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TIIVISTELMÄ: 
 
Polttomoottoreilla tulee olemaan tärkeä rooli hiilidioksidipäästöjen vähentämisessä ja kestävän 
voimansiirtojärjestelmän toteuttamisessa merenkulkualalla. Merenkulkualan sähköistäminen 
on nykyisellään hankalaa valtavan energiantarpeen vuoksi. Sen vuoksi polttomoottorit tulevat 
pysymään lähitulevaisuudessakin laivojen tärkeimpänä voimanlähteenä. Uutta palamismenetel-
mää, reaktiivisuudella hallittua puristussytytystä (RCCI), voidaan pitää yhtenä lupaavista poltto-
moottoriteknologioista, jonka avulla voidaan samanaikaisesti saavuttaa erittäin alhaiset typen 
oksidi- ja hiukkaspäästöt, sekä korkea hyötysuhde. Vaikka konseptia on kehitetty pitkään, sovel-
tuvuutta isosylinterisissä moottoreissa ei ole osoitettu julkisesti. 
 
Tämän opinnäytetyön tavoitteena oli suunnitella ja toteuttaa uusi tiedonkeruujärjestelmä 
isosylinteriseen RCCI -testipenkkiin Vaasan yliopiston VEBIC moottorilaboratoriossa osana Clean 
Propulsion Technologies (CPT) -projektin työpakettia 3. Testipenkki instrumentoitiin uusilla an-
tureilla, analysaattoreilla ja tiedonkeruulaitteilla. Järjestelmän rakentamiseen tarvittavat lait-
teet hankittiin ja laiteasennukset sekä sähköliitännät toteutettiin. Lisäksi mahdollistettiin uuteen 
järjestelmään soveltuva tiedon tallennusprosessi. Järjestelmän suorituskyvyn arvioimiseksi suo-
ritettiin osittainen järjestelmätesti, koska moottoria ei ollut mahdollista käynnistää vielä opin-
näytetyön aikana. 
 
Osittaisen järjestelmätestin tulokset osoittivat, että uusi tiedonkeruujärjestelmä kykenee mit-
taamaan korkealla näytteenottotaajuudella ja tallentamaan mittaukset kampiakselin asennon 
suhteen. Opinnäytetyössä suunniteltu ja toteutettu järjestelmä tarjosi useita parannuksia edel-
liseen järjestelmään verrattuna. Käytettävissä olevien korkean näytteenottotaajuuden kanavien 
lukumäärä kasvoi 8:sta 16:een ja järjestelmä tarjoaa joustavamman reaaliaikaisen tiedon jälki-
käsittelyn. Päivitetty järjestelmä tarjoaa myös merkittävän parannuksen datan integroimiseen, 
koska nopeat ja hitaat mittaukset voidaan tallentaa samaan tiedostoon. Välittömien järjestel-
män parannusten lisäksi uusi järjestelmä kykenee mukautumaan tulevaisuuden tarpeiden mu-
kaan. 
 
 
 
 
 
 
 
 

AVAINSANAT: Tiedonkeruu, mittaaminen, anturit, RCCI, polttoanalyysi, moottoritestisolu, in-
tegrointi. 
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ABSTRACT: 
 
Internal combustion engines will have an important role on a road to decarbonization and a sus-
tainable powertrain system in the maritime sector. Electrification of the maritime sector is cur-
rently difficult due to its excessive energy density demand. Therefore, internal combustion en-
gines will remain a primary power source for ships in the near future. A novel combustion con-
cept, reactivity-controlled compression ignition (RCCI), can be seen as one of the promising com-
bustion technologies that enables simultaneous ultra-low NOx and soot emissions, as well as 
high thermal efficiency. Although the concept has been developed for a long time, its feasibility 
for large-bore engine applications has not been publicly demonstrated. 
 
The goal of this thesis was to design and implement a new data acquisition system for the large-
bore RCCI test bench in University of Vaasa’s VEBIC engine laboratory, as part of the Clean Pro-
pulsion Technologies (CPT) project’s work package 3, novel combustion and advanced aftertreat-
ment. The test bench was instrumented with new sensors, analyzers and data acquisition hard-
ware. Devices required to build the system were acquired and device installations, as well as 
electrical connections were established and supervised. Additionally, data storing workflow, suit-
able for the new system, was developed. In order to validate the system performance, a partial 
system test was carried out due to the inability to start up the engine during the thesis. 
 
The results from the partial system test proved that the new data acquisition system is able to 
measure high sampling frequency signals and record them in reference to crank angle. The sys-
tem that was designed and implemented in the thesis provided several improvements when 
compared to the previous system. The number of available high sample frequency channels in-
creased from 8 to 16 and the system provides more flexible real-time post-processing capabilities. 
The upgraded system also provides a significant improvement in integration, as the high-speed 
and low-speed measurements can be recorded into a single file. In addition to immediate system 
improvements, the new system is able to expand according to future requirements of the test 
bench. 
 
 
 
 
 
 
 
 

KEYWORDS: Data acquisition, measurement, sensors, RCCI, combustion analysis, engine test 
cell, integration. 
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1 Introduction 

 

1.1 Background 

 

The special report on global warming by the Intergovernmental Panel on Climate Change 

states that if global warming were to exceed 1.5 °C compared to the pre-industrial era, 

there would be significant harm to the ecosystem and societies (Masson-Delmotte et al., 

2018). In 2019, the shipping industry’s global carbon dioxide (CO2) emissions accounted 

for roughly 2.5% of overall global CO2 emissions (Teter et al., 2020). In addition to this, 

the shipping industry has a significant impact on human health and air quality near ports 

due to the high rate of air pollutants like nitrogen oxides (NOx), particulate matter (PM) 

and sulfur oxides (SOx) (Chen et al., 2021). Without major development steps toward 

more sustainable solutions, the ratio of emissions resulting from shipping compared to 

other transportation subsectors will increase in the future (Mestemaker et al., 2020). 

Paris agreement (United Nations, 2015) together with tightening emission legislation 

drives engine and powertrain development towards higher efficiency and lower emis-

sions. In the heavy-duty road transport sector, the introduction of Euro VI emission 

standard (European Union, 2009) presented a significant NOx emission reduction for die-

sel engines in order to improve the quality of air. The reduction of NOx emissions needs 

to be carried out without sacrificing the inherent advantages of diesel engines or adding 

to other emissions. The limit of heavy-duty vehicle NOx emissions in Euro VI compared 

to Euro V was reduced by 80% in steady-state testing and 77% in transient testing (Wil-

liams & Minjares, 2016). Emission legislation is one of the key drivers in the engine de-

velopment process, and progress in the automotive segment inspires emission mitiga-

tion in other transport segments. 

 

Diesel engines, commonly used in ships and heavy-duty vehicles, have a high thermal 

efficiency because of the high compression ratio and low heat rejection. However, they 
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suffer from large NOx and PM emissions due to high in-cylinder temperatures and diffu-

sion combustion inherent to the diesel combustion process (Wei & Geng, 2015). Ad-

vanced combustion technology (ACT) is a concept which aims to mitigate emissions 

while improving engine efficiency. According to Shim et al. (2020), novel combustion 

technologies allow for reducing NOx and PM emissions by controlling the maximum in-

cylinder temperature, as well as the local equivalence ratio. Shim et al. (2020) stated, 

that single-fueled ACTs offer lower emissions. However, in addition to having a narrow 

operating range, there are difficulties in the control of the combustion phase and main-

taining combustion stability. 

 

To overcome issues of single-fueled ACTs, researchers have investigated the possibilities 

of dual-fueled ACTs. According to Baškovič et al. (2022), RCCI has the highest potential 

among several low-temperature combustion (LTC) ACT concepts when it comes to fuel-

flexibility and wide operating range. RCCI uses in-cylinder blending of two fuels with dif-

ferent reactivities to control combustion, which is driven by chemical kinetics (Paykani 

et al., 2016). In dual-fuel RCCI, low reactivity fuel is supplied into the cylinder during the 

intake process through a port fuel injector to create a uniform mixture of air and fuel. 

High reactivity fuel is injected directly into the cylinder using a single or multiple injection 

strategies early enough to form a premixed charge inside the cylinder prior to auto-igni-

tion (Li et al., 2017). Changing the ratio of these two fuels, as well as the injection timing 

enable efficient control over the ignition timing and combustion rate (Panda & Ramesh, 

2022). With RCCI, it is possible to simultaneously achieve high thermal efficiency and low 

NOx and PM emissions (Krishnamoorthi et al., 2019). 

 

Kokjohn et al. (2011) demonstrated that when compared to a conventional diesel engine, 

RCCI provides improved control of the combustion process, higher efficiency and signif-

icantly reduced NOx and PM emissions in the span of a wide engine operating range. In 

contrast to the benefits of RCCI, there are challenges to achieve high and low engine 

loads. During low load operation, RCCI engines tend to have an increased rate of total 
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hydrocarbons (THC) and carbon monoxide (CO) due to low temperatures inside the cyl-

inder during combustion. Additionally, operating an RCCI engine at high loads can result 

in excessive pressure rise rates that could damage the engine (Li et al., 2017). 

 

Novel combustion technologies give new requirements to data acquisition system of an 

engine test facility. In contemporary engine research, test cells are complicated systems 

filled with specific machinery and instrumentation. Accurate and precise measurements 

need to be made in order to accurately control and capture the performance character-

istics of the engine and related subsystems. A common data acquisition system com-

prises of an instrument that produces a signal representing the physical phenomena, 

signal conditioning to protect the signal from corruption and ensure signal compatibility 

with the rest of the system, acquisition hardware for converting analog signals to digital 

format, and software that is used to record, analyze and store the digital values repre-

senting the real phenomenon (Osman & Massoud, 2013). In order not to compromise 

the data produced in the test cell, all the devices connected to the measurement chain 

are desired to be integrated (Martyr & Plint, 2012). Instrumentation of modern engine 

test cell measurement chain includes a large variety of sensors, actuators and analyzers, 

each with their preparatory sensor output types and communication protocols (Asad et 

al., 2011). 

 

1.2 Problem formulation 

 

In the CPT consortium (Clean Propulsion Technologies, 2021; Mikulski, 2021), the goal is 

to create a shared vision and sustainable business solutions in the marine and off-road 

segments in order to secure the global position of the Finnish powertrain industry. The 

goal will be achieved by developing innovative powertrain technologies that comply with 

emission regulations until 2035. Technological roadmap providing a consolidated plan in 

securing emission compliance for both segments until 2050 will achieve the goal in the 

long term. The CPT project consists of six work packages. In work package 3, novel com-

bustion and advanced aftertreatment, the goal is to provide significant progress in the 
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technological roadmap for novel combustion technologies. This will be made possible by 

demonstrating a medium-speed engine that uses low-temperature RCCI. 

 

In order to build a large-bore RCCI marine engine platform as a part of the CPT project, 

many modifications are needed in the University of Vaasa’s VEBIC (Vaasa Energy Busi-

ness Innovation Center) engine laboratory. In this regard, the large-bore engine test cell 

requires new data acquisition system and measurement workflow. The goal of this thesis 

is to design and implement a data acquisition system for large-bore state-of-the-art en-

gine test bench. New sensors, analyzers and data acquisition hardware were studied and 

implemented to the current engine test cell. The objective of this research is to discover 

the requirements for the new data acquisition system in order to provide more fluent 

low-temperature combustion research for the RCCI engine. Based on the requirements, 

a new measurement system was designed and implemented into University of Vaasa’s 

large-bore engine test cell located in the VEBIC laboratory building. While realizing this 

objective, this work aims to answer the four following research questions: 

 

1. What are the measurement system requirements to enable LTC research on a 

multi-cylinder engine? 

2. How to integrate different measuring instruments into a common data acquisi-

tion platform, bearing in mind their individual sampling rates and communication 

protocols? 

3. How to carry out efficient post-processing of the measured quantities, that ena-

bles insight to the in-cylinder phenomena? 

4. How to effectively store large amount of measurement and analysis data coming 

from an engine test bench? 

 

1.3 Thesis structure 
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This thesis consists of five main chapters which are literature review, object and methods, 

system design and implementation, system consolidation and validation, and conclu-

sions. The literature review focuses on state-of-the-art engine testing and the main con-

cepts around the engine test cell data acquisition systems. In addition, central post-pro-

cessing methods and combustion analysis are discussed. The chapter provides insight 

regarding modern measurement technologies and analysis methodologies for conduct-

ing modern combustion engine research. Ultimately, this gives a solid background for 

understanding the objects and methodologies used in this work. Objects used in this 

research, as well as system design and validation methods are introduced and discussed 

in chapter 3. That chapter provides detailed information regarding the status of the test 

cell prior to modifications and methods to design and build a robust test cell data acqui-

sition system. chapter 4 focuses on describing the system design and implementation 

phase. There, configuring and adding new measurement devices to a common system, 

as well as the relevant functions of the system are explained in detail.  Results regarding 

system consolidation and validation are discussed in chapter 5. The focus is on the over-

all performance of the upgraded system and its adaptability for the future. The conclu-

sions of this thesis are presented in chapter 6, which aims to give concrete answers to 

research questions. The final chapter of the thesis provides a summary. 
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2 Literature review 

 

2.1 State-of-the-art in engine testing 

 

Modern engine testing involves the combination of different research and development 

methodologies for different purposes. Simulation models coupled together with the en-

gine test bench offer a flexible and efficient platform for engine development.  This type 

of setup requires accurate measurement of many different parameters that are used in 

the calibration and optimization of the engine control system. 

 

2.1.1 Development trends of internal combustion engines 

 

The objective of engine development today is to produce engines with high efficiency 

and performance while having low emissions. Characteristics of modern diesel engines 

include a combustion chamber utilizing four valves, multiple common-rail injectors with 

high pressure of up to 2000 bar, advanced supercharging, controlled exhaust gas recir-

culation, oxidation catalyst, and a high level of electronic engine management (Heywood, 

2018). Development trends of diesel engines aim towards improvements in common-

rail direct injection, turbocharging, exhaust aftertreatment systems, and modification of 

the combustion process (Isermann, 2014). 

 

Improving the combustion process and lowering emissions and noise with common-rail 

direct injection is possible with piezoelectric injectors that allow efficient use of different 

combinations of injection pulses (Wang et al., 2020). More efficient turbocharging is at-

tained with regulated two-stage turbocharging or variable geometry turbocharging. 

These technologies allow high-pressure boosting, thus improving the power density and 

low-speed torque characteristics of the engine (Wang et al., 2020). According to Iser-
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mann (2014), exhaust aftertreatment development is focusing on oxidation catalyst con-

verters and particulate filtering in order to mitigate CO, THC, NOx and PM tailpipe emis-

sions. For heavy-duty engines, selective catalytic reduction appears as an alternative af-

tertreatment technology. With advanced combustion technologies, it is possible to sig-

nificantly reduce emissions, while simultaneously having high thermal efficiency. ACTs 

related to diesel engine development listed by Wang et al. (2020) include homogenous 

charge compression ignition, dual fuel RCCI, and dual fuel highly premixed cool combus-

tion. These combustion concepts require more sophisticated control compared to con-

ventional diesel combustion (CDC). A good overview of these enabling control technol-

ogies can be found in the work by Duan et al. (2021), including multi-pulse injection, fast 

thermal management, variable valve actuation, variable compression ratio, on-board 

fuel reforming, and many other control functions. 

 

2.1.2 Engine testing in general 

 

The purpose of engine testing and research is to compare the performance of engines in 

different conditions and states. As outlined in the previous subsection, internal combus-

tion engines are complex machines that require many auxiliary systems and support ser-

vices in order to perform as desired. A facility designated for engine testing requires ad-

vanced control and a data acquisition system to carry out the required test procedures 

(Atkins, 2009). Tightening regulations, especially emission legislation has considerably 

shaped the scope and methods of engine testing in the individual development stages. 

