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Summary 

Dynamic calibration of pressure sensors is challenging. Often, steady-state calibration is 

applied on pressure sensors used to measure dynamical measurements. Steady-state 

calibration does not represent the dynamic behavior of a sensor. With dynamical calibration 

the quality of a dynamical measurement increases. This is the motivation for my master’s 

thesis, written at the Waterpower Laboratory at NTNU in spring 2017. The master’s thesis 

investigates methods for performing dynamic calibration. The best method is believed to be 

the use of an aperiodic pressure generator, because of its large range of frequencies and 

pressures, and in addition, the low cost and simple construction. The dynamic calibration 

method developed in this master’s thesis is based on a step-response method with use of ultra-

fast diaphragm valves with response time less than 5 ms.  

The target was to build a functional dynamic calibration system, and by use of the system, 

find the natural frequency of the calibrated sensor. By finding the natural frequency of the 

calibrated sensor, it is possible to find the uncertainty in dynamic measurements, and 

therefore increase the quality of the measurements. 

To generate a perfect working dynamic calibration system was proven to be difficult. The first 

problem arose when it was realized that the machining of the calibration system was not done 

according to the drawings. These inaccuracies resulted in air pockets in the system that was 

impossible to deflate, and as a consequence, signal noise was observed in the pressure step. 

The second problem was the behavior of the diaphragm valves. When the valve opened, the 

open-valve position was not fixed, and the diaphragm piston started to oscillate. This led to 

slow fluctuations prior to the final state after the step. The slow fluctuations worked as a low 

pass filter and delayed the entire system. This caused a slow rise time of the step generated.  

The closing position of the valves was fixed, and here the slow fluctuations did not occur, and 

the rise time improved. The calibration system does still not work in a perfect manner, but has 

a range of application. An almost suitable step was generated, and with use of Fast Fourier 

Transform it could be indicated that the highest natural frequency achieved by the system was 

2246Hz. By knowing this frequency and with use of a reference sensor it can be determined if 

a calibrated sensor does not need an extra uncertainty term. The dynamic calibration system 

developed could also be used to verify if a dynamic pressure sensor and amplifier behave in a 

correct manner. However, these methods need further investigation by experiments. Further 

work has also been an important part of this master’s thesis.   
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Sammendrag 

Dynamisk kalibrering av trykksensorer er utfordrende. Ofte brukes statisk kalibrering på 

trykksensorer som brukes til å utføre dynamiske målinger. Statisk kalibrering representerer 

ikke den dynamiske oppførelsen til en sensor. Med dynamisk kalibrering øker kvaliteten på en 

dynamisk måling. Dette er motivasjonen for masteroppgaven min, skrevet på 

Vannkraftlaboratoriet ved NTNU våren 2017. Oppgaven undersøker metoder for dynamisk 

kalibrering. Den beste metoden antas å være bruk av en aperiodisk trykkgenerator på grunn av 

sitt store frekvens- og trykk område, og i tillegg er konstruksjonen billig og antatt enkel å 

lage. Den dynamiske kalibreringsmetoden utviklet i denne oppgaven, er basert på en 

sprangrespons-metode med bruk av ultra-raske membranventiler med responstid under 5ms. 

Målet var å bygge et funksjonelt dynamisk kalibreringssystem, og ved bruk av systemet finne 

den naturlige frekvensen til en sensor som skal kalibreres. Ved å finne den naturlige 

frekvensen til den kalibrerte sensoren, er det mulig å finne usikkerheten i dynamiske 

målinger, og dermed øke kvaliteten på målingene. 

Et dynamisk kalibreringssystem viste seg å være vanskelig å lage. Det første problemet 

oppsto da kalibreringssystemet ikke ble maskinert i henhold til arbeidstegningene. Disse 

unøyaktighetene resulterte i luftlommer i systemet som var umulig å få ut, og som en følge ble 

signalstøy observert i spranget. Det andre problemet var ventilens oppførsel. Når ventilen 

åpnet, ble ikke posisjonen til ventilen låst, og membranstemplet begynte å svinge. Dette førte 

til trege svingninger før den endelige tilstanden etter spranget ble oppnådd. De trege 

svingningene fungerte som et lavpassfilter og lagde forsinkelser i systemet. Dette forårsaket 

en langsom stigningstid for det genererte spranget. 

Når ventilene ble lukket, kom de i en låst posisjon. De trege svingningene fremkom ikke, og 

stigningstiden ble forbedret. Kalibreringssystemet fungerer fortsatt ikke på en perfekt måte, 

men det har et bruksområde. Det er generert brukbare sprang, og ved bruk av Fast Fourier 

Transform kan det antydes at den høyeste egenfrekvensen oppnådd av systemet var 2246Hz. 

Ved å kjenne systemets egenfrekvens og ved bruk av en referanse sensor, kan det avgjøres om 

en kalibrert sensor, ikke trenger et ekstra usikkerhetsledd. Det dynamiske 

kalibreringssystemet kan også brukes til å verifisere om en dynamisk trykksensor og 

forsterker oppfører seg på en korrekt måte. Disse metodene trenger ytterligere undersøkelser 

ved eksperimenter. Forslag til videre arbeid har også vært en viktig del av denne 

masteroppgaven.  
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1 Introduction 

1.1 Background 

The Waterpower Laboratory at the Norwegian University of Science and Technology 

calibrates pressure sensors with steady-state pressure, even though the sensors are used for 

dynamic measurements, i.e., measurements of pressure change with time. Calibrating a 

pressure sensor dynamically is essential to determine its dynamic behavior. Determining and 

locating the natural frequency of the pressure sensors will automatically give measurements 

that are more reliable and accurate.  

 

Dynamic calibration of pressure sensors has been researched and explored throughout the last 

fifty years. Even though, at this moment no international standard for dynamic pressure 

calibration exists, and, as this is a wide and advanced topic it still needs more research [3]. 

Since there is no standard for dynamical pressure calibration, there is no international 

agreement for how and what to analyze in the calibration. Sensitivity, rise time and the natural 

frequency of the sensor have typically been analyzed [1].   

1.2 Objective 

The objective for this master’s thesis is to design and establish a dynamic calibration system 

for pressure sensors at the Waterpower laboratory at NTNU.  

1.3 Motivation  

The motivation for this master’s thesis is to improve the uncertainty in dynamic 

measurements conducted at the Waterpower Laboratory at NTNU. With use of a dynamic 

calibration system, it is possible to compensate for the uncertainty caused by the natural 

frequency, 𝑓𝑛, to a pressure sensor [4]. The useful frequency range of the sensor can therefore 

be found by knowing its natural frequency. As a guideline, frequencies measured should be 

less than 0.1 ∙ 𝑓𝑛, if no correction for the natural frequency is done [5]. Figure 1 illustrates the 

principle. 
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If the measurement is within the area between 0.1 · 𝑓𝑛 and 𝑓𝑛, the measured value will be 

higher than expected since the measurement is in the range to be affected by the natural 

frequency of the sensor. With use of steady-state calibration, the natural frequency to the 

sensor will not be located, and measurements within the area between 0.1 · 𝑓𝑛 and 𝑓𝑛,  could 

be registered without compensating for the natural frequency.  

The frequencies to be measured at the laboratory are usually between 0Hz and 1000Hz, so the 

motivation is to construct a dynamic calibration system that can ensure that the sensor is 

capable of measuring correctly within these frequencies.  

 

1.4 Report Structure 

Chapter 1 presents the background, objective and motivation which lay the foundation of this 

thesis. 

Chapter 2 provides an overview of the existing research results in this field of study. 

Chapter 3 presents the theory used to design the calibration tool, and to log and analyze the 

measurements. 

 

Figure 1 – Behavior caused by the natural frequency of a pressure sensor 
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Chapter 4 presents the 3D drawings of the calibration tool developed, with all its components 

explained and justified. 

Chapter 5 presents the experimental setup in the Waterpower Laboratory for obtaining a 

calibration system included all external components. 

Chapter 6 serves the elements included in uncertainty analyses for dynamic calibration.  

Chapter 7 explains the new design of the calibration tool achieved after machining. 

Chapter 8 presents and discusses the results achieved with the calibration system developed in 

current master’s thesis.  

Chapter 9 gives an overview of the important findings and a conclusion based on the results 

achieved.  

Chapter 10 gives recommendations for improvements of current calibration system, and ideas 

for further analyzing aspects.   
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2 Previous work  

Many research projects about dynamic pressure measurements have included dynamic 

calibration of pressure sensors. Determination of the dynamic features of a sensor in a reliable 

and accurate way is critical to achieve reliable research results. According to Diniz et. al [6] it 

is insufficient only to measure the exact value of the measured quantity in an accurate 

manner, the output should also reproduce the time and frequency behavior of the quantity.  

There is no international standard method for dynamic calibration and the topic is still under 

research. Diniz et. al [6], J. P. Damion [7], ISA-37.16.01 standard [8], Hurst et. al [9] and 

Lally et. al [10] have written scientific articles about dynamic calibration methods, which 

experimentally characterize the dynamic behavior of pressure sensors. There are two main 

ways presented, either to generate a periodic or an aperiodic pressure pulsation. These 

methods are discussed more thoroughly in Sections 2.1 and 2.2. 

