this is done manually during the tests. 

4.4.2 Influence of removing both brackets 

A third measurement is performed, this time with both brackets removed from the setup. The test 

pipe is now only connected to the mounting block for the needle valve, and to the pump with a 

flexible hose. The measurements with and without brackets are shown in Figure 43. 
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Figure 43: Measurement influence of brackets 

In Figure 43, the measurement with the brackets installed is shown in blue, and the measurement 

without the brackets installed is shown in orange. As in paragraph 4.4.1, Figure 43 also shows very 

little difference between the measurements. The amplitude of the pressure ripple is nearly identical 

and the FFTs are very similar as well. A difference that is visible however, is that the second 

harmonic (at ±900 Hz) of the measurement without the brackets installed has a greater amplitude 

than when the brackets are installed. This might be caused by the free movements of the pipe 

system. 

From the measurements in paragraph 4.4.1 and paragraph 4.4.2, it can be concluded that the 

influence of the mounting brackets on the setup are negligible, as they will not affect the 

measurements in a significant way.  
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4.5 Repeatability 

4.5.1 No adjustments in between measurements  

To check if the test setup records the same data when no parameters get changed in between the 

measurements, five measurements were executed with no changes in between. The results of these 

tests are shown in Figure 44 and Figure 45. 

 

Figure 44: Repeatability results PCB 1 
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Figure 45: Repeatability results PCB 2 

Figure 44 shows that when the absolute pressure varies between 48,8 bar and 54,3 bar, the pressure 

ripple measured by the PCB sensor closest to the pump unit (PCB1) has an amplitude of 100 kPa (± 

5 kPa) or 0,10 bar. The pressure ripple measured by the second PCB sensor is shown in Figure 45 

and has an amplitude of 50 kPa (± 8 kPa). This means that the amplitude of the pressure ripple has 

a variation across different measurements of 16 kPa.  
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4.5.2 Separate adjustments during every measurement 

In contrast to the measurements without changing any settings in between, this time the needle 

valve is opened after every measurement and the same pressure is set separately during every 

measurement. These measurements were carried out multiple times but due to the similarities of 

the results, only two of the measurements are shown in Figure 46. 

 

Figure 46: Repeatability results separate adjustments needle valve 

Figure 46 shows that the absolute pressure for the first measurement is 43,7 bar, and for the second 

measurement 43,9 bar. This shows that when manually adjusting the needle valve, it is possible to 

achieve an accuracy of 0,2 bar. This is compared to not adjusting the needle valve in between the 

measurements as discussed in paragraph 4.5.1. In paragraph 4.5.1, it is visible that the difference in 

the absolute pressure in between the different measurements reaches up to 4,4 bar. From this can 

be concluded that manually adjusting the needle valve for every measurement separately gives more 

accurate results. When the pump is deployed in a vehicle, the system reacts to changes of 1 bar, so 

the 0,2 bar that can be achieved in the test setup is sufficient. 
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4.6 Difference between 5-piston and 7-piston pump 

One of the improvements suggested in paragraph 2.4.1 to reduce the pressure ripple in hydraulic 

systems is to increase the amount of pistons. The influence of this adjustment will be measured. As 

mentioned in paragraph 2.1.3, most of the components of the pump stay the same. Only the piston 

housing, the number of pistons and the area of the piston heads have been changed. The results of 

the measurements are shown in Figure 47. 

 

Figure 47: Measurements 5-piston and 7-piston pump 

Figure 47 shows the measurement of the 5-piston pump in blue, and the measurements of the 7-

piston pump in orange. It is clearly visible that the pressure ripple caused by the 7-piston pump has 

a significantly smaller amplitude than the pressure ripple from the 5-piston pump. The 5-piston 

pump introduces a pressure ripple of ±100 kPa into the system. The pressure ripple generated by the 

7-piston pump has an amplitude of ±20 kPa. In the results of the FFT it is very clear that the 

frequency has shifted, as mentioned in paragraph 2.1.1. The 5-piston pump generates pressure 

ripples with a frequency of ±440 Hz, while the pressure ripples generated by the 7-piston pump 

have a frequency of ±600 Hz. This causes a second harmonic of ±870 Hz and ±1200 Hz respectively 

for the 5- and 7-piston pump. 
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5 Additions and limitations  

5.1 Additions 

5.1.1 In-line suppressor 

An addition that can be made relatively easily, is the addition of an in-line nitrogen suppressor, as 

discussed in the literature study. To add this, two custom parts with the correct thread need to be 

made to be able to fit the silencer onto the Tri-clamp system, similar to the parts needed to mount 

the sensors into the setup. 