 

The first stage in engine development process is to gain an understanding of the engine 

performance at a fundamental level. At this level, performance is mainly influenced by 

the combustion event occurring inside the engine cylinder. Fundamental research is of-

ten first conducted on a single-cylinder research engine test bench. The single-cylinder 

engine gives a possibility of finding out performance characteristics and refining certain 

designs before moving to multi-cylinder configurations (Martyr & Plint, 2012). The main 
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advantages of a single-cylinder setup are relatively low cost and effective implementa-

tion. Optical versions of single-cylinder configurations usually have cylinder walls and 

piston crown made out of transparent material. This allows visual access into the com-

bustion chamber by using a high-speed camera and enables visual observation of several 

in-cylinder phenomena, like combustion, flame growth and propagation, and injection-

related events (Martyr & Plint, 2012). An example of an optical setup done on a medium-

speed engine can be found in a publication from Merts et al. (2021). The authors con-

ducted an optical study that enabled visualization of ignition and combustion events of 

conventional dual fuel and RCCI operation. 

 

After fundamental experimentation is done with a single-cylinder setup, more applied 

level research is required. As stated by Asad et al. (2011), single-cylinder engine test 

benches often require the sub-systems to be externally established and controlled. It 

was also noted that intake and exhaust flows can be highly pulsating in single-cylinder 

configurations, which may lead to uncertainty during the measurement campaign. To 

properly develop and calibrate the engine control system with accurate and reliable 

measurements from the engine on an applied level, multi-cylinder testing is necessary. 

The final phase in the engine development process is to optimize the operating param-

eters and control functions, as well as get the certifications in a real-world test (Isermann, 

2014). Figure 1 elaborates the engine research and development process discussed 

above and highlights the requirements for experimental setup in a specific development 

phase. 

 

 

Figure 1. Overview of the engine research and development process. 
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2.1.3 Modern test bench and control development methodologies 

 

According to Isermann (2014), a typical test bench consists of an internal combustion 

engine under investigation and a dynamometer used to convert the mechanical power 

generated by the engine into electrical energy. This setup is then equipped with specific 

instruments for control activities and required measurements. Depending on the appli-

cation and desired operation profiles, different types of dynamometers are used. For 

example, eddy-current dynamometers are common in steady-state tests, while electric 

motors with grid coupling can be further applied in transient campaigns (Atkins, 2009). 

The main controllable parameters in the engine test bench are engine load and speed 

(Martyr & Plint, 2012). Aside from this, the test bench automation system regulates cool-

ant, lubrication oil, fuels, and intake air. In addition, information is acquired from the 

measurement devices. Acquired information is then used in the implementation of 

safety and emergency procedures. Modern engine control parameters need to be cali-

brated to be suitable in certain operating conditions while maintaining the desired per-

formance and emission characteristics. This procedure known as engine mapping is usu-

ally done in test benches capable of simulating real-world conditions, which helps to 

determine engine boundaries and optimal operating parameters in different circum-

stances (Martyr & Plint, 2012). However, developments in computation capacity has en-

abled efficient real-time calculation of combustion parameters. This in turn has led to 

development of engine control concepts such as closed-loop combustion control, which 

is crucial in RCCI to achieve stable combustion (Indrajuana et al., 2016). 

 

Modern engine development relies on the integration of simulations and modeling to-

gether with physical testing. The early phase of engine control function and software 

development can be done with model-in-the-loop (MIL) simulations, where both engine 

and engine control unit (ECU) are simulated. This enables the design of new control func-

tions before implementing them to an engine on a real test bench (Isermann, 2014). 

According to Isermann (2014), considerable time savings can be achieved with rapid con-

trol prototyping (RCP) by testing new control functions with the help of a special real-
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time computer in parallel with the ECU. These new control functions operate through 

ECU in a bypass mode utilizing its interfaces. RCP is possible if some control functions 

from a previously developed ECU are usable on an engine test bench to enable testing 

of new functions together with the real engine and ECU. Figure 2 visualizes the principle 

of MIL and RCP development methods. 

 

 

Figure 2. Principles of MIL (a) and RCP (b) methods in engine control development (Isermann, 
2014). 

 

Jiang et al. (2009) say that hardware-in-the-loop (HIL) testing is commonly used meth-

odology for control system prototyping, calibration, and validation in modern engine 

testing and development. HIL enables the calibration of ECU in parallel with the mechan-

ical development of the engine. In the HIL methodology for engine control development, 

real ECU is used to operate a real-time engine model. The main advantage achieved in 

HIL testing is that the full operating range of ECU can be tested under real-time con-

straints without the high cost associated with real engine tests, or possible risk of dam-

age involved in the process of exploring the boundary conditions and abnormal opera-

tion (Martyr & Plint, 2012). According to Isermann (2014), special electronic modules 

are used to simulate the necessary sensor signals and outputs from the ECU can be used 

to operate real actuators. Figure 3 demonstrates the principle idea behind HIL testing, 

where a real ECU is used to operate real components together with a simulated real-

time engine model. 

 



24 

 

Figure 3. Principle of HIL simulation for engine control development (Isermann, 2014). 

 

Engine-in-the-loop (EIL) simulation is a specific form of HIL simulation, as stated by Jiang 

et al. (2009). The real component in the EIL simulation is the engine control system to-

gether with the engine, while the simulated component is the application that the en-

gine is coupled to. Figure 4 shows the principle of an EIL setup, where vehicle simulation 

is coupled to an engine test bench. Measured values from the test bench are inputs to 

the simulation. ECU controls the engine according to the simulation. 

 

 

Figure 4. Principle of EIL simulation setup. 

 

There are several advantages associated with EIL testing according to Jiang et al. (2009). 

It enables fast and efficient evaluation, verification, and debugging of engine control sys-

tem at an early stage of development. Development of transient engine control and ini-

tial calibration focusing on the vehicle system becomes possible prior to physical vehicle 

integration. Simulating the vehicle allows for a fast modification of its parameters in or-

der to learn about their impact on engine performance and behavior. Generally, the EIL 

test bench provides consistent and repeatable test runs (Jiang et al., 2009). Klein et al. 

(2017) discuss the quality of EIL testing and say that it is dependent on the simulation 

models, parameter accuracy, and implementation with the test bench. They also point 
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out that despite the benefits of EIL, model integration with the test bench may require 

too many resources to justify the effort. 

 

2.2 Test bench transducer and analyzer technologies 

 

Accuracy of the measurements in modern engine research and testing is important. Even 

though the measurement chain depends on the experimental setup, a large number of 

different parameters exhibiting dependency on each other need to be measured from 

internal combustion engines (Asad et al., 2011). There is a substantial number of differ-

ent transducers and analyzers needed in order to enable required measurements during 

modern engine testing. 

 

2.2.1 Angular position and speed measurement 

 

According to Rogers (2010), basic engine speed and phase measurements can be done 

using the inductive measurement principle where an inductive position sensor consist-

ing of a permanent magnet and coil is mounted near the engine flywheel in a way it 

detects the change in magnetic flux due to passing gear teeth. Flux density is at its peak 

when the air gap between the tooth and the sensor is at its smallest, indicating that a 

tooth is positioned perpendicular to the sensor. This changing magnetic flux induces an 

alternating sine current in the coil that represent the engine speed and phase (Rogers, 

2010). A digital Hall effect sensor can also be used similarly to generate a signal for the 

indication system (Merker et al., 2012). Gear tooth-based sensors are often used only in 

monitoring and speed measurement applications due to relatively low angle resolution 

for combustion measurements (Rogers, 2010). 

 

The use of a crank angle encoder is crucial for combustion measurement as it is used to 

provide a reference crank angle for the measurement system (Rogers, 2010). An angular 
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encoder is mounted to the end of the crankshaft and consists of a disk that spins to-

gether with the crankshaft. Because the position of the encoder is used to indicate the 

position of the crankshaft, it is crucial to properly install the encoder (Martyr and Plint, 

2012). The disk has light gates engraved in it and the encoder produces a pulse each time 

that light passes through a gate. Spinning movement of the disk results in a square wave 

signal. When the exact number of pulses that the encoder produces during one revolu-

tion is known, pulse count and the frequency of the wave signal will determine the an-

gular position and the speed of the crankshaft (Rogers, 2010). There is usually one addi-

tional output signal that is used as a trigger signal for determining when the crankshaft 

has rotated a full revolution. This trigger pulse is generated with an additional light gate 

in the disk. Figure 5 below illustrates the working principle of the gear tooth sensor and 

optical encoder. 

 

 

Figure 5. Measurement principles of gear tooth sensor and optical encoder (Merker et al., 2012). 

 

2.2.2 Linear displacement measurement 

 

Movement in one direction is called linear displacement. Displacement and position are 

measurements often needed in engine testing for determining the status and movement 

of actuators and valves (Martyr & Plint, 2012). The sensor that measures linear position 

or displacement has an output signal that represents the movement of the measured 

object related to the reference point. In engine research and development, there is often 
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a need for dynamic displacement measurements, such as injector needle lift and valve 

movement (Rogers, 2010). According to Martyr and Plint (2012), inductive transducers 

can be used in this type of measurement. The working principle of an inductive displace-

ment transducer is based on changes in impedance between the coils of the sensor and 

a conductive object whose movement is being measured (National Instruments, 2021). 

Transducers that are based on the Hall effect are also used (Martyr and Plint, 2012). In a 

Hall effect transducer, a movement of a magnetic object causes a change in magnetic 

flux sensed by a Hall effect sensing element, which outputs a voltage signal proportional 

to the movement of the object (Rogers, 2010). 

 

2.2.3 Pressure measurement 

 

As stated by Smith (2009), pressure can be determined as a force resulting from mole-

cules of a fluid or gas hitting on a surface of a container. Pressure can be measured in 

several ways. Absolute pressure measurement means that the pressure is measured rel-

ative to zero. Gauge pressure means that ambient air pressure is used as a zero reference. 

Differential pressure measurement is used as a difference between two points. There 

are typically two elements present in an electronic pressure transducer. One is the ele-

ment that is used to sense the pressure, such as a diaphragm that converts the pressure 

into displacement. Another element is for converting the displacement into measurable 

electrical property. 

 

Measuring the pressure of different mediums gives insight into the operation of the en-

gine. According to Martyr and Plint (2012), typical mediums in an engine test cell from 

which absolute pressure is measured include fuel, lubrication oil, coolant, intake air, and 

exhaust gas. Common transducer types used for absolute pressure measurements from 

the engine are strain gauge and a capacitive transducer. A strain gauge transducer con-

sists of a diaphragm that deforms according to the applied pressure. Another component 

of a strain gauge transducer is a strain gauge made from conductive material whose elec-

trical resistance varies according to the change in diaphragm geometry. Transducers that 
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have their strain gauge made out of semiconductor material are called piezoresistive 

transducers (Morris & Langari, 2012). Pressure value can be derived directly from the 

resistance of the strain gauge, typically by using a Wheatstone bridge circuit. The sensi-

tivity of a strain gauge transducer depends on the material of the strain gauge and is 

quantified by the gauge factor that describes the change in resistance relative to applied 

strain (Rogers, 2010). Piezoresistive transducers have significantly higher gauge factors 

compared to conventional metal strain gauge transducers (Morris & Langari, 2012). A 

capacitive pressure transducer includes a capacitor as its diaphragm and is designed in 

a way that allows for the capacitor’s capacitance to vary according to the applied pres-

sure (Smith, 2009). 

 

In modern combustion engine research and development, pressure transducers that are 

based on the piezoelectric effect are a choice of instrumentation for in-cylinder pressure 

measurements because they can produce in-cylinder pressure curves with great accu-

racy and repeatability (Rogers, 2010). The piezoelectric effect refers to an electric charge 

that accumulates in certain materials, such as quartz (SiO2), when it is placed under 

stress. Piezoelectric pressure transducers have a piezoelectric crystal as an element that 

converts the displacement into an electrical signal. The magnitude of the produced 

charge depends on the change in pressure and requires an amplifier circuitry to produce 

a strong enough signal for the acquisition system (Kistler, 2020). Figure 6 visualizes the 

principle of piezoelectricity, where the load applied to a quartz crystal produces a directly 

proportional electrical charge into the measurement circuit. 
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Figure 6. Piezoelectric principle (Kistler, 2020). 

 

Piezoelectric crystal inside the pressure sensing element responds only to dynamic 

changes in pressure and are not suitable for absolute pressure measurements. Piezoe-

lectric pressure transducers are relatively small in size, have a high natural frequency and 

large measuring range (Kistler, 2020). 

 

2.2.4 Temperature measurement 

 

Temperature is a parameter that provides essential information about the condition of 

the engine. According to Smith (2009), temperature means the ability of an object to 

transfer heat. The temperature sensing element needs to be in thermal equilibrium with 

the object or substance and therefore, the fastest response is gained when the meas-

urement devices are in direct contact with the object of measurement. Sometimes the 

temperature sensing element is installed inside a thermowell. Thermowell is used to 

protect the sensing element from forces and chemical effects induced by the medium. A 

disadvantage of using a thermowell is slower response time and reduced accuracy of 

temperature measurement (Smith, 2009). Almost every temperature that needs to be 

measured during engine testing typically remains in a steady state or do not change very 
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much during short periods of time (Martyr & Plint, 2012). However, temperatures, espe-

cially exhaust gas temperatures, are almost never exactly stable and may vary greatly 

between different operating points. Averaging multiple measurements can reduce the 

problem of unstable gas flow resulting from pulsations coming from different cylinders. 

When moving from one operating point to another, it is needed to wait for the measured 

temperatures to stabilize in order to get reliable measurements when changing from one 

operating point to another. This reduces the error resulting from heat absorbed into en-

gine surfaces and possible sensor shielding (Martyr & Plint, 2012). 

 

Thermocouples are well suited for most temperature measurements inside an engine 

test cell. Thermocouples of every type consist of two wires made out of different metals 

that form a closed circuit consisting of two junctions, one is for reference and the other 

in thermal equilibrium with the object. When a temperature difference occurs between 

the two junctions, a current begins to flow in the closed circuit according to the Seebeck 

effect (Smith, 2009). The temperature value is obtained by introducing a resistor with a 

large resistance into the circuit and reading the voltage that is produced. This voltage 

across the resistor is proportional to the temperature difference between the two junc-

tions. In theory, the Seebeck effect occurs between any two dissimilar types of metal, 

but due to practical reasons, current flow in relation to the temperature difference must 

be repeatable, high enough and as linear as possible (Smith, 2009). This means that only 

few different metal pairs can be used in practice. The most common thermocouple types 

used in engine testing facilities are types T (copper-constantan), J (iron-constantan) and 

K (chromel-alumel) (Martyr & Plint, 2012). As stated by Smith (2009), main advantages 

of thermocouples are that they can be used at high temperatures up to 1700 °C, they 

can withstand vibration and shock, and they are cost-effective compared to other avail-

able temperature measurement devices. Disadvantages compared to resistance temper-

ature detectors (RTDs) are low signal level, required compensation of a reference junc-

tion, lower accuracy, and deterioration over time resulting to drift. 
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When temperature measurement requires accuracy and reliability beyond the capabili-

ties of thermocouples, platinum resistance thermometers (PRTs) can be used (Martyr & 

Plint, 2012). PRTs are resistance temperature detectors that use platinum as a resistor 

element. It is known that the resistance of metals increases with temperature. The prin-

ciple of PRTs is the relationship between the temperature and the resistance of the re-

sistor. This relationship is not exactly linear and usually the nonlinearity is greater at 

higher temperatures (Smith, 2009). Resistance is measured by running a small current 

through the resistor and measuring the voltage drop. Temperature can be derived from 

the relationship between the resistance and the temperature. The most used type of 

PRT is called 100-Ω platinum RTD, which has a resistance of exactly 100 Ω at 0 °C. Because 

the wiring between the resistor element and the resistance reading device can introduce 

major error to the measurement, often 3- or 4-wire systems are used to compensate 

resistance of the wires. According to Smith (2009), the use of platinum as the resistor 

element is justified by several arguments. PRTs have a high sensitivity, meaning that the 

resistance of platinum changes according to temperature relatively large amount com-

pared to other metals. Platinum also has a good resistance against corrosion. PRTs have 

a relatively large temperature range even up to 850 °C and linearity between tempera-

ture and resistance is decent across the whole usable temperature range (Martyr & Plint, 

2012). PRTs have several advantages compared to thermocouples, such as better accu-

racy, stability over time and the ability to handle possible electrical interference within a 

test facility. Engine temperature measurements are usually required to be measured 

from fluid and gas flow systems and from different mechanical components (Martyr & 

Plint, 2012). These include intake, exhaust, coolant, oil and fuel systems, as well as re-

lated mechanical parts. In reality, the locations of the measurements may vary depend-

ing on the engine application and the purpose of testing. 