2.1 Periodic pressure generator 

Dynamic calibration performed by using a periodic pressure generator is also denoted as 

harmonic tests. This calibration is done by generating a sinusoidal pressure input of a given 

amplitude and frequency to the sensor that is being calibrated. Since the exact amplitude and 

frequency cannot be determined at input, another pressure sensor with high dynamic 

sensitivity is needed as a reference sensor, according to ISA-37.16.01 standard [8]. Varying 

the input frequency point-by-point gives the opportunity to determine the transfer function.  

There are different ways to make a periodic pressure generator, but there are three main 

concepts, which can be read about in the article from J.P. Damion [7]. The first concept is 

based on pressure in a cavity that changes sinusoidally. The second concept is based on 

variation in volume or mass inside a cavity. The last concept is based on direct control of the 

input frequency with use of a modulation motor. According to Diniz et. al [6] the periodic 

pressure generator can in practice, be difficult to control and build. To avoid a high distortion 

rate, the input frequency and amplitude must be low. This causes periodic pressure generators 

to be of limited use since the available range is way below the user’s requirements. Thus, J.P. 

Damion [7] and ISA-37.16.01 standard [8] suggest the solution is an aperiodic pressure 

generator.   
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2.2 Aperiodic pressure generator  

Dynamic calibration done by an aperiodic pressure generator, also denoted as transient tests, 

is performed by generating a pressure step to the sensor that is being calibrated. The sensor 

being calibrated should then reproduce the step. Nascimento et. al [11] presents that usually a 

reference pressure sensor is also included in the aperiodic pressure generator test, since the 

pressure step is not perfect. By use of these two sensors, a transfer function can be 

determined. 

There are two main concepts to make an aperiodic pressure generator, according to ISA-

37.16.01 standard [8], Nascimento et. al [11], M. Nilsson [1] and Hurst et. al [4]. The first 

concept is based on generating the pressure step with use of a shock tube. A shock tube is 

basically made up by two tubes, separated by a thin diaphragm. This is illustrated in the 

articles written by ISA-37.16.01 standard [8],  M. Nilsson [1] and Z. Wang et. al [12]. In the 

two different sections of the shock tube, different pressure levels are developed. When the 

thin diaphragm between the two tubes ruptures, the high level pressure flows towards the low 

level pressure and compresses it. This will form a step, which is registered by both the sensor 

being calibrated and the reference sensor. The research article written by Diniz et. al [6], 

emphasizes that the quality of the pressure signal is affected by the deformation of the 

diaphragm, under pressure.  

The other concept of an aperiodic pressure generator is based on using a fast-opening device. 

This method is easy to implement and can reach a wide area of frequencies and pressures, 

according to Diniz et. al [6] and Nascimento et. al [11]. The fast-opening device system is 

made up by two cavities with different pressure levels and volumes. An ultra-fast valve 

separates the two areas, and when the valve opens, the high level pressure area moves to the 

low level pressure area, where the sensor being calibrated and the reference sensor is placed. 

According to Damion [7], the fast opening device does have a lower frequency limit than the 

shock tube. Furthermore, he states that with a reference sensor that is dynamically calibrated, 

the highest frequency limit could be almost the same. The highest frequency limit for a shock 

tube is 100kHz, according to Diniz et. al [6] and Damion [7].  By using the two sensors, a 

transfer function for the sensor being calibrated can be developed. Figure 2 shows the 

principle behind a fast-opening device step generator. The calibration system developed in 

current master’s thesis is based on the fast-opening device step generator. 
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Figure 2 – Principle behind fast-opening device step 

generator 
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3 Theoretical background 

To be able to create and analyze the calibration system, theory regarding transfer function, 

Bode diagram, Helmholtz response, discrete signals and Nyquist sampling theorem were 

used, which is presented in Sections 3.1-3.5. 

3.1 Transfer function 

Steady-state calibration characterizes pressure sensors by their sensitivity. Characterizing a 

pressure sensor by its sensitivity is insufficient for dynamic calibration since the input varies 

with time [7]. Describing a pressure sensor using a differential equation gives a trivial 

solution. A better way to describe the calibrated sensor is with its transfer function [13]. The 

transfer function completely quantifies and qualifies the dynamical behavior of the sensor, 

considering gain and phase as functions of frequency [1, 8, 13].  

 

 

 

 

 

 

 

 

 

The properties of a pressure sensor are assumed to be represented by a linear second order 

differential equation [1, 3], with mass m, stiffness k and viscous damping factor c, illustrated 

in Figure 3. Equation (1) describes the system  

 

 

 𝑑2𝑥

𝑑𝑡2   
+

𝑐

𝑚
∙

𝑑𝑥

𝑑𝑡
+

𝑘 ∙ 𝑥

𝑚
=

𝐹(𝑡)

𝑚
              [

𝑚

𝑠2
] 

 

(1) 

By use of the Laplace Transform, the transfer function which describes the characteristics of a 

pressure sensor is given by Equation  (2) 

 

Figure 3 – Mass-damping system [1] 
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where abbreviations, constants and variables are shown in Table 1. 

 

Table 1 - Abbreviations, constants and variables used in Equation  (2) 

Component Description Unit 

OUT(s) Laplace Transform of the output - 

IN(s) Laplace Transform of the input - 

K Gain - 

𝜔𝑜 Natural frequency of the system  [rad/sec] 

𝑠 Complex variable - 

ζ Damping ratio  - 

 

By use of the calibration system to be developed in this master’s thesis, an almost perfect 

pressure step can in theory be created. The transfer function to a perfect step is given in 

Equation (3), a first order transfer function with no latency [14].  

 

 

 

 

 

𝐻(𝑠) =  
𝐾

𝑇 ∙ 𝑠 + 1
       [−] 

 

(3) 

where K is the gain and T is the time constant. 

Equation (3) is used before the calibration system was up and running, for quality measuring 

frequencies and estimating the expected results from the pressure sensor calibration. 

  

𝐺(𝑠) =  
𝑂𝑈𝑇(𝑠)

𝐼𝑁(𝑠)
=

𝐾 ∙ 𝜔𝑜
2

𝑠2 + 2 ∙  𝜁 ∙ 𝜔𝑜 ∙ 𝑠 + 𝜔𝑜
2

         [−] 

 

 

 

 

  (2) 
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The calibrated sensor is recording its own characteristics, the frequency response to the 

calibration tool and the pressure step generated. Likewise, the reference sensor is recording its 

own characteristics, the frequency response to the calibration tool and the pressure step 

generated. By assuming that the reference sensor used has high dynamic sensitivity, the 

characteristics of the calibrated sensor can be investigated by dividing the recorded transfer 

function of the calibrated sensor by the recorded transfer function of the reference sensor. By 

using this method, it will theoretically only be the properties of the calibrated sensor left. The 

process is illustrated in Figure 4.  

 

3.2 Bode diagram 

The characteristics of the pressure sensor calibrated will be analyzed by the use of a Bode 

diagram. A Bode diagram illustrates graphically the natural frequency response of a system. 

 

Figure 4 – Generate the transfer function 

 

 

 

Figure 5 – Bode diagram 
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Bode diagrams normally illustrate the magnitude in decibels or the phase shift against the 

logarithm of frequency response [15]. Figure 5 illustrates how a Bode diagram displays the 

natural frequency response to a pressure sensor with damping factor of 0.1 and a reference 

sensor with high dynamic sensitivity which has a natural frequency lager than 215kHz [16]. In 

this illustration, theory from Section 3.1 has been used, while assuming the calibration system 

developed has the ability to create a perfect step, (see Equation (3)). The peak at 6300Hz 

illustrates the natural frequency response to the pressure sensor.  

The corresponding volt value for the frequencies obtained in the magnitude Bode diagram can 

be found with Equation (4) [17]. 

 

 
𝑑𝑒𝑐𝑖𝑏𝑒𝑙𝑠 (𝑑𝐵) = 20 log10

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
  

(4) 

 

The volt value out, 𝑉𝑜𝑢𝑡, is the volt value actually measured for a given frequency, and volt 

value in, 𝑉𝑖𝑛, is the value expected to measure.  

3.3 Cavities and internal pipelines 

When building the calibration tool, connecting lines and cavities cannot be avoided. These 

elements make frequencies in the calibration tool, which pressure sensors will detect. These 

frequencies need to be examined, so that the calibrated sensor does not end up getting 

responses in the same frequency range. If the calibration system has a too low natural 

frequency, the system will behave as a low pass filter. A low pass filter will register the first 

physical achieved frequency. This frequency will behave as a cutoff frequency, and damp out 

the higher frequencies [18].  

Theoretically, these frequencies can be determined using Helmholtz resonance theory [19]. 

This theory defines the resonance frequency developed when a cavity is connected to internal 

pipelines. The cavity frequency can be expressed by Equation (5)[20] 

 

 

𝑓𝑐𝑎𝑣 =
𝑎

2 ∙ 𝜋
 √

𝑆𝑛𝑒𝑐𝑘

𝑉0  ∙ 𝐿′
         [𝐻𝑧] 

(5) 
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where 𝑉0 is the volume of the cavity, a is the speed of sound, Sneck is the cross section area of 

the passage and L’ is the internal pipeline length.  