5.1.2 Modular system 

To comply with some of the required specifications, a modular system using Tri-clamps (DIN 32676) 

was implemented into the setup. Due to the limited size of the climate chamber at Tenneco, the 

setup cannot fit entirely in the climate chamber. The use of this modular system allows certain parts 

to be replaced or removed from the setup. This way, the most essential sensors can be used for 

testing in the climate chamber. Doing this would require research on the influence of the 

components that were replaced or removed. 

5.1.3 Influence of the length of the hydraulic hose attached to the pump unit 

Another possible addition that can be made to the setup is the examination of the length of the 

hydraulic hose that is attached to the pump unit. Some of the pumps use a piece of flexible hose of 

± 25 cm, while others use ± 80 cm. Another possibility to examine the influence of the hydraulic 

hose is to replace the hydraulic hose with a piece of metal tubing. Currently, Tenneco considers this 

piece of hose as a part of the pump unit. In the future it might be possible to examine the influence 

of it separately. 

5.1.4 Implementation digital readout pressure sensor in LabView 

Since the temperature probe is embedded in the Keller PA-33X, the temperature readout happens 

through a separate program provided by Keller. A possible addition is to log the temperature readout 

in LabView. This way, all the readouts are grouped together and a better overview is provided. 

5.1.5 Accelerometers 

Additionally, it is possible to add accelerometers to the setup. This way, the vibrations of the pump 

and the test pipe can be measured. The implementation for the readout of the accelerometers is 

already programmed in the LabView program, so this makes the process “plug-and-play”. 

Furthermore, the vibrations of the frame can be measured to take the influence of the mounting 

hardware into account. By comparing the vibrations produced by the pump and the piping system 

with the vibrations in the frame, it can be calculated how much of the vibrations are damped. 

5.1.6 Surface plot  

An addition that can be made to clearly visualize the relation between the different parameters is a 

surface plot. This is a three-dimensional plot that includes three parameters, namely the absolute 

pressure, the pressure ripple amplitude and the rotational speed of the pump. The rotational speed 
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of the pump is proportional to the flow created by the pump. The implementation of this addition 

takes a lot of time, because of all the required measurement, so this is not possible within this thesis. 

5.2 Limitations 

5.2.1 Manual adjustment needle valve 

One of the major limitations of the setup is the manual adjustment of the needle valve. This makes 

the measurements difficult to be reproduced within a certain margin. If the adjustment of the needle 

valve could be electronically controlled, preferably while introducing as few moving parts as 

possible into the system itself, more consistent results could be acquired. An example to improve 

the setup is adding a servo motor which controls the needle valve either directly, but since this 

might be difficult, indirectly by using a transmission mechanism. 

5.2.2 Temperature control 

Another limitation of the setup is the lack of temperature control. If the measurements need to be 

carried out at equal temperatures, a long waiting period is required while the hydraulic oil cools 

passively to the surrounding air. This could be sped up by adding a cooler (or a heater, depending 

on the desired temperature) into the return line of the setup. By placing it in the return line of the 

setup, the influence of the component on the pressure ripple is minimized, as demonstrated with 

the flowmeter in paragraph 4.3. 