 

2.2.5 Smart sensors 

 

Sensors that have smart features embedded in them are called smart sensors. The Insti-

tute of Electrical and Electronics Engineers proposed an international standard called 
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Transducer Electronic Data Sheet (TEDS) to standardize communication between any 

TEDS sensor and smart signal conditioning device regardless of the manufacturers. Ac-

cording to Rogers (2010), the usage of TEDS depends heavily on the application area. 

Data contained in TEDS typically includes basic information, such as data about the sen-

sor itself and information regarding calibration. TEDS is stored on a microchip that is 

usually embedded in the sensor itself or the connector and accessing the information 

requires the use of a specific connection. In addition to a typical connection carrying an 

analog signal from the transducer, a parallel connection that provides the signal condi-

tioning system with a connection interface to the microchip is required (Rogers, 2010). 

 

A useful feature that usually comes with smart sensors and conditioning systems is the 

ability to automatically record the operating data of a sensor. This means that the oper-

ating hours and cycles can be recorded in order to keep track of the planned regular 

checking and recalibration of the instruments (Rogers, 2010). An additional feature that 

has significant value in engine testing is the ability of amplifier circuitry to recognize the 

sensor. When it is possible to assign a sensor to a specific application, risks involving 

incorrect parametrization and connection of a wrong sensor are eliminated (Rogers, 

2010). 

 

2.2.6 Fuel consumption and flow measurements 

 

Fuel consumption is an important parameter to be measured during engine testing. Ac-

curate measurement of fuel consumption enables research and development of efficient 

engines with reduced emissions. According to Martyr and Plint (2012), modern engine 

testing requires the actual and transient measurement of fuel consumption during dif-

ferent test sequences. Modern engines usually incorporate fuel return strategies or fuel 

spillback to provide more accuracy, but in turn, increases the complexity of the engine 

test cell fuel consumption measurement system. In modern fuel measurement systems, 

it is not accurate to measure only the fuel that is being supplied to the engine. The sys-
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tem needs to be able to measure the amount of fuel that enters the metering and con-

ditioning system. This means that in order to mitigate possible sources of measurement 

error, the system must be able to control the pressure in the return fuel lines and remove 

possible vapor bubbles and heat energy that have formed while passing through the en-

gine fuel system (Martyr & Plint, 2012). 

 

According to Martyr and Plint (2012), the two most usual types of fuel gauges used for 

liquid fuel measurement are volumetric and gravimetric gauges. A volumetric gauge 

measures the volume of the fuel that is consumed in a specific period. Volume can be 

measured from a container that has a known volume or from the flow through a flow-

meter. Gravimetric gauges measure the mass of consumed fuel during a specific period. 

As illustrated in Figure 7 below, gravimetric fuel gauges consist of a container that is 

mounted on a load cell that measures the weight of the container. Fuel is supplied to the 

engine through this container and the mass of the supplied fuel can be measured against 

time. Return fuel from the engine injection system is also returned to this container 

through spillback. 

 

 

Figure 7. Structure of direct weighing gravimetric fuel gauge (Martyr & Plint, 2012). 
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The mass flow rate of the supplied fuel to the engine can be measured with mass flow 

meters. According to Martyr and Plint (2012), mass flow meters in the market are typi-

cally Coriolis flow meters that utilize the Coriolis effect. Figure 8 shows the structure of 

the Coriolis effect mass flow meter. 

 

 

Figure 8. Coriolis mass flow meter (Martyr & Plint, 2012). 

 

From Figure 8 can be seen that a Coriolis meter consists of two parallel U-tubes that the 

fuel passes through. Electromagnets are used to make the tubes vibrate at a specific 

frequency. When there is mass flow present inside the tubes, Coriolis force will produce 

an additional vibration to the tubes that results in slight differences in the relative vibra-

tion of the tubes. These differences are detected with sensors that measure the position, 

velocity, or acceleration of the U-tubes and produce a sinusoidal voltage signal repre-

senting the mass flow of the fuel (Martyr & Plint, 2012). The advantage of the Coriolis 

effect mass flow meter is its ability to continuously and accurately measure many differ-

ent kinds of liquid and gaseous substances. 

 

Air flow in the test cell can be measured with several kinds of methods such as venturi 

gas meter. The operating principle of a venturi meter is based on the pressure drop 

across a venturi inside the pipe that the air is flowing through (Martyr & Plint, 2012). 

According to Atkins (2009), a preferred method to measure airflow inside the engine test 

cell is to use square-edged orifice plates. The working principle of this method is based 

on the pressure drop resulting from an orifice inside the pipe. As the air flows thorough 
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an orifice, it causes a slight pressure difference between the different sides of the orifice. 

Actual air flow can be derived from the measured pressure drop across the orifice. 

 

2.2.7 Exhaust gas emission measurement and analysis 

 

According to Martyr & Plint (2012), there exists emission legislation for every type of 

machinery that uses internal combustion engines. This means that every engine needs 

to go through a defined test sequences in order to get the analysis of the engine exhaust 

composition and emissions according to procedures. The emission composition depends 

heavily on engine design, operating conditions and the properties and composition of 

the fuel used (Martyr & Plint, 2012). Gaseous components of complete combustion are 

nitrogen (N2), water vapor (H2O), oxygen (O2), and CO2. During incomplete combustion 

many other components are formed inside the cylinder and are regarded as emissions. 

Typical emissions are particulate matter (PM), carbon monoxide (CO), total hydrocar-

bons (THC), and nitrogen oxides (NOx). Additionally, the use of diesel fuel results in SOx 

emissions (Martyr & Plint, 2012). In order to measure every different component from 

the exhaust stream, the engine test cell needs to be equipped with measurement and 

analysis equipment for both, gaseous compounds and particle emissions. Instruments 

best suited for specific test procedures depend on individual requirements. As stated by 

Martyr and Plint (2012), analyzers used to measure steady-state operation are required 

to exhibit accuracy, sensitivity, and stability which often leads to slow response times. 

When emissions are measured during transient conditions, analyzers with much faster 

response times of a few milliseconds are required. The main factors affecting the re-

sponse time are the distance between the sampling point and the analyzer, as well as 

the time taken to analyze the sample. 

 

Atkins (2009) lists many elements that need to be considered in the exhaust emission 

sampling system regardless of the technologies used. Heated lines are required to keep 

the temperature of the sample gas high enough to prevent water vapor and hydrocar-
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bons from condensing to the walls of the sample line. Because many analyzers are sen-

sitive to variations in pressure and flow rate, they need to be kept constant with regula-

tors and sample pump. Water vapor and solid particles in the sample may cause errors 

in some analyzers, usually those based on the absorption of infrared radiation. In the 

case of possible errors, they need to be filtered from the sample. The sampling system 

needs to be sealed properly and flushed regularly in order to prevent errors caused by 

leakages of air into the sampling system and contamination from previous samples. 

 

Fourier Transform Infrared (FTIR) analyzer can be used to measure multiple gas com-

pounds simultaneously from the exhaust stream of an engine (Heywood, 2018). The 

working principle of the FTIR analyzer is based on the unique spectrum produced by 

different atoms and molecules when they are exposed to infrared radiation. FTIR gas 

analyzers expose the sample gas to infrared radiation. Based on Fourier analysis of the 

gathered spectrum, different compounds in the gas can be identified and their amounts 

determined (Martyr & Plint, 2012). Almost every gaseous compound from the sample 

gas can be identified using an FTIR analyzer, except diatomic elements and noble gases. 

They are transparent in the spectrum due to them not absorbing any infrared radiation. 

These gases are in return used to record the background spectrum in order to eliminate 

it from the real test results (Gasmet, 2020). Nondispersive Infrared (NDIR) analyzer is 

also based on the unique infrared absorbance band of different compounds (Heywood, 

2018). However, the NDIR analyzer cannot measure multiple compounds as it does not 

perform Fourier analysis on the complete absorption spectrum of the sample gas. Spe-

cific filters selected according to the absorbance band of the measured compounds are 

required. Typically, CO2 and CO are measured using an NDIR analyzer (Martyr & Plint, 

2012). 

 

A chemiluminescence detector (CLD) is based on a phenomenon in which light is pro-

duced by certain chemical reactions. With this method, the amount of NOx can be meas-

ured from the exhaust gas by using ozone to react with NO in the sample gas (Heywood, 

2018). Following reactions produce light which is detected by a photomultiplier and the 
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resulting intensity is proportional to the concentration of NOx in the sample gas (Naka-

mura & Adachi, 2013). The structure and operating principle of the CLD analyzer are il-

lustrated in Figure 9. 

 

 

Figure 9. Structure of chemiluminescence detector measuring NO concentration (Nakamura & 
Adachi, 2013). 

 

A flame ionization detector (FID) can be used to measure carbon-containing compounds 

from the sample gas (Heywood, 2018). It is used to measure THC concentration in ex-

haust gas and has a wide dynamic range and sensitivity (Martyr and Plint, 2012). The 

basic structure and operation principle of the FID instrument is shown in Figure 10. 

 

 

Figure 10. Structure of flame ionization detector measuring THC concentration (Nakamura & 
Adachi, 2013). 

 

Inside FID, the sample gas is burned in a hydrogen flame. Burning hydrocarbons produce 

free electrons and positive ions that are collected with a collector electrode. When this 
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collector containing ions is introduced to an electric field, current will start to flow 

through the collector. The magnitude of the current is proportional to the ionization of 

the hydrocarbons and can be used to determine the concentration of hydrocarbons in 

the sample gas (Nakamura & Adachi, 2013). An important part of making successful 

emission measurements is selecting the proper measuring range with respect to ex-

pected concentrations and calibrating the analyzers according to this range (Nakamura 

& Adachi, 2013). 

 

Oxygen concentration can be measured by using paramagnetic detection (PMD) analyzer 

(Heywood, 2018). PMD analyzer relies on strong paramagnetic susceptibility of oxygen. 

PMD analyzer contains a measuring cell that has a strong magnetic field inside to which 

the oxygen molecules will be drawn. This movement of oxygen molecules will displace a 

balanced detector instrument inside the measuring cell and this displacement can be 

measured. Displacement of the detector is proportional to the oxygen concentration in 

the sample gas (Martyr and Plint, 2012). Zirconium dioxide (ZrO2) oxygen sensors are 

also used to compute oxygen concentration from the sample gas. It is based on the prop-

erty of zirconium dioxide, where voltage is generated across the ZrO2 element when dif-

ferent oxygen concentrations occur on both sides of the element (SST Sensing Ltd, 2017). 

The ZrO2-based lambda sensors, such as the wide band universal exhaust gas oxygen 

sensor, are used in determining the air-fuel ratio to be used in engine performance and 

emission control. Modern and robust lambda sensors enable lambda control, which is 

important for combustion control in LTC concepts, such as RCCI (Kasprzyk et al., 2020). 

The advantage of deriving air-fuel ratio based on the output from ZrO2 sensor when com-

pared to multicomponent gas analyzer is that the calculation is based on a single output. 

This eliminates the need to consider the response times of different gas components. 

Additionally, on-board lambda sensors enable easier installment and good response 

time (Nakamura & Adachi, 2013). 

 

Particles present in the exhaust gas are indicated by the color of the exhaust gas. As 

stated by Martyr and Plint (2012), opacity meters are widely used to measure the opacity 
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of exhaust gas. The opacity meter operates by forming a light beam across undiluted 

exhaust gas to the detector. The amount of light reaching the detector depends on the 

number and size of the smoke particles, as well as the distance between the light source 

and the detector. Light absorption characteristics of the smoke particles also contribute 

to the results. The output of an opacity meter usually represents the percentage of the 

light being absorbed by the exhaust gas (Martyr & Plint, 2012). The PM measuring prin-

ciple can also be based on the amount of light absorbed by soot particles caught in the 

filter paper. Smoke meters consist of a light source, filter paper, and a light detector. The 

amount of light that reaches the detector through the filter paper is dependent on the 

amount of smoke that is filtered from the sample gas (Atkins, 2009). There are also par-

ticulate samplers that can measure the mass of the particles caught in the filter paper 

and optical particulate counters (Martyr & Plint, 2012). 

 

2.3 Signal conditioning and acquisition 

 

Signal conditioning is an essential part of a measurement chain and it is located between 

the sensor sending an electrical signal and a device that samples and records the signals. 

Signal conditioning has a huge part in overall system accuracy and different sensors each 

having their specific output may have different requirements for conditioning. In addi-

tion to analog signal transmission, some instruments require a digital interface in order 

to send the data forward. In an engine test cell, different digital transmission technolo-

gies specific to the instruments usually have to be incorporated into a data acquisition 

system. Figure 11 below shows the typical process of data acquisition. 
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Figure 11. Principle of data acquisition process (adapted from Martyr & Plint, 2012). 

 

Signals produced by a sensor or a transducer often require proper amplification (Morris 

& Langari, 2012). After signal processing, signals are sampled and digitized. After con-

verting the analog signal to digital samples, data is transmitted for monitoring, pro-

cessing, and storing. 

 

2.3.1 Signal amplification 

 

An electronic amplifier is a commonly used instrument in the measurement chain be-

cause a signal coming straight from the sensor often requires some form of amplification 

before the acquisition. This is due to the amplitude of a sensor output being too low for 

being measured accurately and low-level signals are more prone to electrical interfer-

ence coming from outside the measurement chain. Amplifiers, therefore, improve the 

sensitivity and resolution of the signal (Morris & Langari, 2012). It is important to avoid 

any noise affecting the signal before amplification to prevent the noise from being am-

plified in the process. Amplifiers are best to be located as near to the sensors as possible 
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in order to reduce the length that the low-level signal has to travel and possibly get cor-

rupted by electromagnetic interference (Martyr & Plint, 2012). Specific requirements 

and characteristics of an amplifier depend on the type of signal they are used to amplify. 

 

According to Rogers (2010), the combustion measurement chain requires charge ampli-

fiers that convert the charge coming from the piezoelectric pressure transducer into volt-

age that can be read by the measurement system. Due to the importance of in-cylinder 

pressure measurements in engine research, charge amplifiers are almost always present 

in the test cell measurement system. Figure 12 shows the main components present in 

the charge amplifier circuit designed for piezoelectric pressure transducers. 

 

 

Figure 12. Basic charge amplifier circuit for a piezoelectric pressure transducer (Rogers, 2010). 

 

As illustrated in Figure 12, a piezoelectric crystal produces an electric charge, Q, that 

results in a slight increase in voltage at the amplifier input which is then amplified signif-

icantly. Because the gain of the amplifier is large, capacitances resulting from the sensor 

(Ct) and cable (Cc) do not have a significant effect on the amplified output voltage (Uo). 

This leaves the output voltage to be dependent only on the magnitude of the input 

charge and the capacitance of the feedback capacitor (Cr) required to restrict the voltage 

rise at the amplifier input and reduce unwanted noise (Rogers, 2010). 
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2.3.2 Measurement error reduction 

 

Measurement errors always exist to some extent in the measurement system. With a 

good design of the system together with proper data post-possessing and analysis meth-

ods, the impact of these errors can be mitigated. Morris and Langari (2012) divide meas-

urement errors into two categories, errors resulting from the measurement process and 

errors occurring during signal transmission and conditioning. 