3.4 Discrete signals 

When data is logged, the physical signals become converted to discrete data points. When 

these discrete data points are transformed back into continuous signals, they can give rise to 

challenges. If the logging rate is too low, signals that are ambiguous relative to the physical 

signal may occur [21]. These are called alias signals and are illustrated in Figure 6.  

3.5 Nyquist sampling theorem 

To avoid aliasing, Nyquist sampling theorem is used. This theorem ensures sufficient logging 

frequency so that the continuous signal can be recreated using discrete data points. The 

theorem states that the logging frequency, fs, should be at least twice as high as the highest 

frequency in the signal [22]. This can mathematically be written as 

 

 𝑓𝑠 ≥ 2 ∙ 𝑓𝑁𝑦𝑞𝑢𝑖𝑠𝑡        [𝐻𝑧] (6) 

 

where the Nyquist frequency, 𝑓𝑁𝑦𝑞𝑢𝑖𝑠𝑡, is the highest frequency capable of being recreated 

without the emergence of aliasing.   

 

 

Figure 6 – Example of alias signal using too low logging rate 
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4 The dynamical calibration system 

The dynamical calibration system for pressure sensors developed in this master’s thesis is 

based on the concept of an aperiodic pressure generator with use of a fast-opening device. 

This was explained in Section 2.2. The reason why this method is used, is for its good 

assumed range of frequencies and pressures, and also the low cost and work for building the 

dynamical calibration system. In addition to the development of a calibration tool, a logging 

program used for calibration is modified and adapted to the tool.  

4.1 The calibration tool  

During the process of constructing the calibration system, the calibration tool was first drawn 

in a 3D design software program called CREO before it was 3D printed and then machined. 

CREO gives the opportunity to create precise 3D drawings of the unit to be made, with 

correct dimension values, and accurate construction work drawings. The construction work 

drawings of the calibration tool are presented in Appendix D.1.   

After the calibration tool was drawn in CREO, it was 3D printed. The 3D print provided an 

opportunity to quality check that all the parts that should be fastened to the device were 

suitable. It was also a big help during the machining of the calibration tool, since the tool 

contains many parts that needed to be milled. The 3D printed calibration tool was made of 

plastic, and can be seen in Figure 7 below. 

The construction is based on a hollowed minor cavity inside the calibration tool, while all the 

parts required for the calibration system to work were connected. The calibration tool 

components are described in detail in the next section. It is also made with the least possible 

internal pipelines which can interfere with the step. The calibration system is constructed for 

calibrating pressure sensors measuring in the frequency range 0Hz to 1000Hz. The calibration 

tool is built in the material stainless steel 306. Stainless steel 306 assures a long lifetime for 

the calibration tool, and is essential to reduce the possibility of rust, since the medium used is 

water. The final calibration tool in stainless steel 306 is presented in Figure 8. Figure 9 shows 

the calibration tool in a 3D drawing, with all its components in place. Figure 10 shows the 

finished calibration tool, with all its components.  
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Figure 7 – 3D printed calibration tool 

 

 

Figure 8 – Finished calibration tool 
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Figure 9 – 3D drawn calibration tool, with components 

 

Figure 10 – Finished calibration tool, with components 



15 

 

4.2 Calibration tool components  

The calibration tool contains many features, which allows the dynamic calibration in theory to 

have high reliability, a wide frequency range and several pressure levels. In Subsections 4.2.1 

- 4.2.7 the different parts and components included in the calibration tool will be discussed 

and justified. 

4.2.1 Pressure inputs  

The calibration tool developed is a compact steel box with a small cavity. The pressure inside 

this cavity changes rapidly, caused by changes in different inlet-pressure levels. Both high-

pressure and low-pressure are supplied to the tool by small pipes connected through the sides. 

Figure 11 illustrates the calibration tool with the high-pressure and low-pressure inlets.  

The high-pressure level is given by opening the valve towards a high-pressure supply and the 

low-pressure level is given by opening the valve towards the atmospheric pressure. This is 

further discussed in Subsections 5.1.1 and 5.1.3.  

 

 

Figure 11 – High-pressure inlet and low-pressure inlet 
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4.2.2 Ultra-fast diaphragm valves 

For obtaining the right behavior of the high-pressure and low-pressure levels, two valves, 

which control the supply of the different pressure levels inside the cavity, were attached on 

top of the calibration tool. These valves have a response time less than 5ms, and in theory 

they will ensure that the alternation between high pressure and low pressure is so fast that it 

generates an almost perfect pressure step. Figure 12 illustrates the valves on the top of the 

calibration tool. Two valves are used for better control of the pressure switch during the 

calibration. They also give the possibility to run multiple pressure steps consecutively in the 

same run, and change from positive to negative generated steps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 – Fast diaphragm valves 
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In theory, the input to the calibrated sensor should be a perfect pressure step. A perfect 

pressure step contains all frequencies. Such a step is impossible to make, since everything will 

always have some delay. Figure 13 shows a perfect step in blue compared with a realistic step 

in red. 

 

 

 

 

 

 

 

 

Figure 14 shows a picture of the ultra-fast diaphragm valve being used in the calibration 

system made in this master’s thesis. This is a diaphragm valve from the UF-series delivered 

from Ham-let. For more information about the valves see Appendix C.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 – Perfect and realistic steps 

 

 

 

Figure 14 – Picture of the ultra-fast diaphragm valve [2] 
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4.2.3 Valve controllers 

The behavior of the valves is controlled by high-pressure air at 5 bar. The high-pressure air 

makes the valves switch from closed to open and from open to closed position. The high-

pressure air is sent to a valve controller fastened on the top of the calibration tool, assembled 

with 3D printed blocks. If the valve should be open, the controller sends the air pressure 

further to the valves, and the controller starts to lighten red. The controllers are further 

controlled by a manual button, see Subsection 4.3.1.  The valve controllers can be seen in 

Figure 15 below.  

 

 

 

 

 

 

 

 

 

 

 

4.2.4 Steady-state calibrated pressure sensors 

In Figure 16, two steady-state calibrated pressure sensors are indicated. These are used for 

quality measurement of the high-pressure and low-pressure inputs. One of the pressure 

sensors used in this master’s thesis is illustrated in Figure 17. These are UNIK 5000 PTX5072 

pressure sensors. One has the working pressure range from 0 to 10 bar absolute, while the 

other has a working range from 0 to 5 bar absolute. For further information about the pressure 

sensors used, see Appendix B.1.  

 

 

 

Figure 15 – Valve-controllers 

 



19 

 

 

Figure 16 – Steady-state calibrated sensors 

 

Figure 17 – UNIK 5000 PTX5072 pressure sensor 
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4.2.5 Ball valve 

A ball valve is also mounted on the calibration 

tool, which is illustrated in Figure 16. This ball 

valve is applied to deflate before calibration 

begins. Air in the cavity will cause the frequency 

to be lower than desired and should be avoided. 

The ball valve used can be seen in Figure 18.  

 

 

4.2.6 Reference sensor and calibrated sensor  

The calibration tool contains a reference sensor and the calibrated sensor. Since it is 

impossible to generate a perfect step, the reference sensor is used for measuring the input. In 

Figure 19, the locations of the reference sensor and the calibrated sensor are shown. 

 

 

Figure 19 – Reference sensor and calibrated sensor 

 

 

 

 

 

                    

 

 

Figure 18 – Ball valve 

 

 

 



21 

 

The reference sensor used in the calibration tool is a Klister Piezoelectric 601C pressure 

sensor, which can be seen in Figure 20. This pressure sensor has high dynamic sensitivity 

with a natural frequency lager than 215kHz [16].  For more information about the sensor, see 

Appendix B.3. The reference sensor used is calibrated from the supplier. The calibration 

report for this sensor can be seen in Appendix F. Even though the calibration system created 

in this master’s thesis is designed to calibrate many types of sensors, the calibration system 

testing will use one sensor to calibrate. The calibrated sensor is a Kulite HKM – 375 pressure 

sensor and can be seen in Figure 21. For more information about the sensor see Appendix B.2. 

 

 

 

 

 

 

 

 

 

4.2.7 Adjustable cavity 

Figure 22 illustrates the adjustable cavity inside the calibration tool. It is important to have a 

conscious awareness of the frequency response this cavity will create. The frequency response 

will behave as a low pass filter, which dampens frequencies higher than its own. To improve 

frequency response control, water is used as medium during calibration. Water is also used 

since the dynamical measurements at the Waterpower Laboratory are performed in this 

medium. The calibration tool is also equipped with an adjustable bolt which can be seen in 

Figure 22. The bolt makes it possible to adjust the cavity volume, so different frequency 

responses can be achieved. A completely sealed system is important for avoiding frequencies 

to be lower than desired, caused by air. Frequency response will be further discussed in 

Subsection 4.2.8. To get a completely sealed system, a thread sealants solution could be used 

as gasket at the bolt.  