5.2.3 Power supply 

The power supply provided by Tenneco uses voltage control to control the motor of the pump. This 

is different from the implementation in the vehicles, where the power of the pump is controlled by 

a PWM-signal. Since the measurement took place at a constant voltage of 13,2 V, this is not very 

influential for the measurement. Related to this different power supply is the lack of a readout for 

the rotational speed of the motor. This leads to differences in the frequency spectrum of the pressure 

ripple, which cannot be adjusted accurately.  
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6 Conclusion 

The main objective of this thesis’s project was to develop a method to quantify the pressure ripple 

caused by a hydraulic pump for a hydraulic roll-control system in vehicles. Firstly, a literature study 

was carried out to determine the main causes of pressure ripples. After this, the literature study 

continued to search for examples of test setups. This part resulted in a hydraulic scheme with 

sections from different sources, including ISO 10767-2 and other setups used in the industry. In the 

final part of the literature study, solutions were searched to reduce pressure ripples and noise in 

hydraulic systems. A limited number of these solutions were later tested in this thesis. 

After the literature study, the test setup was further developed with pressure sensors for the absolute 

pressure in the system as well as pressure sensors to measure the smaller pressure ripple. In the 

setup, the flow of the hydraulic oil is also measured to completely identify the hydraulic behavior. 

The setup complies with most of the requirements from the requirements package composed by 

Tenneco. Thanks to the modular system using the Tri-clamp system, the setup can be used inside 

the climate chamber, after making some adjustments. Because of the frame that supports all the 

hydraulic components of the test setup, it is easily transportable. All components in the system are 

compatible with the Fuchs Titan CHF-202 hydraulic oil used in the setup and in the vehicles. 

The power supplies for the pump unit and the sensors are provided by Tenneco, and are easily 

configurable to produce the desired voltages and currents. By disconnecting a limited number of 

wires, the power supplies and data acquisition setup can be transported separately from the 

hydraulic part of the test setup. 

During the initial phase of testing, the pressure relief valve was not installed in the system. In this 

period, the maximum pressure of the test setup was checked. The working pressure of 120 bar is 

achievable, but to protect the components in the setup, the pressure relief valve was added and 

adjusted to open at a pressure of 80 bar. All the sensors have a sufficient temperature range and 

resolution, except the flowmeter. The resolution of the flowmeter is 0,02 l/min, while the required 

resolution was 0,01 l/min. Since the flow measurement is not the primary target of this setup, this 

was not detrimental to the setup. 

To carry out the tests on the setup in a repeatable way, a test procedure was composed, describing 

all the steps in the process. It was found to measure at an identical pressure level in different 

measurements, it is more accurate to adjust the needle valve for every measurement separately than 

to leave the valve in the same position. Additional testing revealed that the flowmeter and mounting 

brackets have an insignificant influence on the system. Finally a seven piston pump was tested 

which resulted in a noticeable decrease in the amplitude of the pressure ripple. 

Finally, the possible additions and the limitations of the setup are examined. A possible research 

topic for the future is the addition of an in-line nitrogen suppressor, which can reduce the pressure 

ripple in the system, as explained in the literature study. An addition that is already used in the 

setup is the use of a modular system of piping. This allows for relatively an easy removal or 

replacement of certain parts. Another topic that can be researched in the future, is the influence of 
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the hydraulic hose that is attached to the pump. For the time being, Tenneco considers this piece of 

hose as a part of the pump unit. A smaller possible addition is to log the temperature through 

LabView, together with all the other sensors. Currently, the readout of the temperature happens 

through a separate program. The addition of the accelerometers is already implemented in LabView, 

so it is relatively easy to add these to the setup in the future. 

The most important limitation of the setup is the manual setting of the needle valve. This leads to a 

reduced accuracy for the tests. This limitation can be resolved by adding for example a servo motor 

attached to a few gears to the setup. Another limitation of the setup is the lack of temperature 

control, which leads to long waiting times when measurements have to be carried out at equal 

temperatures. A final limitation, which Tenneco considers to be a minor limitation, is that the used 

power supply for the pump does not use a PWM-signal, as is used in the vehicles. Instead of the 

PWM-signal, it is possible to control the voltage and the current through the power supply.
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B. Datasheets used components 

B.1 Datasheet Quick assembly coupling Walther Präzision (Selected pages) 

Source: [1] Carl Kurt Walther GmbH & Co. KG, “Schnellmontagekupplung für Kompakthydraulik 

von Walther.” https://www.walther-

praezision.de/de/produkte/monokupplungen/sonderprogramm/schnellmontagekupplungen/index.