 

Errors that occur during the measurement process are either systematic or random. Sys-

tematic errors consistently fall on either side of the correct reading. One source of sys-

tematic error is the changes in the physical properties of the measured process that are 

a result from the measurement situation. The significance of the error depends on the 

instruments and the measured process. In order to mitigate the error, the type of instru-

ments must be chosen for the specific measurements. The environment will also have 

an effect on the measurement system by introducing an environmental input to the 

measurement system. These inputs are changes in the environmental conditions that 

have an effect on the process being measured. The effect of environmental inputs can 

be considered by correcting them in the output reading of the instrument or increasing 

the environmental resistance of the instruments (Morris & Langari, 2012). Errors induced 

by the environment are especially relevant in engine test conditions. Drastic tempera-

ture changes expose the transducers to the effect of drift. Also, improper mounting of 

the transducers together with the engine vibrating can lead to additional noise in the 

transducer output (Rogers, 2010). Systematic errors also arise as a result of instruments 

wearing down and additional resistance of the wiring used to connect the sensors to the 

acquisition system. The wear of the measurement instruments can often be solved by 

calibrating the instruments regularly. Errors due to wire resistance are mitigated by using 

cables with properly large cross section and planning the cable routes to be as short as 

possible (Morris & Langari, 2012). 
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Random errors are experienced as a disturbance in measured value and are a result of 

unpredictable variations in the measurement system. These variations can be a result of 

false human observations, noise caused by electrical disturbance or sudden changes in 

the measurement environment. According to Morris and Langari (2012), random errors 

in static measurements can be reduced by calculating the average result of multiple 

measurement points. 

 

Errors that occur during signal transmission and conditioning mainly arise because of 

electrical interference resulting from nearby power cables, ground loops, poor wiring 

practices, analogue-to-digital conversion or other electronic devices. This interference is 

seen as noise in the signal and the resulting error is more significant in situations where 

the range of the measured signal is relatively low. This will result in a poor signal-to-noise 

ratio (Rogers, 2010). Current signals are inherently more resistant to noise compared to 

voltage signals, therefore they are preferred for long distances in noisy environments 

(Osman & Massoud, 2013). To prevent noise from entering the measurement system, 

properly shielded cables should be used for transmitting the signals and these cables 

should be placed as far as possible from any source of possible interference (Measure-

ment Computing, 2012). The appearance of high-frequency noise in the signal is a com-

mon problem in most data acquisition systems and analog filtering is an effective method 

of getting rid of unwanted frequencies. Basic types of filters are the low-pass filter that 

blocks high-frequency components, a high-pass filter that blocks low-frequency compo-

nents, a band-pass filter that passes only a certain frequency band, and a band-reject 

filter that blocks a certain frequency band. Filters can be passive or active, the difference 

being that active filters consist of active components, such as transistors and operational 

amplifiers, in addition to passive components, like resistors and capacitors. The opera-

tion of active filters is superior to passive filters, because they do not introduce as much 

resistance to the signal conditioning circuit as passive filters (Morris & Langari, 2012). 

 

2.3.3 Analog-to-digital conversion 
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An important part of any data acquisition system is an analog-to-digital converter (ADC). 

The purpose of an analog-to-digital conversion is to turn analog sensor output into a 

binary number representing the analog measurement value. This binary number is then 

transformed into a base 10 digital number in the computer and displayed on a monitor 

(Measurement Computing, 2012). Resolution and accuracy are two main characteristics 

involving ADCs. The resolution of ADC is given as a number of bits that corresponds to 

the number of discrete steps that the digital value is able to divide the analog signal into. 

An n-bit resolution means that the ADC divides the measurement range into 2n discrete 

steps (Measurement Computing, 2012). Therefore, the resolution of the digital value de-

pends on the resolution of the ADC and the measurement range (Smith, 2009). Martyr 

and Plint (2012) note that the required resolution of ADC should be selected according 

to the accuracy and significance of the signal. If the inaccuracy of the signal is an order 

of magnitude greater than the value of a discrete step in the digital output of the ADC, 

it is not cost-effective and may even give a wrong picture about the accuracy of the signal. 

According to Asad et al. (2011), ADCs with 16-bit resolution are common in high-fre-

quency data acquisition systems that are used in engine testing. 

 

In measurement applications, the accuracy of the AD conversion is a critical factor. There 

are many possible errors during the AD conversion that can happen, some of which are 

practically unavoidable (Measurement Computing, 2012). In Figure 13 below, the most 

common types of ADC errors are presented. 
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Figure 13. Most common types of errors resulting from ADCs (Measurement Computing, 2012). 

 

In Figure 13, the straight line in each graph represent the analog output that is given to 

ADC and the step function represents the digital output to the acquisition system. Graph 

A represents the linear, therefore ideal relationship between the analog and digital out-

puts. Even in a situation where the relationship would be ideal, there will be restrictions 

in accuracy caused by the resolution. Regardless of the ADCs resolution, there will always 

exist small gaps between the discrete steps that the real value will most likely be in reality 

(Measurement Computing, 2012). Gain and offset errors, represented in graphs B and E 

respectfully, can be eliminated with proper calibration of the ADC and related acquisition 

software. Linearity error presented in graph C means that the digital output deviates 

from the actual analog input nonlinearly. Graph D represents a missing code error where 

ADC is unable to produce a digital output for a certain analog value. Linearity error and 

missing codes are not possible to eliminate with calibration (Measurement Computing, 

2012). 

 

2.3.4 Test cell data communication technologies 

 

Modern engine test cells have several different equipment to be controlled and receive 

data from. At the same time as the need for more control has increased, also the need 



46 

for high-speed data transmission has increased. Engine test cell data transmission sys-

tem has to be able to handle a two-way flow of data with high transfer rates (Martyr & 

Plint, 2012). Additionally, many devices used in test cell measurement and control sys-

tems have their specific requirements for data transfer protocols and standards that 

must be satisfied. 

 

Controller area network (CAN) is a commonly used standard automotive engineering se-

rial bus used to transmit data packets to every device that is connected to the network. 

Electronic devices connected to the network are usually sensors and actuators. Accord-

ing to Martyr and Plint (2012), the CAN bus is able to operate in a high-noise environ-

ment enabled by twisted pair physical media carrying a 5 V differential signal. Resistance 

to noise is a useful characteristic in engine test cell environment due to many possible 

sources of high-frequency noise. 

 

Serial communication provides a communication link between a transmitter and a digital 

system. These two systems must be equipped with serial communications cards that 

provide a communication point for the device. According to Smith (2009), common types 

of protocols used in serial communications are RS-232 and RS-485. They are hardware 

standards, meaning that they determine for example the topology of wires in the cable 

and voltage levels. RS-232 is more commonly used and has a maximum distance of 

around 15 meters. A significant drawback of RS-232 is that it requires a common ground 

for a transmitter and a receiver due to a lack of electrical insulation. RS-485 is better for 

industrial applications because it enables longer communication distances and provides 

electrical isolation (Smith, 2009). 

 

Another typical industrial connection standard found in most engine testing facilities is 

Universal Serial Bus (USB). It determines specifications for cables, connectors and con-

nection protocols. Characteristics of USB are high data transfer rate and a wide range of 

applications with a maximum cable length of approximately 5 meters. USB has been re-
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vised many times to gain faster data transfer, but all new revisions are backwards com-

patible with older revisions (Compaq et al., 2000). According to Morris and Langari 

(2012), most computer-based data acquisition systems are connected via USB connec-

tion. 

 

Modbus is a commonly used messaging protocol for industrial applications. It was devel-

oped to exchange information between programmable logic controllers (PLCs) and a host 

computer (Smith, 2009). Modbus provides a client-server communication over transmis-

sion control protocol/internet protocol (TCP/IP) network between devices that are able 

to read and write Modbus messages. In Modbus messaging, the Modbus client sends a 

request to the Modbus server. After receiving an indication, the Modbus server sends 

back a response to a Modbus client, which then receives a confirmation. In a standard 

Modbus network, there is a possibility to have one client and a maximum of 247 servers 

(Modbus Organization, 2006). 

 

2.3.5 Sampling 

 

As ADCs convert a continuous analog signal into digital value, they take samples from it 

several times per second reducing it into a discrete signal. The required sampling rate 

depends on the characteristics of the analog signal. The sampling rate must be sufficient 

in order to reconstruct the form of the original signal. Variables that have little variations 

over time or are practically in a steady state usually require sampling rates of only a few 

hertz (Measurement Computing, 2012). Some parameters in engine testing requires 

high-frequency acquisition, especially signals that are required to be recorded in the 

crank angle domain. The need for high sampling rates also sets the requirements for the 

sensor bandwidth, which describes the ability of a sensor to produce a rapidly varying 

signal (Osman & Massoud, 2013). According to Zhang et al. (2018), the required sampling 

rate for signals, that are recorded in the crank angle domain, depends on the engine 

speed and the resolution of the crank angle intervals. The sampling frequency of crank 

angle-based signals can be calculated with Equation (1) 
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𝑓 =
360 ∙ 𝑁

𝑛 ∙ 60
,                                                                (1) 

 

where 𝑁 is the engine speed in rpm (revolutions per minute) and n is the resolution of 

the crank angle intervals. 

 

In order to record all the information present in the signal, the Nyquist sampling theorem 

must be applied. According to the Nyquist sampling theorem, a signal must be sampled 

with a sampling rate of at least two times higher than the maximum operating frequency 

of the sensor. If the Nyquist theorem is not applied in sampling, an aliasing effect can 

occur. This means that the signal reconstructed from samples differs from the original 

continuous signal (Measurement Computing, 2012). Even if the signal is sampled at the 

frequency set by Equation 1, the effective resolution of the data also depends on the 

sensor bandwidth. In practical engine testing applications, it is good to have even higher 

sampling rate for crank angle-based data acquisition than the theoretical minimum 

stated in the Nyquist theorem. This enables confident reconstruction of the original sig-

nal that accurately represents the measured phenomenon (Zhang et al., 2014). The 

downside of a high sampling frequency is that it leads to large amounts of data. There-

fore, sampling rates should not be unnecessarily high despite the recent developments 

in data storing technologies. 

 

2.4 Combustion analysis and post-processing 

 

ACT concepts like RCCI require precise shaping of the combustion process in order to 

provide superior efficiency and emission characteristics. Therefore, combustion analysis 

providing insight into in-cylinder phenomena is crucial for both, the fundamental under-

standing of the concept and its control on an applied level. The following section will 
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focus on the requirements of the measured parameters in order to perform the combus-

tion analysis and the main results that are obtained. Particular attention is put towards 

special requirements set by the RCCI concept in question. 

 

2.4.1 Combustion measurements 

 

Conducting research on an internal combustion engine gives certain requirements for 

accuracies, resolution, and post-processing methods of measured parameters. As stated 

by Rogers (2010), cylinder pressure and crank angle are key parameters in measure-

ments aiming to understand the combustion phenomenon occurring inside the cylinder. 

Depending on the purpose of the measurement, other parameters can also be measured. 

As discussed before, the piezoelectric pressure transducer is the most widely used in-

strument for measuring in-cylinder pressure due to its advantages and always requires 

proper amplification (Rogers, 2010). An angular encoder is used to measure crank angle 

reference at multiple points during a crankshaft revolution. When cylinder dimensions 

are known, the cylinder volume required in certain calculations can be derived from the 

angular position of the crankshaft (Heywood, 2018). After proper signal processing, sen-

sor signals together with the encoder signal are sampled and digitized by the data acqui-

sition system for further processing, displaying, and storing the data in the crank angle 

domain. 

 

The measurement task defines the required resolution for the crank angle-based meas-

urements. According to Rogers (2010) and Atkins (2009), basic calculations related to the 

combustion process and the direct analysis of a pressure curve are possible with a reso-

lution close to 1 CAD (crank angle degree). On the other hand, some measurements like 

knock detection and combustion noise require resolutions down to 0.1 CAD. 

 

Martyr and Plint (2012) divide the results of combustion analysis into two categories, 

direct and indirect results. Direct results, unlike indirect results, are acquired by analyz-



50 

ing the raw data coming from measurement devices and do not require further calcula-

tions and post-processing. Results obtained specifically from the raw pressure curve in-

clude maximum pressure and pressure rise rate with respective angular positions. Addi-

tionally, abnormal conditions like knocking, misfiring, and combustion noise can be de-

tected. In case of direct results, errors are similar in magnitude to the errors in measured 

signals. For calculated results, errors in measurements may lead to deviations by several 

orders of magnitude greater (Rogers, 2010). The measurement uncertainty for indirect 

results can be determined using the partial derivative method originally proposed by 

Kline and McClintock (1953). The uncertainty can be calculated with Equation (2) 

 

∆𝑌 = [∑ (
𝜕𝑌

𝜕𝑥𝑖
∙ ∆𝑥𝑖)

2𝑛

𝑖=1

]

1
2

,                                                     (2) 

 

where Y is the calculated variable, xi is the measured variable, ∆xi represents the error 

of the measured variable and n is the number of independent measurements used to 

calculate Y. The application of this method for engine uncertainty analysis can be found 

for instance in Mikulski et al. (2016). 

 

2.4.2 Top dead center detection 

 

Accurate alignment of the cylinder pressure curve in relation to the crank angle is im-

portant to mitigate errors in results and calculations. Alignment of the encoder is done 

by determining the angle difference between the top dead center (TDC) of the piston 

and the trigger mark of the angular encoder (Rogers, 2010). This difference is known as 

TDC offset and it defines how much the cylinder pressure curve has to be shifted in re-

lation to crank angle. Rogers (2010) states that for some calculations, the determination 

of TDC position requires an accuracy of 0.1 CAD. 
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TDC can be determined with various methods. The manual way of TDC detection can be 

time-consuming and prone to errors (Rogers, 2010). The procedure requires a dial gauge 

to measure the distance of the piston from the TDC. The crankshaft is rotated approxi-

mately 90 degrees away from the TDC and the reading from the dial gauge is recorded. 

After this, the crankshaft is rotated in opposite direction as long as the piston distance 

indicated by the dial gauge equals the reading recorded previously. True TDC will be ex-

actly in the middle of these two positions where piston height was equal according to 

the dial gauge (Rogers, 2010). After the TDC position has been determined manually, the 

encoder can be calibrated to trigger exactly at the TDC. According to Rogers (2010), the 

disadvantage of this method is that it does not consider that the actual TDC position may 

vary because some parts can change shape while the engine is running. 

 

TDC can also be determined by reading the maximum value of the cylinder pressure 

curve (Martyr & Plint, 2012).  According to Rogers (2010), assuming that cylinder peak 

pressure indicates TDC is not accurate enough, because thermodynamic loss angle spe-

cific to engine type and conditions needs to be considered. The main weakness of this 

method is the difficulty to accurately determine the thermodynamic loss angle. Typically, 

combustion measurement devices contain a specific built-in TDC detection procedure 

based on the method of pressure curve determination. 

 

In addition to the methods described above, there is a possibility to use a specific type 

of capacitance sensor to accurately determine the TDC. The sensor needs to be mounted 

to a deactivated cylinder while the engine is running on the remaining cylinders. The 

sensor probe is located inside the cylinder and it measures the distance to piston crown. 

By using the data from the capacitive sensor and encoder, TDC can be determined with 

great accuracy (Rogers, 2010). 

 

2.4.3 Zero-level correction 

 



52 

Because piezoelectric transducers are unable to measure the absolute cylinder pressure 

due to their dynamic response, zero-level correction (pegging) needs to be applied for 

further calculations and processing. In zero-level correction, the pressure curve obtained 

directly from the transducer is shifted on the Y axis according to a correction offset value 

(∆p) to have the curve represent the absolute cylinder pressure (Rogers, 2010). The sim-

plest method of zero-level correction is to shift the whole cylinder pressure curve until 

it reaches the atmospheric pressure value at a reference point. According to Merker et 

al. (2012), this method has significant limitations because actual intake port pressure is 

not near atmospheric in the majority of modern engines. 

 

One sufficiently accurate and fast method to determine the offset value is to calculate 

the thermodynamic zero-line correction value. In this method, two points from the pres-

sure curve, are chosen before TDC and offset calculated with Equation (3) 

 

∆𝑝 =
(

𝑉1

𝑉2
)

𝛾

∙ 𝑝1 − 𝑝2

1 − (
𝑉1

𝑉2
)

𝛾 ,                                                        (3)  

 

where Vn and pn represent cylinder volume and measured pressure at respective points 

of the curve, and exponent γ is the polytropic coefficient (Merker et al., 2012). The meas-

ured cylinder pressure curve is then shifted accordingly cycle by cycle. Calculation points 

which are not significantly affected by noise resulting from vibrations caused by intake 

valve motion must be chosen. Points with angle values from 100 CAD to 70 CAD before 

TDC are typically used (Rogers, 2010). 