 

Figure 21 – Calibrated sensor 

 

 

Figure 20 – Reference sensor 
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4.2.8 Theoretical test of the designed calibration tool 

To ensure that the designed calibration tool had sufficiently high natural frequency, 

computational fluid dynamics (CFD) simulations of the drawn calibration tool were 

conducted before it was constructed. The CFD analyses where performed with Ansys 

software. The natural frequency test was done by introducing a unit step at 100Pa at the high-

pressure output of the valve on the calibration tool. Furthermore, the natural frequency 

performed from the tool was simulated. The pressure step applied to the tool is illustrated in 

Figure 23, with a red arrow.  

 

 

 

 

 

 

 

 

Figure 22 – Adjustable bolt and cavity 

 

 

 

 

 

Figure 23 – Applied pressure step 
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The test was accomplished with different mesh qualities, and the simulations gave the same 

results for medium and fine mesh. The medium mesh had 67,638 nodes, while the fine mesh 

had 117,758 nodes. The mesh independency test indicates that the simulated results achieved 

are reliable, but need to be verified with experiments. Figure 24 shows the medium mesh used 

in the calibration tool.  

 

 

 

 

 

 

 

 

 

 

 

Two different CFD case analyzes where performed on the calibration tool, one with the bolt 

fully extended and one with the bolt completely inside. This gives a good estimate of the 

lowest and highest frequency to be achieved with the calibration tool. When the bolt was 

completely inside, see Figure 25, the frequency response was estimated to 15,500Hz. With the 

bolt fully extended a frequency response of 5000Hz was estimated, see Figure 26. This 

provides the ability to vary the frequency response in the calibration tool with 10,000Hz. With 

use of the calibration tool with correct natural frequency response, it is possible to reach the 

desired range of frequencies.  

 

Figure 24 – Medium mesh quality used on the calibration tool 
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Figure 26 – Bolt fully extended 

 

 

 

Figure 25 – Bolt completely inside 
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4.3 Calibration program 

A calibration program is developed where MatLab, LabVIEW and an external button is 

included. The different parts of the calibration program are further discussed in Subsections 

4.3.1 - 4.3.3.   

4.3.1 External valve control button  

To get a more robust calibration system, an external box with a button is made, which is 

illustrated in Figure 27. This control-box will control the behavior of the ultra-fast diaphragm 

valves. The benefit of having a physical button that controls the behavior of the valves is that 

the controlling will be straightforward and visual, versus letting the controller hide inside the 

logging program. On the box, two outputs and two inputs are mounted, one for each valve. 

The outputs give signals from the button to the valves if they should be open or closed. The 

inputs tell the box if the valves are open or closed. The blue cables illustrate the input, and the 

green cables illustrate the output.  

 

 

 

 

Figure 27 – External button 
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Only one valve can be open at the time, so the control-box is built with respect to the interlock 

concept. The vendor or property leaflet that came with the valves could not explain the 

behavior of the diaphragm valves inside. It is therefore assumed based on the design of the 

valves, that inside each valve there is a diaphragm piston. The piston can move up and down. 

Based on the piston position the water can either flow inside the calibration tool or not. Figure 

28 illustrates how the piston inside the valves can move up and down, and in this way be able 

to block the water from passing through. The figure illustrates the situation in the moment the 

high-pressure valve opens. 

 

Since the valves cannot be open at the same time, there is a dependency between the two 

valves. When the first valve should switch from closed to open, this valve needs to wait until 

the second valve has been closed. At the same time the second valve has closed the first valve 

can finally open. The control-box will manage to keep track of this, because each valve 

always will send its position by help of the blue cable input signals.  

Another reason for having a dependency between the two valves, is pressure change caused 

by the valves due to volume change. When the piston inside a valve opens, water gets pulled 

with, and the pressure inside the calibration tool drops. Likewise, when the piston closes the 

pressure inside the calibration tool rises.  

 

Figure 28 – Mechanism of the diaphragm valves 
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For analyzing the results from the calibrated sensor, it is necessary to log the behavior of the 

valves. This is done by connecting output cables in the two holes, at the back of the control-

box, see Figure 29. The LabVIEW logging program discussed in Subsection 4.3.2, will then 

be able to register the valve behavior.    

 

 

 

 

 

 

 

 

 

 

 

4.3.2 LabVIEW 

A logging program is further developed based on the logging program used in my project 

thesis. The logging program is made in LabVIEW, and is used for recording the 

measurements from the four sensors attached to the calibration tool, which are two steady-

state sensors, a reference sensor and a calibrated sensor. The logging program is also able to 

record the activity of the valves, since the reference sensor and the calibrated sensor will be 

coordinated with the behavior of the valves. The logging program is made to be capable of 

handling measurements from both voltage input and bridge inputs.   

4.3.2.1 Measurements 

By assuming that the highest frequency to be found is 15,500Hz, the logging frequency 

should at least be 31,000 samples per second to not violate the Nyquist theorem introduced in 

Section 3.5. It is common to set the logging frequency to ten times the Nyquist frequency, but 

since the Compact Data Acquisition (CompactDAQ) used has a maximum logging frequency 

at 50,000 samples per second, the logging frequency is limited to that.  

 

Figure 29 – Outputs of the control-box 
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To get sufficient data for the uncertainty analyses of the pressure sensor, 30 runs should be 

conducted for each pressure sensor. Sufficient runs are also important when using the 

Student-T distribution and to ensure repeatability of the measurements. Each run should 

operate under the same conditions, the same pressure inputs, the same occurrence of the 

pressure step and the same high-pressure source.  

4.3.3 Processing data with MatLab 

After the measurements are registered in LabVIEW, they are processed with MatLab. From 

the measured data and theory used in Chapter 3, a Bode-diagram for the calibrated sensor 

could be made. By use of the Bode-diagram, the natural frequency response could be found. 

Bode-diagram is discussed in Section 3.2. Furthermore, an uncertainty interval for each 

frequency can be generated in MatLab by use of the Student-t distribution. This is further 

discussed in Chapter 6.   

For generating the Bode-diagram, tfestimate, a build in function in MatLab, is used. This 

function estimates a transfer function for a single-input/single-output system. The function 

assumes that the sensor is operating as a discrete-time oscillating system as discussed in 

Section 3.1.  

The sensors used have different voltage output signals, for the same measurement. In order to 

make a Bode-diagram of the calibrated sensor, it is important that the sensors are analyzed 

with the same value. To solve this problem, a function which solves the two dimensional 

system below, Equation (7) and (8), is made.  

 𝑅𝑆𝑠1 ∙ 𝐶1 + 𝐶0 = 𝐶𝑆𝑠1 (7) 

  

𝑅𝑆𝑠2 ∙ 𝐶1 + 𝐶0 = 𝐶𝑆𝑠2 

 

(8) 

   

Subscript s1 denotes the value before the step, and subscript s2 denotes the final state after the 

step. The reference sensor is denoted RS and the calibrated sensor is denoted CS.  

Another possibility is to calibrate the reference sensor and the calibrated sensor with steady-

state calibration first, and then calibrate the sensors dynamically before the natural frequency 

is found. But for just looking at the uncertainty due to the natural frequency this is believed to 

be the easiest way.  
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5 Experimental setup for the calibration system 

Tests of the calibration system were performed in the Waterpower Laboratory at NTNU. This 

chapter deals with the equipment used during the tests, but not the calibration tool which is 

carefully explained in Chapter 4.   

5.1 Equipment description  

In order to get the entire calibration system to work, more equipment is needed than just the 

calibration tool. Some of the equipment used was already installed in the Waterpower 

Laboratory, and some parts needed to be constructed. The equipment used is described in 

Subsections 5.1.1 - 5.1.5.  

5.1.1 High-pressure tank 

One side of the calibration tool is supplied with high-pressure water, as explained in 

Subsection 4.2.1. The already existing 

high-pressure tank in the Waterpower 

Laboratory is used as a resource for the 

high-pressure side of the calibration 

tool. The calibration tool is mounted 

directly on the high-pressure tank. This 

is illustrated in Figure 30. The high-

pressure tank can supply a 10 bar 

pressure, which gives the opportunity to 

achieve all desired calibration pressure 

levels. The high-pressure tank holds a 

large volume, and this means that it will 

not be influenced by the amount of 

water that is fed to the calibration tool. 

The large volume gives the ability to 

keep a constant pressure intensity during 

the entire calibration process.  

 

Figure 30 – Calibration tool mounted to the high-pressure 

tank 
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The high-pressure tank has already an outlet for water at the bottom which normally is used to 

measure the water level achieved in the pressure tank. To get the opportunity to measure both 

the water level in the pressure tank and drain water to the high-pressure side of the calibration 

tool, a T-pipe is introduced to the system. The water drainage setup can be seen in Figure 31. 

 

 

 

Figure 31 – Water drainage setup 
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5.1.2 Hydraulic Deadweight Tester 

Another possibility to arrange for the high-pressure supply, is to use a Hydraulic Deadweight 

Tester, see Figure 32. 

 

 

 

 

 

 

 

 

 

 

 

The Deadweight Tester is the primary standard for pressure measurement. The Deadweight 

Tester works by loading on accurately calibrated weight masses on the low-pressure 

piston/Cylinder Unit (PCU). By loading weights, different pressures can be achieved. The 

total pressure is the weights plus the piston weight carrier assembly.   