html (Accessed May 29, 2022). 
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B.2 Datasheet Keller PA-33X (Selected pages) 

Source: “Serie 33X | KELLER Pressure,” 2022. https://keller-druck.com/en/products/pressure-

transmitters/standard-pressure-transmitters/serie-33x (accessed February 15, 2022). 
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B.3 Datasheet PCB 102B04 

Source: “PCB Model 102B04.” https://www.pcb.com/products?m=102b04 (accessed February 24, 

2022). 
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B.4 Datasheet flowmeter (Selected pages) 

Source: VSE Volumentechnik GmbH, Solutions for Fluid Technology for flow meters of the product 

line “ VSI High Definition Flow Meter “. 2022. 
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B.5 Datasheet Parker FV102KV 

Source: Parker Hannifin, “Hydraulic Cartridge Systems Threaded Cartridge Valves and Integrated 

Hydraulic Products,” pp. 88–89. 
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B.6 Datasheet Quick release couplings DNP PBV1 DN06 (Selected pages) 

Source: “DNP Catalogue 2022 PBV1,” in DNP Catalogue 2022, 2022, pp. 1–2. 
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B.7 Datasheet pressure relief valve VMP ¼”L 

Source: “Veiligheidsventiel VMP 1/4" Light | VMP 1/4" Light| Hydrauliek24.nl.” 

https://www.hydrauliek24.nl/veiligheidsventiel-vmp-1-4-light (Accessed May 01, 2022). 
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B.8 Datasheet RS485 to USB converter: Keller K-114 

Source: KELLER Druckmesstechnik AG, “K-114 | KELLER Pressure,” 2022. https://keller-

druck.com/en/products/software-accessoires/converters/k-114 (Accessed May 22, 2022). 
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B.9 Datasheet PCB signal conditioner 

Source: PCB Piezotronics, “PCB Piezotronics Vibration Div Product Catalog,” p. 172 (3.4). 
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C. LabView program: 
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D. MATLAB code 

D.1 Plotting one measurement 

clear, clc; 

M = readmatrix("G:\Gedeelde drives\Wout-Nick\MP\Meetresultaten\11-05-

2022\Meting68b.csv",'Range',[6 2],'Delimiter',";",'DecimalSeparator',','); 

F = readmatrix("G:\Gedeelde drives\Wout-Nick\MP\Meetresultaten\11-05-

2022\Meting68.csv",'Range',[5 2],'Delimiter',";",'DecimalSeparator',','); 

T = readmatrix("G:\Gedeelde drives\Wout-Nick\MP\Meetresultaten\11-05-

2022\Meting68b.csv",'Range','A6','Delimiter',";",'DecimalSeparator',',','OutputType','string'); 

% Reading out the time and converting it to a time difference 

Fs = 10000;                      % samplerate 

T2 = T(:,1); 

T3 = datetime(T2,'Format','MM/dd/yyyy  HH:mm:ss,SSSSSS'); 

T4 = T3(:,1)-T3(1,1); 

Time = duration(T4,'Format','mm:ss.SSSSSS'); 

Time.Format = 's'; 

% Plotting the pressure measured by the Keller sensor 

y=lowpass(M(:,3),Fs/2-1,Fs); 

figure; 

subplot(2,3,1); 

plot(Time,y,Time(1,1),0,Time(1,1),90); 

xlabel('Time'); 

ylabel('Pressure (bar)'); 

title('Pressure Keller - Time'); 

% Plotting of the pressure ripple measured on the pump side 

y2=lowpass(M(:,1),Fs/2-1,Fs); 

subplot(2,3,2); 

plot(Time,y2,Time(1,1),-100,Time(1,1),100); 

xlabel('Time'); 
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ylabel('Pressure (kPa)'); 

title('Pressure PCB 1- Time'); 

% Plotting of the pressure ripple measured on the throttle side 

y3=lowpass(M(:,2),Fs/2-1,Fs); 

subplot(2,3,3); 

plot(Time,y3,Time(1,1),-100,Time(1,1),100); 

xlabel('Time'); 

ylabel('Pressure (kPa)'); 

title('Pressure PCB 2- Time'); 