 

The zero-level correction that is based on a pressure value measured directly from the 

intake port is an accurate correction method. Correction offset is determined as a differ-

ence between the measured absolute intake port pressure and in-cylinder pressure 

value at a reference angle (Merker et al., 2012). The reference crank angle is usually the 

point at the bottom dead center (BDC) during intake valve opening where the piston 

speeds are the lowest, resulting in the lowest pressure gradients and oscillations. Care 
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needs to be taken that the reference point is outside the valve overlap or the valve clos-

ing phase. The two above requirements can be conflicting while advanced variable valve 

actuation strategies are incorporated. In such a case, more careful consideration of the 

reference is required. To mitigate the error resulting from noise, averaging the measured 

pressure values around the reference point should be used. To achieve the best accuracy, 

intake port pressure should be measured from every cylinder individually (Rogers, 2010). 

 

2.4.4 Mean effective pressure 

 

Mean effective pressure (MEP) is an important performance indicator of an internal 

combustion engine, which can be derived from the in-cylinder pressure curve plotted 

against cylinder volume, called as p-V diagram (Merker et al., 2012). Net indicated work 

(Wi) is a quantity that describes the work done by in-cylinder gas on a piston during the 

whole engine cycle and it can be calculated by integrating the enclosed area on the p-V 

diagram over the whole engine cycle, as shown in Equation (4) 

 

𝑊i  = ∮ 𝑝 d𝑉,                                                             (4)  

 

where p is the cylinder pressure, and dV is the incremental swept volume (Heywood, 

2018). Net indicated mean effective pressure (IMEPn) describes the ratio between the 

net indicated work and swept volume of the cylinder, as expressed in Equation (5) 

 

IMEPn =
𝑊i

𝑉
,                                                                (5) 

 

where V is the cylinder swept volume (Heywood, 2018). Gross work is done on a piston 

during the working cycle and is calculated by taking the integration in Equation 4 over 

the compression and expansion strokes instead of the whole cycle (Martyr & Plint, 2012). 

Gross indicated mean effective pressure (IMEPg) is calculated by dividing the gross work 

by swept volume. As stated by Martyr and Plint (2012), pumping mean effective pressure 
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(PMEP) indicating the pumping losses during the gas exchange cycle can be derived from 

IMEPn and IMEPg with Equation (6) 

 

PMEP = IMEPg − IMEPn,                                                   (6)  

 

or by taking the integration in Equation 4 over the gas exchange cycle. 

 

Due to mechanical losses and work necessary to drive auxiliary systems on a test bench, 

work delivered by the engine is always lower than indicated. Brake work of the engine 

can be expressed by using the brake power. According to Heywood (2018), brake work 

for four stroke engines can be calculated with Equation (7) 

 

𝑊b =
2 ∙ 𝑃b

𝑁
,                                                                   (7) 

 

where Pb is the brake power that the engine generates. From the calculated brake 

work, the brake mean effective pressure (BMEP) of the engine can be calculated using 

the Equation (8) 

 

BMEP =
𝑊b

𝑉
.                                                               (8)  

 

BMEP is an accurate indicator of engine’s performance because it considers the losses. 

The friction mean effective pressure (FMEP) indicates the amount of work that is lost 

to friction. It can be derived from IMEPn and BMEP of the whole engine with Equation 

(9) 

 

FMEP = IMEPn − BMEP.                                                   (9)  

 

According to Martyr and Plint (2012), accurate TDC detection is crucial for calculating 

the IMEP because even a 1 CAD difference between the encoder and true position of 
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the crankshaft will result to approximately 5% error in IMEP. For IMEP calculations, res-

olution for crank angle-based cylinder pressure data is required to be at least 1 CAD 

(Rogers, 2010). 

 

2.4.5 Heat release rate 

 

Heat release rate is a quantity in engine testing that indicates the energy released from 

the combustion (Heywood, 2018). Fundamentally, the cylinder pressure curve displays 

the in-cylinder pressure variations resulting from combustion, changing cylinder volume 

and heat transfer to surfaces (Rogers, 2010). Pressure variations with respect to volume 

can be derived from the polytropic coefficient and a change in volume. When the pres-

sure variation due to changing volume is subtracted from the in-cylinder pressure curve, 

a curve resembling the net heat release can be derived with respect to crank angle de-

grees. Due to the strong correlation between heat release rate and in-cylinder pressure 

curve, accurate zero-level correction and TDC position are crucial in order to derive ac-

curate heat release curve (Rogers, 2010). Heat release rate representing the rate of re-

leased energy during combustion minus heat absorbed to the walls and crevice volume 

is known as apparent or net heat release rate (Heywood, 2018). Multiple sources deter-

mine the net heat release rate based on the first law of thermodynamics with Equation 

(10) 

 

 
d𝑄net

d𝜃
=

𝛾

𝛾 − 1
∙ 𝑝 ∙

d𝑉

d𝜃
+

𝛾

𝛾 − 1
∙ 𝑉 ∙

d𝑝

d𝜃
,                                      (10) 

 

where θ is the crank angle and γ describes the composition of gas at a specific crank 

angle (Sogbesan, 2016; Willems et al, 2021). The gross heat release rate is obtained 

when heat losses are added to the net heat release rate (Heywood, 2018). Heat loss can 

be derived by calculating the rate of heat transfer between in-cylinder gasses and the 

cylinder wall with Equation (11) 
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d𝑄ht

d𝑡
∙

1

𝐴cyl
= ℎc ∙ (𝑇g

4 − 𝑇w
4) + 𝜎 ∙ 𝜀 ∙ (𝑇g

4 − 𝑇w
4),                              (11) 

 

where Acyl is the cylinder wall area, hc is the heat transfer coefficient, σ is the Stefan-

Boltzmann constant, ε is the emissivity, Tg is the temperature of the in-cylinder gas, and 

Tw is the temperature of the cylinder wall (Heywood, 2018). Therefore, the gross heat 

release rate is determined by Equation (12) 

 

d𝑄gross

d𝜃
=

𝛾

𝛾 − 1
∙ 𝑝 ∙

d𝑉

d𝜃
+

𝛾

𝛾 − 1
∙ 𝑉 ∙

d𝑝

d𝜃
+

d𝑄ℎ𝑡

d𝜃
.                            (12) 

 

The cumulative heat release rate is calculated by integrating the gross heat release with 

respect to the crank angle from the closing of the intake valve to the opening of the 

exhaust valve (Willems et al., 2021). The curve of cumulative heat release indicates the 

amount of energy that has been released in relation to crank angle degrees. It enables 

one to derive the phasing of the 5%, 50%, and 90% of the total energy released, known 

as CA05, CA50, and CA90 respectively. Values of these parameters are important in RCCI 

control applications (Li et al., 2017). They are used in assessing ignition delay, and com-

bustion phasing, as well as in monitoring the effect of input variables on the rate of com-

bustion (Sogbesan, 2016). Combustion duration can also be derived from the cumulative 

heat release curve (Heywood, 2018). 

 

During heat release rate calculations, the polytropic coefficient, γ, is often assumed con-

stant, while in reality it varies due to several factors such as heat transfer to the walls, 

in-cylinder gas composition, and valve timing (Lee & Min, 2019). The problem with using 

a constant polytropic coefficient in RCCI is that it can vary significantly between different 

operating points due to above-mentioned reasons. More accurate estimation of the pol-

ytropic coefficient is crucial when developing and using advanced combustion concepts, 

such as RCCI (Rogers, 2010). 
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Rogers (2010) states that the calculation of heat release rate in commercial combustion 

measurement systems is typically computed with a simplified process resulting in net 

heat release. The calculated value is approximately 20% lower than the gross heat re-

lease due to ignored surface and blow-by losses. Error in the result is more significant 

towards the end of the combustion process. Simplified calculation may be required if 

repeatability is more important than the high level of accuracy and when processing ca-

pacity is of concern. As discussed above, accurate determination of heat release rate and 

thus cumulative heat release rate in RCCI applications are particularly important in un-

derstanding the combustion phenomenon and enabling its efficient control. Therefore, 

the use of any simplified process should be critically assessed. For heat release calcula-

tions, a resolution of at least 1 CAD should be used, and although finer resolution im-

proves the accuracy, it can significantly increase processing time (Rogers, 2010). 

 

2.4.6 Gas exchange analysis 

 

The gas exchange process is part of the engine cycle where exhaust gases are forced out 

of the cylinder and a fresh mixture of air is drawn from the intake port. Gas exchange 

analysis offers a thorough understanding of the phenomena during this event and has 

significant importance in modern engine research and development. According to Rog-

ers (2010), pressure measurements from intake and exhaust manifolds provide infor-

mation to optimize gas exchange processes and accurately calculate the PMEP, which 

together with BMEP allows a more precise evaluation of friction losses. 

 

Measuring absolute intake port pressure during the gas exchange process also allows 

accurate estimation of in-cylinder air flow. According to Ferguson & Kirkpatrick (2015), 

the mass flow rate through the valve is determined with Equation (13) 

 

d𝑚

d𝑡
= 𝜌v ∙ 𝐴eff ∙ 𝑈is ,                                                      (13) 
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where ρv is the fluid density at the valve, Aeff is the effective valve area, and Uis is the 

reference isentropic fluid velocity. Reference isentropic velocity is affected by the ratio 

of in-cylinder pressure to intake port pressure near the valve. Reference isentropic ve-

locity can be calculated with Equation (14) 

 

𝑈is = √𝑅 ∙ 𝑇in ∙ [
2 ∙ 𝛾

𝛾 − 1
∙ (1 − 𝑃r

𝛾−1
𝛾 )]

1
2

 ,                                     (14) 

 

where R is the gas constant for intake gas, Tin is the intake temperature and Pr is the 

pressure ratio of in-cylinder pressure and intake port pressure (Ferguson & Kirkpatrick, 

2015). The use of a constant polytropic coefficient in air flow calculations is more justi-

fied than in heat release rate calculations due to steadier conditions. Calculating the air 

flow rate entering the cylinder allows more accurate estimation of in-cylinder gas com-

position and temperature at intake valve closing. Both parameters are further crucial for 

an accurate determination of the in-cylinder polytropic coefficient and in-cylinder tem-

perature. 

 

According to Rogers (2010), in order to measure intake and exhaust pressures accord-

ingly, transducers capable of measuring absolute pressure are mounted as near as pos-

sible to the valves. Absolute pressure measurements are a prerequisite for zero-level 

correction via intake port pressure measurements. Transducers installed in the manifolds, 

especially on the exhaust side, often face more issues concerning vibration and extreme 

temperatures than those measuring in-cylinder pressure. Resulted noise may introduce 

significant errors in the measured pressure curves due to the relatively low range of the 

signal. Therefore, manifold pressure measurements require transducers that exhibit 

characteristics like stable output signal during high-temperature shifts, resistance to vi-

brations and accuracy, especially when used for determining the zero-level correction 

(Rogers, 2010). 
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3 Objects and methods 

 

3.1 VEBIC W4L20 engine test cell 

 

The thesis work considered the improvement of the measurement and data acquisition 

system in the large-bore engine test cell located in the VEBIC laboratory. The test cell is 

used to operate a medium-speed 4-stroke Wärtsilä 20 diesel engine. During CPT project, 

cylinder 4 is modified to allow RCCI combustion. Detailed instrumentation regarding the 

RCCI test bench will be discussed in chapter 3.2. The basic layout of the engine test cell, 

disregarding the instrumentation and systems specific to cylinder 4, is shown in Figure 

14. However, the exhaust path and the fuel line are drawn according to modifications. 

Detailed insight regarding the baseline test bench, before implementing the outcomes 

of the CPT project and this thesis, is provided in several publications (Hautala et al., 2022; 

Söderäng et al., 2022). 

 

 

Figure 14. VEBIC W4L20 engine test cell. 
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3.1.1 Engine overview 

 

The Wärtsilä 4L20 engine located in the VEBIC test cell is a turbocharged 4-cylinder direct 

injection diesel engine that can be used in marine or electricity generation applications. 

During the CPT project, the engine has 3 cylinders that remain unmodified and operate 

in CDC mode. The cylinder that operates in RCCI mode is located furthest from the fly-

wheel, as illustrated in Figure 14. The mechanical energy of the crankshaft is converted 

into electrical energy through ABB M3LG 450LC, a squirrel cage induction generator 

rated at an output power of 1050 kW. Produced electricity can be fed to the grid. Table 

1 depicts the main data of the Wärtsilä 4L20 engine, before the retrofit. 

 

Table 1. Wärtsilä 4L20 engine specifications. 

Engine Wärtsilä 4L20 

Cylinder configuration 4-cylinder, inline 

Bore diameter [mm] 200 

Stroke [mm] 280 

Connecting rod [mm] 510 

Displacement per cylinder [dm3] 8.8 

Compression ratio 15.8:1 

Number of valves per cylinder 4  

 

3.1.2 Fuel system 

 

VEBIC engine laboratory has 3 fuel tanks to store different liquid fuels. There are two 

tanks for fuel oil that have a capacity of 25 m3 and one tank for bio-oil that has a capacity 

of 10 m3. The test cell has two 300-liter day tanks that can be used during engine oper-

ation instead of the main tanks. A schematic of the fuel system can be seen in Figure 14. 

A transfer pump is used to move the fuel from a tank through an automation filter into 

a 30-liter weight tank that is used in liquid fuel consumption measurement. Fuel is then 

pumped from the weight tank into a mixing tank. A booster pump feeds fuel from the 

mixing tank to the common rail injection system with high pressure. Pressure and tem-

perature are measured from the fuel rail using a strain gauge and an RTD respectively. 
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Fuel is injected into cylinders from a common rail injection system and possible spillback 

fuel is returned to the weight tank. 

 

3.1.3 Intake and exhaust system 

 

The engine is equipped with an ABB TPS48E01 turbocharger (Hautala et al., 2022). The 

turbocharging system compresses the air entering the engine. Compressed intake air 

goes to the intake manifold through a charge air cooler which cools the air down. Com-

pressed and cooled air is drawn inside the cylinder through intake valves. Sensyflow 

FMT700-P flow meter measures the turbocharger blow by from the intake side (Hautala 

et al., 2022). Temperatures from the turbocharger inlet and intake manifold are meas-

ured using RTDs, while temperature before the charge air cooler is measured with a K-

type thermocouple. Intake air pressure is measured before the cooler and from the in-

take manifold with strain gauge transducers. 

 

After the combustion, exhaust gases flow through the exhaust valves into the exhaust 

pipe and spins the turbocharger turbine driving the compressor. The exhaust pipe from 

cylinder 4 is isolated in order to prevent the exhaust gases from other cylinders from 

interfering with the measurements from cylinder 4. From Figure 14 can be seen that 

temperature is measured from the exhaust port of each cylinder. Temperature and pres-

sure from the whole exhaust stream are measured before and after the turbine. K-type 

thermocouples are used in every exhaust system-related temperature measurement. 

 

3.1.4 Cooling and lubrication system 

 

The cooling system of the engine consists of two independent cooling circuits as seen in 

Figure 14: high temperature (HT) and low temperature (LT) water circuits. Both circuits 

are powered by their own pumps located at the free end of the engine and they are 

driven by gears connected to the crankshaft. The cylinders and cylinder heads are cooled 
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with the HT circuit. Temperature is measured from the inlet and outlet of the HT circuit, 

while pressure is measured from the inlet side. LT circuit goes through charge air cooler 

and lubricating oil cooler, providing cooling for intake air and lubricating oil respectively. 

Similar to measurements taken from the HT circuit, the temperature of the LT circuit is 

measured from both the inlet and outlet, while the pressure is measured from the inlet 

side only. Temperature is also measured after each cooler. All temperatures from the 

cooling system are measured using RTDs. 

 

Lubricating oil is pumped from the oil sump with a pump driven by crankshaft-connected 

gears at the free end of the engine. From the sump, oil circulates through the compo-

nents requiring oil and lubrication. Lubricating oil flows back to the oil sump through the 

cylinder liner. Before start and stop procedures, the engine requires pre-lubrication pro-

vided by an externally-powered pre-lubricating pump. Lubricating oil temperature is 

measured before and after the engine with RTDs, while pressure is measured from vari-

ous places like before the engine, the oil filters and the turbocharger. 