The system is filled with distilled water in the reservoir, and the pressure inside the 

Deadweight Tester is increasing by use of the pump. Since liquids are considered 

incompressible, the piston will rise to balance the downwards force of the piston and weights 

[23].  

The water pressure generated by the system will be input pressure to the high-pressure side of 

the calibration tool. Since the calibration tool is already filled with atmospheric pressure, the 

water will be compressed minimally, which results in negligible effect on the pressure drop in 

the Deadweight Tester.   

 

 

Figure 32 – Hydraulic Deadweight Tester 
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5.1.3 Bottle with atmospheric pressure 

As described in Subsection 4.2.1, the other 

side of the calibration tool is supplied with 

water at almost atmospheric pressure. To 

get the right pressure level and size of the 

water container supply, a half-liter bottle is 

used. A narrow tube with an inner diameter 

of 6mm is connected to the bottle and the 

calibration tool, as can be seen in Figure 

33. There is a hole at the top of the bottle, 

so that the pressure does not get too low. 

The standing water column decreases the 

probability of air coming into the system. 

With use of a longer tube, it is possible to 

adjust the low side pressure level slightly.  

 

5.1.4 High-pressure air 

As discussed in Subsection 4.2.3, the diaphragm valves are mainly controlled by high-

pressure air. The valves are designed for a pressure range from 4bar to 6bar. The instrument 

air pressure supply is on 10bar and needs 

therefore to be reduced before the pressure is 

supplied to the valves. To reduce the pressure, 

a pressure transformer is fasted between the 

instrumental air supply and the valve 

controllers. This can be seen in Figure 34, 

where the tool is the pressure transformer, the 

blue pipes go to the valve controllers and the 

instrument air input supply is on the other side.  

 

Figure 33 – Atmospheric pressure container connected 

to the calibration tool 

 

 

Figure 34 – Pressure transformer 
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5.1.5 Electrical equipment setup 

In this subsection, the setup of the electrical equipment will be illustrated and explained. The 

setup is shown in Figure 35. Description of the components used in the electrical setup 

corresponding to the numbers in Figure 35 can be seen in Table 2. 

 

Table 2 - Description of components used in the electrical setup 

Nr. Description 

1 Amplifier  

2 Valve control button 

3 Chassi/ CompactDAQ 

4 Logging PC 

5 Pressure converter 

6 Voltage converter  

7 Current to voltage transition 

 

Figure 35 – Electrical equipment setup 
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As shown in Figure 35, there are several electrical components involved to get the calibration 

system to work. Component number 3 in the figure represents the CompactDAQ, also called 

chassis, used. The chassis needs to restrain both voltage inputs and bridge input. For the 

voltage input the National Instruments (NI) module 9239 is used, and for the bridge input the 

module NI9237 is used. The reference sensor needs an amplifier, component 1, before it can 

be connected to the chassis with module NI9237, while the calibrated sensor can be directly 

mounted to the module NI9239. The steady-state calibrated sensors have current output which 

is converted to voltage signal in component 7, before they are connected to the chassis 

module NI9239. The voltage transition needs to have a 24V input, so a voltage converter, 

component 6, is used. The control-box with the button also needs a 24V input, so a voltage 

converter is used there as well before it is connected to the chassis module NI9239. Lastly, 

there is a pressure converter, component 5, used for avoiding too high pressure in the valve 

controllers, as explained in Subsection 4.2.3. 

When the valves open or close, a high voltage peak is given as an output in addition to the 

step. These peaks may destroy the logging card. To prevent the logging card from being 

damaged, diodes, transient protections are connected in the conductions for the output of the 

control-box before the conductions are connected to the chassis module NI9239.    
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5.2 Steady-state pressure calibration 

Steady-state pressure calibration was performed on the two pressure sensors used to gain 

control of the pressure supply in the calibration system. These sensors were calibrated with 

Digital pressure indicator DPI 601, illustrated in Figure 36.  

 

 

 

 

 

 

 

 

 

The calibration was done by introducing different pressures to the pressure sensors, and then 

the voltage values were recorded. The calibration constants for the two pressure sensors can 

be seen in Table 3.  

Table 3 - Calibration constants 

Sensor C1 C0 

PTX 5072, 0 to 10 bar-a 124.98 -248.88 

PTX 5072, 0 to 5 bar-a 62.50 -125.32 

 

To get the exact values of the measurements, a 1st degree equation has been used. (See 

Equation (9)) 

 𝑦 = 𝐶0 + 𝐶1 ∙ 𝑥  (9) 

 

where x is the voltage value measured in volts. The calibration report for the two pressure 

steady-state sensors is presented in Appendix E.  

 

Figure 36 – Steady-state calibration system 
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6 Uncertainty analyses 

This chapter will deal with uncertainty analyses of measurements performed during steady-

state and dynamic pressure calibrations. It will also introduce the basic principles of 

uncertainty analysis. Parts of this chapter are modifications of my project thesis from fall 

2016, Stability of the Francis turbine test rig in the Waterpower laboratory, Chapter 5 [24].  

6.1 Basic principles of uncertainty analysis 

Uncertainty analysis strengthens the measurements. In order to say something about the 

quality of the results, the measurement quality needs to be investigated. The error in a 

measurement is the difference between what was actually measured and the true value. No 

measurement of a physical property is free of uncertainty. It is important to identify and 

measure the different sources of errors. All uncertainty estimates should use the same default 

for the confidence interval. According to the IEC 60193 standard, the confidence interval 

should be set to 95% [25].  

The IEC 60193 standard addresses three types of errors: 

 Spurious errors 

 Random errors  

 Systematic errors 

Spurious errors are usually human errors or instrument errors which make the measurements 

invalid. These errors should be identified and weeded out as early as possible, so that it does 

not propagate further in the process as a systematic error.  

Random errors are caused by many small, independent influences that prevent a 

measurement system from getting repeatable measurements by measuring the same size. 

These errors are affected by the log frequency and operating mode. To reduce random errors, 

it is important to repeat the measurements.  

When the number of measurements is few, the uncertainty related to the random error is 

estimated by the Student-T distribution, see Equation (10). This equation is used to find the 

95% confidence interval around the mean values in the measurements done in the laboratory 

[26]. 
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Systematic errors are errors which always become the same during similar runs. Therefore, 

these errors cannot be reduced by increasing the log frequency if the equipment and 

conditions of the drive remain unchanged. In other words, systematic errors will not affect the 

repeatability of the measurements. The only way to find if there are systematic errors in one 

system, is to measure the same in two different systems. If you do not have the necessary 

equipment to weed out such errors, you must make a subjective decision with the equipment 

you have. Systematic errors can occur from bad calibration instruments, hysteresis and poor 

linearity of the measuring instruments. To get a clear picture of the size of the systematic 

error, it is necessary to analyze the entire measuring process. This includes the calibration of 

the measuring instruments [25]. A random error during calibration of the measuring 

instruments, becomes a systematic error during the measurements. 

6.2 The total uncertainty in measurements 

The total uncertainty in measurements is principally calculated in the same way for the 

measurements performed with a steady-state calibrated sensor and a dynamically calibrated 

sensor. The total uncertainty is compiled by the total calibration uncertainty and the 

uncertainty of each measurement, 𝑓𝑙. Total uncertainty in steady-state calibration is discussed 

in Section 6.3 and total uncertainty in dynamic calibration is discussed in Section 6.4. The 

uncertainty in the calibration becomes a systematic uncertainty, 𝑓𝑠𝑦𝑠, in the total uncertainty. 

Mathematically, the total uncertainty, f,  is calculated with use of Root-Sum-Square (RSS), 

see Equation (12). 
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The uncertainty in each measurement, is estimated using Student-T distribution, see Equation 

(10). 

6.3 Total uncertainty in steady-state calibration  

During calibration, steady-state calibration or dynamic calibration, many small independent 

errors that can be both random and systematic, occur. These errors contribute to the total 

calibration uncertainty. During steady-state calibration a calibration program in LabVIEW is 

used. This program already includes the randomness in the calibrated instrument during 

calibration, systematic uncertainty in the instrument and a regression analysis to fit the 

calibration points to a linear calibration equation. The uncertainty is calculated with 95% 

confidence. The total calibration uncertainty is then found by using the RSS on all the 

uncertainties [26].  

With use of steady-state calibration the uncertainty inherent in the natural frequency in the 

pressure sensor is omitted. With use of steady-state calibration on sensors used for dynamic 

measurements, the lack of dynamic calibration will become a systematic error in the 

measurements.   

6.4 Total uncertainty in dynamic calibration  

Dynamic calibration is not suitable for sensors to be used for steady-state measurements, 

because dynamic calibration gives unnecessary larger uncertainties than with steady-state 

calibration. Dynamic calibration is therefore not common to use for acceptance testing on 

sensors used in steady-state measurements [27].  