% Plotting of the flow 

sizeF = size(F); 

sizeT = size(Time); 

TimeFlow = linspace(Time(1,1),Time(sizeT(1,1),1),sizeF(1,1)); 

subplot(2,3,4); 

plot(TimeFlow,F(:,1),TimeFlow(1,1),0,TimeFlow(1,1),0.85); 

ylabel('Flow (l/min)') 

xlabel('Time'); 

title('Flow VSE- Time'); 

% Frequency analyses of the pressure ripples 

A1 = M(:,1); 

n1 = length(A1); 

y4 = fft(A1); 

f1 = (0:(n1/2))*Fs/n1; 

Amp1 = abs(2*y4/n1); 

subplot(2,3,5); 

plot(f1(100:floor(n1/4)),Amp1(100:floor(n1/4)),f1(1,1),7.5); 

xlabel('Frequency (Hz)'); 

ylabel('Pressure (kPa)'); 
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title('Magnitude Response PCB 1- Frequency'); 

A2 = M(:,2); 

n2 = length(A2); 

y5 = fft(A2); 

f2 = (0:(n2/2))*Fs/n2; 

Amp2 = abs(2*y5/n2); 

subplot(2,3,6); 

plot(f2(100:floor(n2/4)),Amp2(100:floor(n2/4)),f2(1,1),7.5); 

xlabel('Frequency (Hz)'); 

ylabel('Pressure (kPa)'); 

title('Magnitude Response PCB 2- Frequency'); 
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D.2 Comparing two measurements 

 Loading the files is identical to the code for one graph, to compare two graphs, just repeat two 

times. 

 Converting the timestamps to a time difference also need to be repeated identically to the 

conversion used to plot one graph. 

% Plotting the pressure measured by the Keller sensor 

y1_1=lowpass(M1(:,3),Fs/2-1,Fs); 

y2_1=lowpass(M2(:,3),Fs/2-1,Fs); 

t_end = 1*Fs; %gives desired length of graphs: length = t/Fs 

t_start = 0*Fs+1; 

t_plot = t_start/Fs; 

figure; 

subplot(2,3,1); 

plot(Time1(t_start:t_end),y1_1(t_start:t_end,1),Time2(t_start:t_end),y2_1(t_start:t_end,1), ... 

    Time1(1,1),0,Time1(1,1),90); 

xlabel('Time'); 

ylabel('Pressure (bar)'); 

title('Pressure Keller - Time'); 

 Plotting the data from the PCB sensors happens similar to plotting the Keller sensor, just select 

a different array to plot. 

 Plotting the flow follows the same principle as plotting one graph. It is needed to create a 

second pair of arrays and linspaces to correct the time. 

 Plotting two frequency analyses of the pressure ripples is done identically to plotting one. A 

second instance of every variable need to be created and both need to be plotted 

simultaneously. 
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D.3 Comparing five measurements 

 Loading the files is identical to the code for one graph, to compare two graphs, just repeat two 

times. 

 Converting the timestamps to a time difference also need to be repeated identically to the 

conversion used to plot one graph. 

 Plotting the pressure from the Keller and PCB sensors follows the same principle as comparing 

two graphs. To compare five graphs, five instances of every variable have to be created and 

subsequently plotted. 

 Plotting the flow follows the same principle as comparing two graphs. This time, it is needed 

to create five pairs of arrays and linspaces to correct the time. 

 To compare the pressure ripples from five different measurements, it is easiest to create a new 

figure and plot them all underneath each other. The average absolute pressure is added to 

every graph to be able to distinguish the different measurements. 

% Plotting the pcb sensors in different graphs 

gem1=string(mean(y1_1)); 

gem2=string(mean(y2_1)); 

gem3=string(mean(y3_1)); 

gem4=string(mean(y4_1)); 

gem5=string(mean(y5_1)); 

figure; 

subplot(5,2,1); 

plot(Time1(1:t),y1_2(1:t,1)); 

title('Pressure PCB 1- Time: '+ gem1 +' bar'); 

xlabel('Time'); 

ylabel('Pressure (kPa)'); 

… 

 

 