 

3.1.5 Control system 

 

The test cell control system is based on ABB AC800M PLC, which is responsible for con-

trolling the test cell subsystems. The PLC is also used to align the engine and generator 

operation at a given load. In the test cell, ECU functionalities of the Wärtsilä 4L20 engine 

are implemented on a Speedgoat real-time target machine suitable for RCP and HIL test-

ing. The Speedgoat is equipped with multiple I/O (input and output) modules that are 

used in controlling combustion and injection parameters for optimized engine perfor-

mance at a specific operating point. The Speedgoat is operated through CANape, which 

is a calibration and monitoring software. The communication interface between the PLC 

and the Speedgoat is based on Modbus TCP/IP protocol, where the PLC acts as a client. 

Additionally, the Speedgoat communicates through Modbus with a computer that in-

cludes the digital twin of the engine coupled to a power plant model (Söderäng et al., 

2022). 
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3.2 RCCI engine test bench instrumentation 

 

As discussed before, major modifications were done to cylinder 4. The extent of these 

modifications and the instrumentation will be discussed in the next sections. Schematic 

of the cylinder 4 and related instrumentation are depicted in Figure 15 below. 

 

 

Figure 15. Instrumentation of the RCCI cylinder. 

 

In order to enable RCCI operation, cylinder 4 was converted to a dual-fuel by building a 

natural gas supply infrastructure and a separate pilot fuel line to the cylinder. Natural gas 

is injected through the common rail pipe into a duct where it mixes with air before en-

tering the cylinder. The RCCI cylinder is equipped with its own pilot fuel pump which 

enables high-pressure injection of diesel directly into the combustion chamber. The com-

mon exhaust pipe of the engine was disassembled and replaced with new exhaust piping. 

The design of the new exhaust piping allows the decoupling of cylinder 4 from CDC cyl-

inders.  The new exhaust line consists of two separate pipes that connect at the turbo-
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charger, as illustrated in Figure 14. The new air path is provided with its own, detail in-

strumentation and separating the exhaust paths from each other ensures that the emis-

sion measurements taken from RCCI cylinder are not compromised by the disturbance 

from other cylinders. Additionally, valves of the cylinder 4 were disconnected from the 

camshaft and an electro-hydraulic valve actuation (EHVA) developed by Wärtsilä was in-

stalled. It enables fully variable valve timing and valve lifts for cylinder 4. The functional-

ity is considered one of the enablers for efficient RCCI combustion throughout the oper-

ating range. This work focuses on providing the RCCI cylinder and related subsystems 

with proper instrumentation in order to enable necessary measurements. In Table 2, 

characteristics of the measurement instruments specific to the cylinder operated in the 

RCCI mode are presented. 

 

Table 2. Specification of measurement instruments used in the RCCI cylinder. 

Measurement application Instrument Range Accuracy (-) / Lin-
earity error (L) 

Crank angle  Kistler 2614CK 0–12000 rpm <0.0012 ° 

In-cylinder pressure  Kistler 6613CG1 0–250 bar <±0.5 % FSO (L) 

Intake port pressure  Kistler 4007D 0–10 bar <±1 % FSO  

Exhaust port pressure  Kistler 4049B 0–10 bar <±0.3 % FSO  

Piezoresistive amplification Kistler 4624AK - <±0.5 % FSO 

Intake air temperature Nokeval PT2T -50–250 °C - 

Exhaust air temperature - - - 

Fuel injection pressure  Trafag 8298 0–2500 bar <±0.5 % FSO  

Injector current profile Fluke 80i-110s 0–10 A <± (3 % RD+50mA) 

Valve position Positek P846 0–20 mm <±0.2 % FSO  

Pilot fuel consumption AVL fuel balance 0–150 kg/h <±0.12 % FSO  

Gas mass flow  Micro Motion F025S 0–190 kg/h <±0.5 % FSO  

FTIR analysis Gasmet DX4000 - <±2 % FSO 

Fast NOx measurement CLD500 8 selectable <±1 % FSO (L) 

Fast THC measurement HFR500 8 selectable <±1 % FSO (L) 

 

In Table 2, accuracies are given as a percentage of the full-scale output (% FSO). In the 

case of the cylinder pressure transducer and fast emission analyzers, the accuracy is 

given as a linearity error. Linearity error describes the percentage that the actual output 

deviates from the ideally linear output (Rogers, 2010). In the case of the Fluke 80i-110s 

current probe, accuracy is specified as a percentage of reading (% RD) and additional 
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uncertainty considered. There are eight measurement ranges selectable for the fast 

emission analyzers. Ranges from 0–100 ppm to 0–20000 ppm are available for CLD500 

and ranges from 0–1000 ppm to 0–200000 ppm are available for HFR500 (Cambustion, 

2008; Cambustion, 2004). The devices and systems essential to the objectives of the 

work are discussed in the following subsections. 

 

3.2.1 Electro-hydraulic valve actuation (EHVA) 

 

EHVA is used to control the intake and exhaust valves of cylinder 4. The main compo-

nents of the system in addition to intake and exhaust valves are the control unit, control 

valves, analog signal converters, and linear position sensors. The control of EHVA is im-

plemented on a Speedgoat, which is a separate unit from the main Speedgoat that is 

used in engine control. The EHVA Speedgoat communicates with the main Speedgoat via 

CAN communication, through which it gets the engine speed reference. During opera-

tion, the Speedgoat sends a control signal to Parker D3FP proportional directional con-

trol valves, which allows for hydraulic oil to flow through the control valve and push the 

valves open. The hydraulic oil pressure is generated with a separate electric motor-pow-

ered hydraulic unit which draws the oil from the engine’s oil sump. The control valves 

require a current signal to operate. Because the analog output (AO) card of the Speedg-

oat has a voltage output, it is converted into a current signal via ABB CC-E/STD analog 

signal converter. 

 

3.2.2 Crank angle encoder 

 

Kistler 2614CK crank angle encoder is used to provide a reference for crank angle and 

full revolutions for the data acquisition system. The encoder is mounted to the free end 

of the crankshaft. There are 720 uniformly distributed marks in the encoder’s marked 

disc which means there is a pulse every 0.5 CAD (Kistler, 2016). There is also another row 
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in the disc with a single mark that outputs one pulse per revolution. The encoder is con-

nected to Kistler’s encoder electronics type 2614C21 which is used for signal processing. 

Encoder electronics has two types of outputs representing the encoder output. The low-

voltage differential signal and transistor-transistor logic (TTL) signal are both pulse wave-

shaped signals and can be used depending on compatibility with the data acquisition 

system that is sampling the signal. Encoder electronics requires a power supply from 5 

VDC to 30 VDC to operate. 

 

3.2.3 High sampling frequency measurement instruments 

 

In-cylinder pressure of each cylinder is measured with Kistler 6613CG1 piezoelectric 

pressure transducer that includes an in-line amplifier. The transducer has an output of 

4–20 mA with a measuring range from 0 to 250 bar, giving the transducer a sensitivity of 

0.05 mA/bar (Kistler, 2018). This transducer is also suited for closed-loop combustion 

control applications, which is a requirement for this RCCI test bench. 

 

Intake port pressure is measured with a piezoresistive Kistler 4007D absolute pressure 

transducer. The transducer is mounted close to the intake valves and is able to withstand 

operating temperature of up to 200 °C without the need for additional cooling. In the 

application of port pressure measurements, Kistler 4007D with a measuring range from 

0 to 10 bar is used. The signal from the transducer is conditioned with a Kistler 4624AK 

piezoresistive single-channel amplifier. Measurement of exhaust port pressure is done 

with a water-cooled Kistler 4049B piezoresistive absolute pressure transducer. The trans-

ducer is mounted near the exhaust valves and can operate in temperatures of up to 

1100 °C. The transducer has a measuring range from 0 to 10 bar and Kistler 4624AK pie-

zoresistive single-channel amplifier is used for signal conditioning. 

 

Injector current profiles are measured with Fluke 80i-110s AC/DC current probe based 

on Hall effect. A separate probe measures the excitation current of the cylinder 4 injector. 

The probe has a clamp that is wrapped around the injector cable, through which the 
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waveform of the injector current is reproduced as a voltage output. There can be two 

different sensitivities selected for the output signal depending on the amplitude of the 

measured current. Because the amplitude of the injector current is less than 10 A, the 

sensitivity of 100 mV/A is used (Fluke, 2017). 

 

There are two Positek P846 linear position sensors mounted on top of the EHVA that 

measure the lifts of the valves and provide real-time valve position feedback for the 

EHVA’s control unit. The operation of the sensors is based on the working principle of 

common inductive position transducers. The sensors measure absolute valve position 

up to 20 mm and produce an output of 4–20 mA, which is linear to the lift. This gives the 

sensor sensitivity of 0.8 mA/mm. Additionally, gas exchange valve control signals from 

the Speedgoat AO card are measured in the crank angle domain. 

 

3.2.4 Low sampling frequency measurement instruments 

 

Low sampling frequency temperature and pressure measurements are mainly needed in 

system monitoring and control applications. For exhaust gas temperature measurement, 

a K-type thermocouple is mounted to the exhaust port. Intake air temperature is meas-

ured directly from the intake port with a 4-wire Nokeval PT2T sensor, which is a Pt-100 

RTD. Trafag 8298 strain gauge pressure transducer is mounted to the pilot fuel line for 

pressure measurement. Every low sampling frequency temperature and pressure sensor 

that was already installed in the test bench before the modifications remain the same. 

 

3.2.5 Fuel consumption measurement system 

 

The RCCI cylinder has two fuel supply systems that are separate from the fuel system of 

other cylinders. Consumption of pilot fuel that ignites the fresh mixture inside the cylin-

der will be measured with AVL fuel balance, which is a gravimetric fuel scale. The device 

has a weighing container that is linked to a hydraulic damper with a measuring beam. A 
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capacitive sensor tracks the movement of the beam caused by decreasing weight of the 

container. The mass of the consumed fuel is derived from the output of the sensor with 

a measurement frequency of 10 Hz. The AVL fuel balance needs to be mounted rigidly 

on the wall to minimize the vibrations that could potentially introduce additional errors 

to the measurement. Recommended measuring range for the fuel scale is from 0 to 150 

kg/h and it communicates with its software via the RS-232 interface. The mass flow of 

the natural gas is measured with a Micro Motion F025S Coriolis mass flow meter con-

nected to the PLC.  The meter is located before the gas valve unit and has a maximum 

recommended flow rate of approximately 190 kg/h at 10 bar, which is the maximum 

operating pressure for the gas valve unit. 

 

3.2.6 Emission measurement system 

 

In order to take emission measurements from the exhaust port near the valve, a pres-

sure-reducing unit is needed to reduce the pressure of exhaust gas going to the analyzers. 

After reducing the pressure, the sample line is divided between three analyzers that are 

used to measure emissions from the exhaust port. FTIR measurements from the exhaust 

gas are carried out via the Gasmet DX4000 FTIR gas analyzer. To convey the sample gas 

to the FTIR analyzer, an electrically heated PSP4000-H sampling probe is connected to 

the pressure-reducing unit preventing the sample gas near the sampling point from cool-

ing and condensing. From the sampling probe, sample gas goes to the Gasmet portable 

sampling unit, which is used to pump the sample gas from the sampling point. The sam-

pling unit measures the O2 concentration from the sample gas via ZrO2 principle and 

sends the information through the analyzer. After the sampling unit, the sample gas is 

directed into the FTIR analyzer that is connected to an external computer through RS-

232 interface. 

 

Direct measurements taken from the port will also include fast response NOx and THC 

measurements. Fast response measurements enable crank angle-based NOx and THC 
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data. Analyzers that will be used to provide these fast response measurements are Cam-

bustion CLD500 fast NOx and HFR500 fast FID analyzers. In both of these analyzers, the 

detector is located in the sampling head near the sampling point. The sampling head is 

connected to a control unit via a 10-meter-long conduit inside of which are necessary 

connections for the detector. The vacuum pump draws the sample gas into the detector 

through a heated probe. Because detection happens near the sampling point, fast re-

sponse times can be achieved for NOx and THC measurements. It should be noted that 

the location of the sample probe is crucial to minimize the time delay resulting from the 

sample travelling into the sampling system. The sample head of CLD500 can be equipped 

with a NOx converter that enables the measurement of NO2 in the sample gas as well, 

although it increases the response time (Cambustion, 2008). As stated in the literature 

review, the CLD principle utilizes the light produced in the reactions of ozone and NO. 

This is why the converter needs to reduce the NO2 in the sample gas into NO before it 

can be measured by the detector. Both analyzers are connected to their own control 

software via RS-485 interface and provide an analog output signal from 0 to 10 VDC 

(Cambustion, 2008; Cambustion, 2004). Figure 16 represents the intended exhaust gas 

sampling setup in the RCCI test bench more precisely. It shows the layout with the pres-

sure-reducing probe, sampling system and analyzers. Red arrows indicate the direction 

of the exhaust flow and blue lines represent the conduits connecting the sampling heads 

of the fast response emission analyzers to the control units. 
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Figure 16. Structure of the intended exhaust gas measurement system of the RCCI cylinder. 

 

3.3 Data acquisition 

 

The data acquisition system collects data coming from different measurement instru-

ments and analyzers. The data is used for monitoring and analyzing the operation of the 

engine and related subsystems, as well as in control applications. The data acquired dur-

ing engine operation can be divided into two categories, low-frequency and high-fre-

quency data. Because the goal of this thesis is to provide W4L20 engine test bench with 

a new data acquisition system enabling RCCI research, it is important to understand the 

status of the data acquisition system before the new system is designed and imple-

mented. The subchapters below are dedicated to describing the state of the data acqui-

sition system prior to modifications. 

 

3.3.1 High-frequency data acquisition system 

 

Before the CPT project, in-cylinder pressures were sampled at 0.1 CAD resolution and 

analyzed via the Kistler KiBox combustion analysis system. An injection excitation current 



71 

from one cylinder was also acquired via KiBox. The KiBox was connected to a laptop 

equipped with KiBox Cockpit software through ethernet connection. The software was 

used to configure the input channels, perform combustion analysis, as well as display 

and store the data. The KiBox previously used in the test cell has 8 analog input channels 

for voltage signals ranging from 0 to 10 VDC. The functionality of the original system was 

considered insufficient for the purpose of advanced analysis planned in the CPT project. 

In this thesis, a 16-channel Dewesoft SIRIUS data acquisition system is implemented and 

integrated into the existing test bench data acquisition system to replace the KiBox. In 

Table 3, the main characteristics of both systems are specified. 

 

Table 3. Comparison of Kistler KiBox and Dewesoft SIRIUS data acquisition systems. 

System Analog 
channels 

Input voltage 
range [VDC] 

ADC resolu-
tion [bit] 

Maximum sample 
rate per channel 
[kHz] 

Kistler KiBox 8 0–10  16 310  

Dewesoft SIRIUS 16 0–50  24 (Dual Core) 200  

 

The design and implementation of the Dewesoft SIRIUS based data acquisition system 

will be discussed in detail in chapter 4. It can be noted that the Dewesoft data acquisition 

system offers several advantages compared to the previously used KiBox. There are more 

input channels, the system is more affordable and enables more efficient integration 

with the low-frequency data acquisition system. In addition, the Dewesoft system can 

be expanded relatively easily and inexpensively compared to the KiBox. 

 

3.3.2 Low-frequency data acquisition system 

 

Pressure transducer signals coming from the engine are sampled via input modules of 

the main Speedgoat and used for engine control. Thermocouple and RTD measurements 

are acquired through data loggers that communicate through Modbus TCP/IP interface 

with the main Speedgoat. System related safety signals are acquired through PLC input 

modules. Additionally, the fuel balance of the test cell is operated and data is acquired 
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through the PLC. The PLC and main Speedgoat communicate with each other and send 

signals related to the engine and subsystems through the Modbus TCP/IP network. Data 

collection was previously carried out by the common data acquisition system that rec-

orded the signals at a frequency of approximately 1 Hz and saved them on a computer 

hard drive. The FTIR measurements from the Gasmet DX4000 FTIR analyzer and O2 con-

centration measured by the sampling unit were logged to the channels of the Calcmet 

software used to operate the FTIR analyzer. From there, the data could be saved to a 

local data storage of the computer. Figure 17 illustrates the layout of the test cell data 

acquisition system prior to the CPT project. 