By use of dynamic calibration, the uncertainty in the measurement will increase, but the 

quality of the measurements will be improved. When calculating the total uncertainty in 

dynamic calibration, the same procedure is used as for the steady-state calibration, except that 

an additional uncertainty term from the dynamic calibration is added. How to find the 

dynamic calibration uncertainty is descried in Subsection 6.4.1 
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6.4.1 The procedure for finding the uncertainty in dynamic calibration 

This subsection will stepwise explain the procedure for finding the uncertainty in dynamic 

calibration for the calibration system made in this master’s thesis. This procedure for finding 

the uncertainty in dynamic calibration is not published and therefore needs to be validated by 

experiments achieved from the calibration system developed.  

The goal is to take a certain number of equal measurements as explained in Subsection 

4.3.2.1, and by use of theory in Section 3.1, making the transfer function for the calibrated 

sensor for each run. The transfer functions for all the measurements will then be plotted in one 

Bode-diagram. Taking the Student-T distribution with a 95% confidence interval, see 

Equation (10), in every frequency registered and for every measurement. An uncertainty 

interval will be carried out for each frequency given. For illustration see Figure 37. The red 

line illustrates the mean value, while the blue dotted lines illustrate the uncertainty interval.  

 

The values are given in decibel, and converted to the output value of a pressure sensor, volt, 

by use of Equation (4). For finding the uncertainty in a measurement, the output volt value 

needs first to be corrected for. The correction for a given frequency is done by decreasing the 

output volt value with the distance from the 0dB line to the mean value at that given 

frequency. The uncertainty for the frequency is therefore the uncertainty interval marked in 

 

Figure 37 – Illustrating the uncertainty interval 
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blue. If all the runs give exactly the same transfer function, the uncertainty interval will be 

zero. The increased volt value could directly be corrected for, and there is no need for adding 

the dynamic calibration uncertainty term into the total uncertainty in the measurement.  

Since each measurement that is included in making the uncertainty interval for the calibrated 

sensor should have the same conditions for each run, the steady-state input pressure and the 

valves are logged. With use of the steady-state calibrated pressure sensors, it is possible to 

quality measure that the input pressure will be the same for each run. With logging the 

behavior of the valves, it is possible to adjust the measurements taken so each run will achieve 

the pressure step at the same time.  The valve will send out a signal at 0V when it is closed, 

and approximately 9.4V when it is open, an example is seen in Figure 38. 

 

 

 

 

 

 

 

 

 

 

It is also important that the logging points are the same for each measurement run before and 

after the pressure step occurs. If the number of logging points differs for each run, the shortest 

measurement series is used and the other runs are adapted to this run.  

As explained in Subsection 4.3.2, the logging rate is set to 50 000 samples per second. This 

logging rate is high enough to measure all the frequencies to be achieved, and for that reason, 

a regression line between the frequencies will probably not be necessary. This needs to be 

investigated. 

 

 

Figure 38 – Valve state 
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7 Construction of the calibration tool 

The calibration tool was constructed included steel machining at the Waterpower laboratory 

workshop, from the descriptions and drawings presented in Sections 4.1, 4.2 and Appendix 

D.1. The component dimensions connected to the calibration tool, as valves and sensors, were 

basis for the detailed specifications of the calibration tool. 

Mounting of the calibration tool system was performed according to the drawings, and 

everything was successfully mounted except from the cavern space which should fit the 

adjustable bolt. The details of the machined bolt and the cavern space which seem to create 

the problems are described below.  

When going into the details, it should be mentioned that the calibration tool was not exactly 

machined as described in Section 4.2. The part that was not constructed as expected was the 

adjustable bolt. Instead of producing a bolt with threads from top to bottom, as a completely 

threaded screw, it became a bolt with threads at the top and a distance down the shaft, and 

then an almost smooth surface down towards the bottom. 

At the bottom it was also mounted an O-ring gasket for completely sealing the system. If the 

O-ring gasket at the bottom did not seal satisfactory, the O-ring gasket at the top could also be 

used to secure sealing. With this new type of bolt, it was not possible to adjust the cavity 

space inside the calibration tool. The solution could have been to create multiple bolts of this 

 

Figure 39 – The new bolt 
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type with different shank lengths, and exchange the bolts for adjusting the cavity space. The 

new bolt is illustrated in Figure 39. 

 The reason why the adjustable bolt did not become as expected, was due to lack of 

appropriate milling instruments and problems with the threads that should be conducted inside 

the calibration tool cavity. Figure 40 shows how the new calibration tool looked inside where 

the adjustable cavity volume should have been. 

The tests which were possible to accomplish with this equipment, are presented in Chapter 8. 

 

 

 

 

Figure 40 – Inside the calibration tool, after machining 
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8 Results and discussion  

The desired test target for the calibration was to achieve a pure pressure step as presented in 

Figure 4. During the first test of the calibration system, it was quickly observed that the 

calibration system did not work as expected. In this chapter, the methods that were undertaken 

to determine what was wrong with the system, will be described and the findings will be 

discussed for each section. Finally, the applications of this calibration system will be 

presented.  

8.1 Noisy step  

The first tests of the calibration system that were conducted showed a lot of noise in the 

pressure step. With only use of the O-ring gasket at the bottom of the bolt, as described in 

Chapter 7, the water started leaking out. It was therefore not produced results with just one O-

ring gasket at the bottom. With use of the O-ring gasket at the top as well, the calibration tool 

became completely sealed and some results were achieved. The results are presented in Figure 

41.  

 

 

Figure 41 – Bolt with two O-ring gaskets 
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As the figure shows, this is far from a perfect step. The reason for this weird behavior is 

believed to be due to the structure of the bolt and the corresponding cavity inside. When the 

high-pressure water enters the calibration tool, the pressure is too high for the O-ring gasket, 

and the O-ring gasket is not capable of avoiding leakage of water into the cavity between the 

bolt and the tool walls. It can be seen in Figure 41 that the system is on its way to make a 

suitable step, but since the O-ring gasket is not sealing the system sufficiently, the pressure 

signal starts oscillating. The first down peak is believed to be the first time the water enters 

the cavity and the pressure drops. With this construction it is impossible to release all the air 

pockets inside this cavity, and the water pressure will oscillate.  

Multiple adjustments were conducted to the bolt to make sure where the fault was located. 

The second test was to test the calibration system with the O-ring gasket just at the top of the 

bolt. With this method it should be possible to release all the air inside and in theory the step 

should be improved. The results could be seen in Figure 42. 

 

 

Figure 42 – Without O-ring gasket at the bottom at the bolt 
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The results show that this is not an accurate step either. The reason for this behavior is 

probably the difficulty of releasing air inside the cavity where the bolt is placed. It will then 

be created a standing wave in the cavity which destroys the results with noise. Multiple tests 

were performed for removing all air in the system. The calibration system got multiple 

blowouts with water to push air pockets out. It was also tilted in all possible directions, for 

releasing air. Figure 43 shows one of the tilting setups adapted to the calibration tool. An 

attempt was also made where the bolt was used to deflate before measurements were taken, 

instead of using the ball valve. Despite all attempts, the results remain similar to those shown 

in Figure 42.   

 

Figure 43 – Tilting setup for the calibration tool 
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The next opportunity became therefore to try to seal the entire cavity where the bolt was 

located. For sealing the entire cavity several experiments were conducted. First, thread sealing 

tape was used with a bigger O-ring gasket at the bottom of the bolt. The system became 

almost sealed in the first run, but after several runs the thread tape was worn out.  

The next attempt was to glue the cavity with a two-component metal glue, but this did not 

work perfectly either. Further, thread sealant solution was used without luck. The last attempt 

became to use Quick Steel Epoxy solution. Finally, the cavity next to the bolt became 

completely sealed and a step without noise was achieved. Figure 44 illustrates the step 

achieved when the steel solution was used.  

 

 

 

 

After the bolt was completely sealed with Quick Steel Epoxy solution, a test with air in the 

calibration tool was conducted. The result can be seen in Figure 45. The results show similar 

behavior as in Figure 42, even though the peaks are not as distinctive. The results confirmed 

the theory that the noise behavior achieved earlier was caused by air in the system. This result 

also emphasizes the importance of having a system completely free from air before the 

calibration starts.   

 

Figure 44 – Use of Quick Steel Epoxy  
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8.2 Slow fluctuations and rise time 

In addition to the noise in the measurements, it was observed slow fluctuations prior to the 

final state. It was also observed a slow rise time for the step, 29ms. In this section, methods 

used to understand why the slow fluctuations and slow rise time occurred will be illustrated 

and discussed.  

8.2.1 Elastic pipe from the high-pressure supply  

The first hypothesis was that the pipe that was sending water into the calibration tool from the 

high-pressure side was the reason for the slow fluctuations. When the valve opens, the water 

column pressures all the way from the high-pressure supply and to the sensor to be calibrated, 

see Figure 28 for illustration.  

The pipe connected to the high-pressure supply is made of plastic, and due to that the pipe is 

elastic. Since the pipe is elastic, the extension of the pipe could result in the slow fluctuations 

which occurred. As there was no access to other pipes with different elasticity in the 

laboratory, the length of the pipe was made shorter. Since the pipe had the same elasticity, this 

test could indicate the effect of the pipe length. The new setup can be seen in Figure 46. 

 

Figure 45 – Air in the calibration tool 
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Unfortunately, the results remained the same, as in Figure 44, and this theory was rejected.  