 

 

Figure 17. The layout of the W4L20 engine test cell data acquisition system prior to modifications. 

 

3.4 System design and validation methodology 

 

This section describes the methodology regarding the design phase of the data acquisi-

tion system. Methods to ensure system performance and proper operation, as well as 

the validity of the measurements and data, are also discussed. 
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3.4.1 System design 

 

System design is based on meeting the requirements for the test bench data acquisition 

system. The system designed in this work will include multiple different measuring in-

struments, data acquisition hardware, and software each having its own specifications 

and output signal types. In order to design a robust system that meets the requirements, 

knowledge of the test cell system before modifications is required. Related literature and 

manuals provided by suppliers are studied and physical testing of individual devices and 

subsystems is carried out during the design process. 

 

As stated before, errors are always present to some extent in a measurement system. 

However, proper system design and implementation will reduce the impact of environ-

mental interference. Errors resulting from the analog signal transmission are mitigated 

by using shielded cables and installing them as far from interference sources as practi-

cally possible while maintaining short distances. General methods to reduce measure-

ment errors have been discussed in detail in chapter 2.3.2. 

 

3.4.2 Performance validation 

 

The quality of individual instruments used in a measurement chain contributes positively 

to overall system performance. For example, selecting modern, high-grade pressure 

transducers will significantly reduce the effect of sensitivity drift resulting from temper-

ature variations of the transducer over time. This is due to improved design and manu-

facturing methods of modern transducers (Rogers, 2010). Systematic measurement un-

certainty calculation for the high-frequency analog signal acquisition will be done as a 

part to validate the accuracy of the system. According to Morris and Langari (2012), sys-

tematic measurement error can be calculated by using a root-sum-squares method. With 

this method, error E is determined by Equation (15), 
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𝐸 = ±√∑ 𝑥𝑗
2 

𝑛

𝑗=1

,                                                         (15) 

 

where xj is the systematic error component of the measurement chain. The level of sys-

tem integration is also a part of the system’s performance. Error calculations will be dis-

cussed in chapter 5. 

 

At the time of the thesis, W4L20 engine cannot be started up due to ongoing hardware 

and automation system modifications. Therefore, the data acquisition system cannot be 

validated entirely. However, the system will be validated by performing an EHVA unit test. 

This enables the validation of crank angle-based measurement, monitoring and data 

storage. 

 

3.4.3 System prechecking 

 

Verifying connections between the measurement instrument must be made before 

starting the measurements. In the case of most signals, this can be verified by checking 

that the sensor or transducer produces a value on the monitoring interface. Most of the 

transducers are designed to produce a signal even at the lower end of the measurement 

range. Mounting the instrument properly is crucial to ensure that the sensor element is 

properly in contact with the measured object. Also, improper mounting of highly sensi-

tive pressure transducers, especially those measuring the in-cylinder pressure, will cause 

vibrations to significantly affect the measurements and post-processing results derived 

from them (Rogers, 2010). Calibrating all instruments in the measurement chain accord-

ing to manufacturer instructions ensures that the performance of the instruments is in 

line with manufacturer specifications. Before each measurement campaign, the validity 

of measurement device calibrations needs to be verified and if necessary, calibration of 

the instruments is required. Calibration is carried out by comparing the outputs of the 

measuring instrument used in testing and a measuring instrument of known accuracy 
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when the same input is given to both instruments. The calibration procedure is per-

formed at multiple measurement points covering the whole measuring range of the in-

strument. The number of calibration points depends on the measuring instrument and 

the desired accuracy of the calibration (Morris & Langari, 2012). In the case of emission 

analyzers, a calibration gas that has a known composition and concentrations of the 

measured compounds close to the expected amounts is passed through the analyzer 

(Nakamura & Adachi, 2013). Depending on whether the output of the instrument under 

calibration deviates from the output of the other instrument, proper adjustment to the 

offset is applied to ensure that the possible deviation is considered during measurement. 

If signs of instrument damage are noticed during calibration, repairing or changing the 

instrument is required. The principle of calibration methodology is the same for a large 

variety of different measurement instruments. Required calibration frequency, on the 

other hand, varies between different instruments. It is difficult to determine properly, 

because it depends on many factors, such as the type of instrument and measurement 

conditions (Morris & Langari, 2012). 

 

3.4.4 Reference measurements 

 

Validation of the measurements should be made before, during and after each measure-

ment sequence by monitoring the data curves and calculated results. Reference meas-

urements during a test program at the specific reference operating point is stated by 

Rogers (2010) to be an effective data validation method. These measurements should 

be made regularly and the most important parameters need to be statistically repre-

sented. Statistical analysis is a powerful tool in system validation because relatively large 

and sudden variations in parameters indicate that there is a problem in the system that 

needs to be solved. The main statistical tools used to validate the measurements are 

average, standard deviation, and covariance. Calculating the average of the most im-

portant parameters and comparing them to previously made measurements, it can be 

quickly verified whether the performance of the system has remained the same. Accord-

ing to Rogers (2010), peak pressure-related results, as well as average IMEP values over 
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the test sequence, are a good measure for describing the repeatability of the measure-

ments. Standard deviation is used to examine how individual measurement values are 

distributed with respect to mean value (Morris & Langari, 2012). Standard deviation, σs, 

of measured values is calculated with Equation (16) 

 

𝜎s = √∑
(𝑥𝑖 − 𝑥𝑖)

𝑛 − 1

𝑛

𝑖=1

,                                                        (16) 

 

where xi is the measured value and n is the number of values during the measurement. 

The standard deviation of IMEP and the standard deviation of engine speed are used to 

quantify cycle-to-cycle variability (Atkins, 2009). In addition, the covariance of IMEP is a 

good measure of cyclic variability derived from cylinder pressure data. Covariance of 

IMEP is calculated with Equation (17) 

 

COVIMEP =
𝜎IMEP

IMEP̅̅ ̅̅ ̅̅ ̅
∙ 100%,                                              (17) 

 

Where the standard deviation of IMEP is divided by the mean IMEP and converted to a 

percentage (Heywood, 2018). Frequent and thorough reference measurements and sta-

tistical analysis enable more efficient problem identification and solving. 
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4 System design and implementation 

 

This section discusses the data acquisition system design and implementation that was 

carried out during this thesis. Chapter 4.1 discusses the overall requirements for the 

W4L20 engine test bench data acquisition system to enable RCCI research. This acts as a 

background for the later chapters that focus on the implementation of the system. Chap-

ter 4.2 includes a detailed description of the data acquisition system chosen based on 

the requirements. Additionally, the installation of the most important devices, as well as 

sensor and analyzer connections to the data acquisition system is described. In chapter 

4.3, the configuration of the data acquisition system is discussed. It explains how the 

channels of the data acquisition hardware were configured and what was done to enable 

high-frequency data to be recorded and monitored in the crank angle domain, including 

related data post-processing and real-time calculations. The integration of the W4L20 

test cell automation and control system with the data acquisition system is discussed. 

Additionally, monitoring and data storing functionalities of the data acquisition system 

are described. 

 

4.1 System requirements 

 

Figuring out the requirements for the measurement system enabling RCCI research on 

the W4L20 engine is crucial in order to choose a proper data acquisition hardware for 

the task. The data acquisition system designed and implemented in this thesis has to be 

able to record both, high-frequency measurements and low-frequency measurements 

simultaneously. In the RCCI test bench located in VEBIC, a total of 14 signals are required 

to be recorded in reference to crank angle. The nominal rotational speed of the Wärtsilä 

4L20 engine is 1000 rpm, which corresponds to a sample rate of 60 kHz for crank angle-

based signals at a 0.1 CAD resolution according to Equation 1. As discussed in the litera-
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ture review, data acquisition system must be capable of sampling crank angle-based sig-

nals with at least two times the expected sample rate to satisfy the criterion set by the 

Nyquist theorem. 

 

The answer to the first research question set in the thesis, concerning system require-

ments for LTC research, is the following. The engine test bench data acquisition system 

in VEBIC needs to be able to acquire and process the data coming from the measurement 

devices installed to the test bench, as well as perform necessary calculations for post-

processing in real-time. In order to do this, the data acquisition system must acquire the 

crank angle-based high-frequency measurements, as well as the measurement data that 

comes through the Modbus TCP/IP network of the test cell. Due to many channels with 

high sampling frequencies, the engine measurement system outputs a large amount of 

data during measurement. To ease the data management, the files created are required 

to be named logically. Monitoring the operation of the engine is an important task re-

lated to the test cell measurement system. The engine monitoring interface needs to be 

flexible in order to be optimized for a specific test procedure and customized according 

to the preference of the person in charge of monitoring. From monitoring system, pa-

rameters are constantly monitored and checked to notice possible abnormal behavior, 

such as cyclic variability of the combustion parameters. The data acquisition system cho-

sen to fulfil the requirements regarding measurement, data recording, and monitoring 

tasks was Dewesoft SIRIUS data acquisition hardware, which will be discussed more in 

chapter 4.2. 

 

4.2 Device installations and connections 

 

Establishing device installations and connections is part of the second research question 

about integrating different measuring instruments into a common data acquisition plat-

form. Within the scope of this work, a purchase of the data acquisition system was made 

in accordance with the system requirements discussed in the previous chapter. In addi-

tion, the equipment necessary to implement the new data acquisition system into the 
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test cell, and to integrate different measuring instruments, was purchased. The Dewesoft 

data acquisition system was chosen as the system implemented in this work and it is 

described thoroughly in the following subsection. The scope of the work in this thesis 

also included the supervision and reporting of the installation work related to the data 

acquisition system that was made on the test bench. Installation work included correct 

placement and mounting of the sensors, as well as electrical connections according to 

equipment manufacturers’ instructions. This chapter discusses the work regarding in-

stallations, as well as describes in detail how the high sampling frequency measurement 

instruments were connected to the Dewesoft data acquisition system. Integration of low 

sampling frequency measurements into the Dewesoft data acquisition system via Mod-

bus TCP/IP will be discussed in chapter 4.3. 

 

4.2.1 Dewesoft data acquisition hardware 

 

The hardware side of the Dewesoft data acquisition system implemented in this thesis 

consists of two 8-channel Dewesoft SIRIUS 8xSTG+ modules, the specification of which 

can be seen in Appendix 1. The modules are synchronized to align sampling between the 

channels. Every analog input (AI) channel has a ±50 V input range equipped with D-sub 

9 connectors. They are galvanically isolated, which eliminates the formation of ground 

loops between channels. In addition to the AI channels, there are two counter channels 

per module as an option for digital counters. The maximum sampling rate per channel is 

200 kHz and there are two 24-bit ADCs with built-in anti-aliasing filters for each channel. 

An anti-aliasing filter is a low-pass filter that blocks frequencies higher than those stated 

by the Nyquist theorem to prevent the aliasing effect. Even though the maximum sam-

pling rate possible for the individual AI channels is 200 kHz, the ADCs oversample the 

signal at a high enough frequency in order to always satisfy the Nyquist criterion. After 

sampling, the data is filtered and downsampled to provide alias-free results (Dewesoft, 

2022a). The topology of a single Dewesoft SIRIUS channel is shown in Figure 18. 
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Figure 18. Topology of Dewesoft SIRIUS AI channel (Dewesoft, 2022a). 

 

The Dewesoft SIRIUS utilizes trademarked Dual Core technology that enables measuring 

the signal using two ADCs with high and low gain simultaneously. The advantage of this 

is that the signal can be measured by using the full measurement range at all times with-

out sacrificing the resolution (Smith, 2021). As illustrated in Figure 18, when the ampli-

tude of the measured signal is too high for the ADC with a high gain amplifier (ADC 1), 

ADC with a lower gain amplifier (ADC 2) is used to prevent the signal from being out of 

range. 

 

The counter channel of Dewesoft SIRIUS is able to count incoming pulse waves, such as 

in the TTL signal. A single counter channel has three digital inputs (DI) for different pulses 

and a ground connection. Additionally, 5 V or 12 V supply voltage and digital output are 

possible (Smith, 2021). The specifications of the counter channel are listed in Appendix 

1. The counter channel of Dewesoft utilizes a trademarked technology called Super 

Counter. The architecture of the Super Counter is illustrated in Figure 19. 
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Figure 19. Dewesoft Super Counter architecture (Smith, 2021). 

 

The Super Counter consists of two counters, both receiving the input signal. The main 

counter does the event counting, while the sub counter measures the exact time of the 

rising edge of a pulse signal. With this method, the counter can place event counts be-

tween pulse edges and interpolate sample points (Smith, 2021). The counter has a fre-

quency of 102.4 MHz, which enables precise alignment of the pulse events in relation to 

the sampling of analog signals. 

 

Dewesoft SIRIUS modules need to be connected to a computer equipped with 

DewesoftX software via separate USB 2.0 connections. Due to limitations in the maxi-

mum length of the USB 2.0 connection, the Black Box IC400A-R2 USB 2.0 extender is 

used. The selected USB 2.0 extender is equipped with 4 USB 2.0 ports and allows USB 

devices to be extended up to 100 meters over a twisted pair cable. Each port has a data 

transfer speed of up to 480 Mbps, which is the maximum for USB 2.0 (Compaq et al., 

2000). These attributes make the selected USB 2.0 extender suitable to be used with 

Dewesoft SIRIUS hardware. The extender enables the Dewesoft SIRIUS modules in the 

test cell to be connected to the data acquisition computer located in the control room. 

Dewesoft SIRIUS modules are shown in Figure 20. 
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Figure 20. Dewesoft SIRIUS data acquisition hardware, installed in the VEBIC laboratory within 
the scope of the present work. 

 

4.2.2 Installing the piezoresistive amplifiers 

 

In the new RCCI test bench in VEBIC, every high-frequency piezoresistive transducer uti-

lize TEDS. The amplifiers that are used for signal processing are all TEDS compatible, 

which enables automatic configuration. To configure the amplifier, an ethernet connec-

tion was established between the amplifier and a computer used in the configuration. 

When a TEDS device is connected to the amplifier, it automatically sets the correct pa-

rameters based on the characteristic values stored inside TEDS. This means that the am-

plifier is tuned for the correct range according to the transducer connected to it. Addi-

tionally, offset corrections can be applied if necessary. The output type can also be cho-

sen via the configuration interface. For every amplifier, an output from 0 to 10 VDC was 

chosen so it can be connected to analog input (AI) channels of Dewesoft without any 

additional signal conversion. In order to ensure that the correct amplifier is always used 

with the transducer it was parametrized, transducers were assigned for a specific ampli-

fier via configuration interface. This eliminates the possibility of connecting a wrong 
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transducer to the amplifier it was not parametrized to. Each amplifier is powered by 24 

VDC power supply, which also supplies the power required by the transducer. 

 

4.2.3 Electrical signal connections to data acquisition hardware 

 

The two TTL signals from the encoder electronics are connected to the counter channel 

of the Dewesoft SIRIUS. Leads that carry the signals, as well as the common ground are 

connected to a 7-pin LEMO adapter, which is plugged to Dewesoft SIRIUS. The counter 

channel of Dewesoft provides the power supply of 12 VDC required by the encoder elec-

tronics. A high-frequency measurement chain is designed in a way that every continuous 

analog signal connected to AI channels of the Dewesoft hardware is a voltage signal. 

Additionally, they all are connected to AI channels using D-sub 9 to BNC (Bayonet Neill-

Concelman) adapter. 

 

In-cylinder pressure transducers are supplied with a 24 VDC and the output current sig-

nal is converted into a voltage signal using a resistor. When the current signal is flowing 

through a resistor, voltage generates across it according to Ohm’s law. The output of 4–

20 mA from the transducers is converted to 1–5 VDC signal using a 249 Ω resistor. The 

voltage signal from the in-cylinder pressure transducers is also connected to the AI card 

of the main Speedgoat for control applications. The disadvantage of using resistors is 

that they are a source of error due to their resistance being affected by temperature. 