8.2.2 Too low pressure level in the high-pressure tank 

Another possibility was that the applied pressure was too low. This could result in water, 

which was entering the calibration tool, being pulled back into the pipe connected to the high- 

pressure tank, and causing oscillations. Tests were therefore conducted with higher pressure 

in the tank. The slow fluctuations did still occur.   

8.2.3 The behavior of the valves 

As discussed in Subsection 4.3.1, it was believed that the optimal use of the valves was to 

open and close the valves at the same time to not let the step get affected by the valves 

behavior. When a valve opens, the water gets pulled with, and the pressure drops in the 

cavity. When a valve closes the pressure rises inside the cavity. This behavior is due to the 

diaphragm piston inside the valve. 

 

Figure 46 – Shorter pipe setup 

 

Shorter pipe 
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By testing the valves behavior in real life, it could be concluded that switching of the valves at 

the same time, was not optimal. Switching the valves at the same time made also unnecessary 

noise and discontinuities in the step.   

To obtain optimal use of the valves, different tests were conducted. By generating a negative 

pressure step, the rise time of the step increased. Increasing the rise time of the step by 

generating a negative step has also been mentioned by Choi et. al [28]. Even though the rise 

time increased, the step did not become good enough to be used. Because of the valves 

behavior, there was seen a new discontinuity in the step and the slow fluctuations did still 

occur. This discontinuity could be seen in Figure 47, marked with a red circle.  

 

 

 

 

 

 

 

 

 

 

 

Two methods caused least disturbances in the step. The first method is based on closing both 

the low-pressure valve and high-pressure valve before the measuring starts. During the 

measurements, the high-pressure valve opens. This use of valves was early found out to be 

one of the best and has therefore been applied during the previous tests. 

The second alternative method is to have the low-pressure valve closed and the high-pressure 

side open before the measuring starts. During the measurements, the high-pressure valve 

closes. Further in this chapter, these two valve operating methods are used on the calibration 

 

Figure 47 – Negative pressure step 
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system with the Quick Steel Epoxy solution to find out why the calibration system still does 

not behave as desired.  

Because of the slow rise time the step achieved, every sensor used was fast enough to measure 

the step. Since all sensors gave similar results it means that the reason for the weird step 

behavior was not due to the sensors, but was made by the calibration system. Because every 

applied sensor measured the same behavior, it was impossible to use these results to analyze 

the behavior of the calibration system in the manner described in Section 3.1. The solution 

became to use the measurements registered by the reference sensors, and compare the 

measured behavior with a generated perfect step. In this way, it is possible to analyze the 

calibration system behavior. The analysis will include the behavior of every component in the 

system. 

Transfer function theory, described in Section 3.1, was conducted in the same way as 

explained, but instead of using the transfer function to the calibrated sensor, the transfer 

function of a perfect step was used. The first analyses are performed on the results from the 

method where the high-pressure valve opens during the measurements. The reference sensor 

behavior compared to a perfect step can be seen in Figure 48. 

 

Figure 48 – Reference sensor and a perfect step, opening high-pressure valve 
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From the figure it can be observed that the step generated by the calibration system has a rise 

time of 64.5ms. The slow fluctuations prior to the final state can also easily be observed.  

By using the built in function in MatLab, tfestimate, described in Subsection 4.3.3 the 

magnitude versus frequency Bode plot for the calibration system is achieved. Figure 49 shows 

the Bode plot conducted. 

 

By analyzing the Bode plot, a peak at 9Hz could be seen. This peak is caused by the slow 

fluctuations prior to the final state. This frequency is the only frequency discovered above the 

0dB line.  

The second analysis is performed on the results from the method where the high-pressure 

valve closes during the measurement. The same procedure is used for analyzing the 

frequencies generated by the calibration system. The reference sensor behavior compared to a 

perfect step can be seen in Figure 50. 

 

 

Figure 49 – Bode plot, opening high-pressure valve 

, da 
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It can be seen from Figure 50 that the slow fluctuations have disappeared, and the rise time to 

the step generated by the calibrated system has decreased to 8ms. The high peak is the 

pressure surge reinforced when the valve is closing. It can also be observed that even though 

the system should have reached its final state after approximately 1 second, the pressure is 

still decreasing. This behavior could be due to the valve not being completely sealed, and 

some water leaks out back into the pipe connected to the high-pressure tank. It is a higher 

pressure in the calibration tool cavity, caused by the pressure surge. 

By using the built in function, tfestimate, described in Subsection 4.3.3, the magnitude versus 

frequency Bode plot for the calibration system is achieved. Figure 51 shows the Bode plot 

conducted. 

 

 

 

 

Figure 50 – Reference sensor and perfect step, closing high-pressure valve 
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By analyzing the results achieved, in Figure 51, no peak at 9Hz can be observed. The first 

peak is at 50Hz, and most likely represents the grid current frequency. Comparing Figure 51 

and Figure 49, it can be seen that the frequencies in Figure 49 after 9Hz is damped with 

almost 30dB, hence the calibration system is working as a low pass filter with passband from 

0Hz to 9Hz.  Because of this, it can be determined that the slow fluctuations prior to the final 

state is working as a low pass filter in the calibration system, and is therefore caused by 

physical impacts from the valves. Since the slow fluctuations are operating as a low pass 

filter, delay in the system occurs. This delay can also be seen by comparing Figure 48 and 

Figure 50. The delay is therefore assumed to be the reason for the slow rise time achieved in 

Figure 48. 

Unfortunately, it was impossible to know that the valve properties would be so important for 

the results before they were tested in reality. This is due to missing information from the 

vendor and property leaflet that followed the valves, which could not explain the behavior of 

the valve internals. 

 

Figure 51 – Bode plot, closing high-pressure valve 
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By analyzing the results, it can be concluded that the valve pistons are operating as a mass 

spring damping system. When the valve is open, the piston is not in a fixed position, and 

starts to oscillate due to the applied force of high-pressure water. When the valve is closed, on 

the other hand, the piston is in a fixed position. Figure 52 illustrates the assumed new piston 

behavior, in the moment the high-pressure valve opens.  

 

 

 

 

 

 

 

 

 

 

 

Figure 52 – The real diaphragm valve mechanism  
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8.3 Frequency analysis of the calibration system  

By the use of the case described in the previous subsection, where the high-pressure valve 

closes during the measurements, it is possible to generate some informative results about the 

calibration system. The step generated is analyzed with Fast Fourier Transform (FFT), in this 

section.   

The analysis is performed on the reference sensor. The analysis is conducted on the behavior 

of the step prior to the final state. Figure 53 visualizes the part which is analyzed, between the 

two dashed lines marked in red.  

 

 

 

Figure 53 – Part to be analyzed 
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The reason for analyzing the results in this way, is because the behavior prior to the final state 

represents the natural frequencies which occur in the system [29]. The FFT is used with 

multiple Hamming windows and an overlap of 50% for canceling out random noise in the 

measurement. The FFT analysis performed on the behavior prior to the final state can be seen 

in Figure 54.  

 

It can be observed a frequency peak at 218Hz in the figure, and this frequency is believed to 

be the slower fluctuations which occur right before the measurement stabilizes completely 

after the step. The next frequency peak is located at 2246Hz. This peak is assumed to be due 

to the frequencies of the fast fluctuations which occur right after the step. This frequency is 

the highest natural frequency achieved with this calibration system. The fluctuations which 

cause the frequencies can also be seen in Figure 53. The pyramid-resembling behavior of the 

peaks is due to the way the FFT analysis is performed where the step is generated multiple 

times after each other, so the periods are overlapping. 

 

Figure 54 – FFT of the reference sensor 
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By knowing that the calibration system is generating a frequency of 2246Hz, it is possible to 

analyze some of the dynamic behavior of a sensor to be calibrated. The analysis of a 

calibrated sensor could be performed by comparing the frequencies measured by the 

calibrated sensor with the frequencies measured by the reference sensor. If the calibrated 

sensor is showing the same frequency peak at 2246Hz with same normalized amplitude, it can 

be concluded that the calibrated sensor is capable of measuring frequencies at 2246Hz or 

lower without an extra uncertainty term. If the calibrated sensor and the reference sensor have 

similar behavior, the uncertainty in the measurements can then be determined as completed by 

steady-state calibration.  

There is a limitation of this method. If the calibrated sensor is intended to measure lower 

frequencies then 2246Hz, and does not achieve the same frequency peak at 2246Hz, it cannot 

be concluded if the sensor needs an extra dynamic calibration uncertainty term related to the 

measurements or not.  

Due to lack of time, experimental investigation of this method was not performed. Some 

possible aspects to investigate are suggested in further work. 

8.4 Calibration system used to verify dynamic pressure sensors 

The calibration system developed in this master’s thesis can also be used to verify the 

behavior of a dynamic pressure sensor. A dynamic pressure sensor is only measuring the 

change in pressure during measurements. The output of the dynamic pressure sensor is 

therefore the derivative of the pressure value. For converting to an absolute pressure value, an 

amplifier is used to integrate the derived pressures. 

By generating multiple pressure steps with the developed calibration system, it is possible to 

verify if the dynamic sensor and the amplifier are responding as they should. It is done by 

using a reference sensor and observing that the dynamic sensor and amplifier are reproducing 

the same behavior.  

For locating the error if the dynamic sensor does not follow the behavior of the reference 

sensor, either replacing the amplifier and see if the behavior changes, or replacing the 

dynamic sensor could be done. In this master’s thesis, this method for verifying the behavior 

of a dynamic sensor has not been done, due to lack of time. This could be done in a later 

project thesis or master’s thesis. 
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8.5 High-pressure supply 

Both the high-pressure tank and the Deadweight tester were tested for creating an optimal 

calibration system. In principle both could be used. The difference between those two 

methods is that the high-pressure tank makes it easier to achieve the same high-pressure 

supply for each run. 

Large amounts of water are also needed to remove all air inside the calibration tool. With use 

of the Deadweight tester, distilled water needs to be filled at least twice during one 

calibration. With use of the high-pressure tank, it is also more effective to make blowouts 

with water, so all air in the system is released. The high-pressure tank holds a large volume of 

water, and a water blowout of approximately one liter results in negligible difference in 

pressure level. 
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9 Conclusion 

A dynamic calibration system was designed, developed and tested in this master’s thesis. The 

calibration system did not work as desired, but it has a range of applications. There were 

several reasons for the unexpected calibration system behavior. 

The machining of the calibration tool was not performed in accordance with the drawings. 

This lead to air pockets in the system which again made a lot of noise in the measurement 

signals. The solution was to block the entire adjustable cavity with a Quick Steel Epoxy steel 

solution. A system free from air is extremely important before calibration starts. 

The valves had a narrow operating range. Most of the attempts performed on the valves for 

getting the optimal valve use, ruined the step because of the diaphragm pistons behavior. The 

valve did operate as a mass spring damping system. The unfixed behavior caused slow 

fluctuations prior to the final state after the step, resulting in a delay in the rise time of the 

step. The optimal valve use was to have the low-pressure valve closed before the 

measurements started, and to close the high-pressure valve during the measurement. 

When the high-pressure valve closes during the measurement, the system is capable of 

generating an almost suitable step. It was indicated with the use of FFT that the highest 

natural frequency achieved in the system was 2246Hz. By knowing this frequency, it could be 

determined if a sensor to be calibrated does not need an extra uncertainty term. The 

calibration system developed could also be used to verify if a dynamic pressure sensor and 

amplifier behave in a correct manner. These methods need although to be verified with 

additional experiments.    

It could also be concluded that the high-pressure tank is the most suitable way for applying 

high pressure water to the calibration tool.  

As stated in this master’s thesis, and earlier research articles, it is proved to be difficult to 

generate a perfectly working dynamic calibration system. Having that said, it is an important 

topic when dynamic pressure measurements are needed because of the uncertainty caused for 

instance by the natural frequency of the sensors.  
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10 Recommendation for Further Work 

In this chapter, recommendations for further work are presented. This chapter is divided into 

four sections. The first section proposes use of the same calibration tool as adapted in this 

master’s thesis. The second section is a proposal for a new design of the calibration tool. The 

third section will discuss general improvements for the entire calibration system. The last 

section contains proposed analyses that can be performed on the sensor after calibration. 

10.1 The calibration tool constructed in this master’s thesis 

Before too many modifications are made on the system, it may be worth looking into 

individual factors. What could be done is listed below:  

 Use a sensor with natural frequency of 500Hz or less, as the calibrated sensor, for 

investigating if the procedure for finding the uncertainty caused by the natural 

frequency of the sensor is feasible to apply. The procedure is explained in Subsection 

6.4.1. The tests could be used on the already existing calibration system, with the 

method where the high-pressure valve closes during measurements.  

 

 Investigate if the method described in Section 8.3, about comparing frequencies, is 

durable. The method should be explored with a sensor containing a natural frequency 

lower than 2246Hz and a sensor containing higher natural frequency than 2246Hz.  

 

 Conduct tests on a dynamic sensor and corresponding amplifier, and verify the method 

explained in Section 8.4. 

 

 Use ball valves for switching from low to high pressure, instead of the diaphragm 

valves already used. The ball valves should be connected to the high-pressure and 

low-pressure inputs. By use of ball valves, it can be proved or disproved that the 

diaphragm valves are one of the main reasons for the calibration system not working 

as expected. This could be proved because the ball valves are opened and closed with 

another mechanism than diaphragm valves.  
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10.2 Suggestion of a new calibration tool design 

After the tests are conducted with the already developed calibration tool, and hopefully the 

results show that this is something to develop further, a new and improved calibration tool 

could be made. The new and improved calibration tool should contain a smaller cavity and 

fewer internal pipelines than the previous one. The system should also be constructed so the 

air is released from the highest level. The main concepts of a new calibration tool are listed 

below. 

 Remove the steady-state calibrated sensors, used to control measure the pressure 

supply. Instead, perform a static calibration of the reference sensor and the calibrated 

sensor before dynamic calibration starts. These sensors are used to gain control of the 

pressure supply. 

 

 The ball valve is unnecessary and can be removed. The low-pressure side is used to 

deflate.  

 

 Change the position for the reference sensor and the calibrated sensor with the high-

pressure inlet and the low-pressure inlets. Changing the positions of these components 

makes it easier to deflate from the highest level. The new positions could be seen in 

Figure 55. 

 

 The diaphragm valves need to be replaced by some valves which behave like ball 

valves, and are just as fast as the diaphragm valves used in this master’s thesis. They 

should also have the mechanism to be controlled from an external source. The valves 

should be directly mounted on the pressure water supply inlets.   

 

 There are different ways to improve the calibration tool including the adjustable bolt. 

It is important that the calibration tool is completely sealed, and the cavity space 

should be adjustable.  

 

o Suggestion to a new bolt and calibration tool design can be seen in Figure 55. 

It is important that the entire system is completely sealed, so the machining 

must be done extremely carefully. For varying the natural frequency of the 

tool, the bolt could be milled from the bottom. A number of bolts with 



62 

 

different milled lengths can be made. Hence, this gives stepwise cavity space 

and is not freely adjustable. Thread sealants solution could be applied to the 

bolt before use. 

 

o Another possibility is to have a bolt without threads all the way inside the 

calibration tool and threads above. See Figure 56. A very careful machining 

with high accuracy is needed as the first design improvement, to avoid distance 

between bolt and calibration tool.  In the region where the bolt is going into the 

calibration tool, a stuffing box should be installed to tighten the bolt. A 

mechanical system like a fixed nut above the stuffing box is needed for 

screwing and it will be possible to adjust the bolt to generate different cavities. 

Thread sealants solution could be applied to the bolt before use.  

 

 

Figure 55 – Calibration tool with improved bolt system 
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Figure 56 – Calibration tool with stuffing box 
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10.3 Suggestions to general improvements of the calibration system  

Several parts of the calibration system can be improved for getting a more user friendly and 

effective system. The following points are improvements of a calibration system, which is 

already capable of finding the natural frequency of a sensor.  

 An improved edition of the calibration program made in LabVIEW is needed. The 

program should be made in a way where the only function is to start the program, and 

the program itself is generating 30 equal steps. This means that the program needs to 

have a direct contact with the valves.  

 

 The program should also be able to generate a calibration report. If the frequency 

measured by the calibrated sensor is above the 0dB line, the constants for getting the 

mean value should be easy to collect from the calibration report. The uncertainty 

interval in each frequency measured, should also be easy to collect.  

 

 Since the calibration system did not work as expected in this master’s thesis, the 

theory of not needing a regression line between the frequencies was not investigated 

properly. If the theory of not needing a regression line is disproved, a function for 

generating a regression line between the frequencies should be made in the program as 

well.  

 

 If the new improved calibration system will generate frequencies higher than 

25,000Hz, a CompactDAQ which allowed higher logging frequency than 50,000Hz is 

needed.  

 

 The water reservoir for the low-pressure side could be improved by making a more 

professional setup.  

 

 A procedure for finding the uncertainty achieved with dynamic calibration should be 

made. 
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10.4 Analyses performed with a dynamic calibration system 

As stated in Section 1.1, there are no international agreements on how the calibration analysis 

of the pressure sensor should be performed. According to ISA-37.16.01 standard [8] and 

Hjelmgren [3] several aspects can be investigated as 

 Sensitivity 

 Amplitude response 

 Phase response  

 Natural frequency  

 Ringing frequency 

 Damping ratio 

 Rise time  

 Overshoot 

In this master’s thesis, natural frequency is the only aspect investigated. By using the 

developed calibration system or an improved calibration system, it would be interesting to test 

the different aspects listed above, and figure out which methods are best suitable for the 

dynamic measurements performed at the Waterpower Laboratory at NTNU.   

With a functional dynamic calibration system, some analyses could be performed in the 

Laboratory. Dynamic and steady-state pressure calibration could be conducted on the pressure 

sensors used at the Pelton test rig in the Waterpower laboratory. The uncertainty could be 

determined by use of the dynamical calibration procedure and the steady-state calibration 

procedure, and then the uncertainties should be compared. Dynamic calibration of the 

pressure sensors installed in the runner of the Francis rig could also be performed.  
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