Advantages are low cost and straightforward implementation. RCCI cylinder’s intake and 

exhaust pressure transducers are connected to single-channel piezoresistive amplifiers 

and the voltage output is directly connected to the Dewesoft hardware. Additionally, 

current probes have voltage signal outputs that are connected to AI channels of the 

Dewesoft. 

 

There are four signals related to EHVA’s operation that are sampled with Dewesoft hard-

ware. Valve position sensors of both gas exchange valves are supplied from a 24 VDC 



84 

power source and have a current output from 4 mA to 20 mA. Output signals are con-

verted to 1–5 VDC using a 249 Ω resistor similarly to outputs from in-cylinder pressure 

transducers. These voltage signals are then connected in parallel with Dewesoft AI chan-

nels and AI channels of Speedgoat used to control EHVA. Gas exchange valve control 

signals from the AO channels of the Speedgoat range from 0 to 10 VDC. These signals 

are connected to both, AI channels of Dewesoft hardware and the signal converters. 

 

Both fast emission analyzers are connected to their own computer via RS-485 serial con-

nection. Analyzers have their specific control software that is used to operate them. 

Start-up, calibration, measurement, and shut-down procedures are all carried out via the 

software user interface. Measurement data itself is provided as 0–10 VDC analog output 

through the BNC outlet at the back of the analyzer. This output is directly proportional 

to the selected measurement range of the analyzer. Analog outputs from both analyzers 

are connected directly to AI channels of the Dewesoft via a BNC connector cable. In Table 

4, every signal going to AI channels of the Dewesoft hardware is listed. Additionally, as-

signed channel names and output ranges of the signals are displayed. Measurement 

ranges of individual instruments are presented in Table 2. 

 

Table 4. Electrical signal connections to Dewesoft AI channels. 

Channel Name Description Signal range 

AI 1 Cyl1 pressure_ds Cylinder 1 pressure 1–5 VDC 

AI 2 Cyl2 pressure_ds Cylinder 2 pressure 1–5 VDC 

AI 3 Cyl3 pressure_ds Cylinder 3 pressure 1–5 VDC 

AI 4 Cyl4 pressure_ds Cylinder 4 pressure 1–5 VDC 

AI 5 Intake pressure_ds Intake pressure 0–10 VDC 

AI 6 Exhaust pressure_ds Exhaust pressure 0–10 VDC 

AI 7 InjectionCDC_ds CDC injector currents 0–1 VDC 

DI 8 Encoder_ds Crank angle reference TTL (0 or 5 V) 

AI 9 InjectionPilot_ds RCCI injector current 0–1 VDC 

AI 10 IV position_ds Intake valve position 1–5 VDC 

AI 11 EV position_ds Exhaust valve position 1–5 VDC 

AI 12 IV control_ds Intake valve control signal 0–10 VDC 

AI 13 EV control_ds Exhaust valve control signal 0–10 VDC 

AI 14 FastNOx_ds NOx concentration 0–10 VDC 

AI 15 FastTHC_ds THC concentration 0–10 VDC 

 



85 

4.3 Data acquisition system implementation 

 

After installing and connecting the devices physically to the measurement system as dis-

cussed in chapter 4.2, the configuration of the channels and data acquisition software 

setup was conducted. In this chapter, the remaining issues regarding the integration of 

different measuring instruments to a common platform are discussed by explaining in 

detail about setting up the DewesoftX software. Settings configured for the signals di-

rectly connected to hardware and integration of low measurement frequency data from 

the test cell are further discussed. Post-processing of the measured quantities with 

DewesoftX is implemented in this section to provide a response to the third research 

question, concerning post-processing of the measurement data. In addition, an efficient 

way to store measurement and analysis data is discussed, which provides an answer to 

the fourth research question related to storing the data coming from the test bench. 

 

4.3.1 Analog input channel configuration 

 

Every channel used for measuring is configured according to the instrument connected 

to it. From the channel setup of DewesoftX software, channels are configured according 

to the measurement task. Figure 21 below shows the channel setup window, from where 

AI channel settings are configured. 
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Figure 21. Channel setup window from DewesoftX. 

 

A sampling rate of 100 kHz is selected for every AI channel. It is the closest sampling rate 

above 60 kHz that is possible to select. As discussed previously, assigned sampling rates 

for the AI channels already satisfy the Nyquist criterion due to automatic oversampling. 

Channels are given names and scaled so that the magnitude of measured voltage corre-

sponds with the real value of the measured quantity. For scaling, the lowest and the 

highest points from the measurement range, as well as corresponding voltages are as-

signed. The relationship between the voltage and actual measurement value is assumed 

linear. The unit for the measured channel is selected according to the measured quantity 

and the range for each channel is selected as ±50 V. Dual Core is equipped on for each 

channel, which enables the use of the highest possible dynamic range. Additionally, a 

low-pass filter is assigned as an anti-aliasing filter in every channel. Inherent response 

delay from the fast emission analyzers needs to be considered during measurement. This 

is done by assigning a separate math channel to Dewesoft called the delay channel. It is 

meant to artificially delay or advance a signal by assigning a positive or negative time 

delay. In the case of fast emission analyzers, the assigned delay is negative because it 
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takes a few milliseconds for the analyzers to respond. The actual value of the time delay 

depends on the time between the opening of the exhaust valve and the response from 

the analyzer. 

 

4.3.2 Counter channel configuration for encoder 

 

To derive the correct speed and angular position of the crankshaft based on the TTL sig-

nal from the encoder, the counter channel must be configured accordingly. There are 

many predefined counter configurations in the software, but none of them was directly 

compatible with the Kistler 2614CK encoder. Because of this, a new counter type needed 

to be configured based on the used crank angle encoder. The selected sensor type work-

ing as a basis for the new encoder settings was a gear tooth with zero. Figure 22 shows 

the counter sensor editor window where new encoder settings were configured. 

 

 

Figure 22. Counter sensor editor window in DewesoftX. 

 

In the settings, the number of teeth was defined as 720. This corresponds to the number 

of pulses the encoder will output during one revolution. The rising edge of the zero pulse 

was selected to indicate a start of a new revolution, in accordance with the manual of 

Kistler 2614CK (Kistler, 2016). The signal filter is applied to prevent double counts and 

other disturbances. The time constant assigned to the filter determines the minimum 

time that signal must be present for the software to accept it as a valid signal. According 
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to Dewesoft (2022b), the selected value for the time constant must be lower than 10% 

of the minimum expected duration of an encoder pulse. Minimum pulse duration is 

achieved when the engine is running at its maximum speed of 1000 rpm. At this speed 

and 720 pulses per revolution, the frequency of the encoder signal, according to Equa-

tion 1, is 12 kHz. The time duration of a single pulse is an inverse of the frequency. From 

the calculated pulse duration, a time constant of less than 8.33 µs is required for the 

filter. Therefore, a value of 7.5 µs is selected. 

 

4.3.3 CEA module configuration and parametrization 

 

Combustion Engine Analysis (CEA) is a module for DewesoftX software that enables the 

measurement in the crank angle domain, as well as mathematics and statistics for com-

bustion analysis (Dewesoft, 2022c). The configuration of the CEA module is divided into 

three sections in the software. The first section is the engine settings, where engine ge-

ometry and combustion-related parameters are defined, as well as additional channels 

for each cylinder are assigned. Assigning the channels to a specific cylinder enables the 

measurement of the parameters in crank angle domain and the alignment with respect 

to individual cylinder TDC. Figure 23 shows the parameters selected for the W4L20 RCCI 

test bench, as well as the additional channels assigned for each cylinder. 
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Figure 23. Selected parameters and additional channels assigned for the W4L20 RCCI test bench. 

 

From the engine settings window, zero-level correction is also configured. The correction 

principle for the RCCI cylinder pressure is based on a measured value from the intake 

port pressure channel, which is selected as a reference channel. The selected correction 

point, at which the pressure curve is shifted according to the correction offset, is when 

the piston is at the BDC of the intake stroke. An averaging window of 1 CAD is selected, 

which determines the number of samples averaged in determining the value of pressure 

offset correction. In-cylinder pressure correction for other cylinders is selected as a ther-

modynamic correction principle. 

 

Trigger levels for the start of injection (SOI) and end of injection (EOI), as well as the 

number of injections, are applied from the additional channel setup for injection signals. 

When the signal from the current probe exceeds the SOI trigger level or falls below the 

EOI trigger level, the corresponding crank angle position is recorded. Trigger levels of 0.3 

V and 0.5 V are assigned for SOI and EOI respectively. Additionally, injection duration as 

milliseconds and crank angle degrees are calculated based on the triggering of SOI and 
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EOI events. The three cylinders operating in CDC all have the same current probe simul-

taneously measuring the injector currents. Therefore, it is necessary to distinguish which 

injection signal refers to which CDC cylinder’s injection. To separate the signals from each 

other, the output of the current probe channels assigned for individual CDC cylinders is 

set to be active only for ±50 CAD relative to each cylinder’s TDC during the compression 

stroke. Because injection happens during the assigned angle window, correct SOI and 

EOI events can be determined for separate cylinders. 

 

After engine settings, the encoder settings are configured for the CEA module. The en-

coder type is selected as earlier configured Kistler 2614CK. The desired sample resolu-

tion is set to 0.1 CAD. The offset the between encoder trigger and TDC position is called 

trigger offset in the CEA module. An offset of 30 CAD is applied. It was determined man-

ually by rotating the engine crankshaft and reading the position from the flywheel scale 

when the encoder triggers. 

 

The result definition is made after applying the encoder settings. The CEA module in-

cludes basic real-time combustion analysis calculations and related statistics that can be 

enabled. Available results, as well as enabled calculations derived from the acquired in-

cylinder pressure signals and crank angle are illustrated in Figure 24 below. 
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Figure 24. Result definition settings from DewesoftX showing the available and enabled basic 
calculations. 

 

Every enabled calculation automatically creates corresponding channels to DewesoftX. 

Maximum pressure calculates the peak pressure and corresponding angle of each cycle. 

The polytropic coefficient returns the value as an output. The “rise curve” calculates the 

derivative of the pressure curve and the maximum rise returns the maximum rise value, 

as well as its position. Mean effective pressure calculates the IMEPg, IMEPn, and PMEP 

of each cycle. Work, power and torque calculations output a single value once per cycle. 

Thermodynamics 2 group name includes calculations of net heat release rate and cumu-

lative heat release rate. 

 

As stated in the literature review, most common combustion analysis systems ignore in-

cylinder surface losses in the calculations. Accurate heat release rate calculation is re-
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quired to be done separately, because the CEA module does not include gross heat re-

lease rate calculations. For calculating the gross heat release rate, the wall heat transfer 

rate is added to the result of the net heat release rate. Accurate gas-to-cylinder wall heat 

transfer real-time calculation model is not part of the thesis. However, it is part of an-

other work task in the CPT project and the model is implemented to be a part of VEBIC’s 

upgraded data post-processing routine. 

 

4.3.4 Connecting the Modbus TCP/IP interface 

 

As stated before, Modbus TCP/IP is the main communication interface in the W4L20 en-

gine test cell. DewesoftX software is compatible with Modbus TCP/IP via separate plugin. 

The computer equipped with the software is connected to the Modbus TCP/IP network 

of the test cell in order to enable DewesoftX to poll data. Modbus plugin polls data from 

a channel of a Modbus device, when the IP address of the device and channel address 

are known. After polling the data, the value of the channel must be scaled according to 

the measurement device specification in order to align the raw data with the real meas-

ured value. Every channel sending measurement data from temperature data loggers, 

main Speedgoat, and PLC are added to DewesoftX through the Modbus plugin. Meas-

urements include the data provided by both, instruments that were already installed in 

test bench and the ones that were added as a part of the modifications. The layout of 

how the channels are displayed in the DewesoftX can be seen in Appendix 2, where some 

of the channels that poll data from the test cell Modbus TCP/IP network are shown. 

 

4.3.5 Monitoring interface 

 

There are multiple options to setup the monitoring interface in DewesoftX software. The 

monitoring display can be configured to suit the preferences of the operator and require-

ments set by the measurement task.  In general, cylinder pressures and results from real-

time combustion analysis, such as IMEP and heat release calculations are important to 
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be monitored in the crank angle domain. In addition to CEA module calculations, every 

parameter sampled by Dewesoft AI channels can be monitored in the crank angle do-

main. A digital meter displaying the engine speed is also added to the monitoring inter-

face. Low-frequency measurements logged to channels of DewesoftX via the Modbus 

plugin can also be displayed with digital meters, for example. 

 

4.3.6 Data storing 

 

DewesoftX software can record the raw high-frequency data sampled by the channels, 

data processed via the CEA module and other mathematical tools in the software, as 

well as the data polled from Modbus TCP/IP network. Data storing options in DewesoftX 

are configurable. The operator can choose the storing procedure to be manual or auto-

matic. For the automatic storing option, different trigger conditions can be determined 

(Dewesoft, 2022d). Storage duration in DewesoftX can be selected as the amount of time 

or number of cycles. A thorough discussion regarding the selection of the storing option 

itself will not be covered in this thesis, because it depends on the purpose of the meas-

urement and the preference of the operator. 

 

The location for the created data files needs to be chosen before the measurement. Be-

fore starting the measurements, the data file is given a name that describes the meas-

urement task. Dewesoft is configured to include a date and a running index number at 

the end of the file name in order to distinguish different files from each other. A common 

network location for the created data files was established as a part of this thesis. Files 

created with Dewesoft can be moved from a local storage to the network location man-

ually or automatically by selecting it as a correct file path before starting the measure-

ments. A disadvantage of automatically storing the data to the network location is its 

reliance on the internet connection. Figure 25 illustrates the designed folder structure 

and file naming scheme that enables a simple way of storing the data from different 

measurements. 
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Figure 25. The designed folder structure for storing measurement data. 

 

All the measurement data is saved to a network location. The data is always stored in a 

folder that corresponds to the test bench on which the measurements were made, as 

can be seen in Figure 25. Under the folder corresponding to the test bench, the operator 

creates a new folder with a name that describes the purpose of the test, as well as a date 

representing the time of the measurement. The data file created with the Dewesoft data 

acquisition system, containing the raw and processed data, is stored inside the created 

folder. As different measurements are made with the system, created data files are au-

tomatically assigned a date and a running index number at the end of the file name. 

 

DewesoftX software can also be used to analyze and perform offline calculations on the 

raw measurement data. The advantage of using DewesoftX software is that it is free to 

use for analysis and does not require a separate license. The Dewesoft data file can be 

exported to multiple different formats, including text and CSV files. This allows the data 

to be used with another software. To export the acquired data, the user needs to select 

the format for the export file and data channels to be exported. There is also an option 

to perform statistical analysis while exporting the data. This means that for example av-

erages and standard deviations of the variables can be calculated and exported. Appen-

dix 3 includes a snippet of an example text-file that has been exported from Dewesoft 

data file. The file shows a part of the raw, crank angle-based measurement data from the 

EHVA unit test. It includes the names of the exported channels, units, and values at 0.1 

CAD resolution. The EHVA unit test was made as a part of the system performance vali-

dation and will be discussed in chapter 5.2. 
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5 System consolidation and validation 

 

5.1 System consolidation 

 

One goal of the thesis was to design an integrated data acquisition system for Wärtsilä 

4L20 engine test cell in VEBIC. The new W4L20 engine test cell data acquisition system 

is shown in Figure 26. 

 

 

Figure 26. The layout of the W4L20 engine test cell data acquisition system designed in the thesis. 

 

Compared to the previous data acquisition system in W4L20 engine test cell, the new 

system is more integrated.  The previous system had separate systems collecting high-

frequency and low-frequency data. The newly implemented data acquisition system 

measures high-frequency signals through its AI channels and collects low-frequency data 

from Modbus TCP/IP network, as illustrated in Figure 26. Therefore, a single Dewesoft 

data file contains both, high and low-frequency data. In the thesis, integration of the FTIR 

analyzer output was not implemented. 

 



96 

5.2 System performance validation 

 

5.2.1 High sampling frequency measurement system evaluation 

 

Selected new instruments are of high quality. Therefore, they can be expected to func-

tion well for a long time as long as proper maintenance and calibration is done according 

to manufacturer’s requirements. Systematic measurement uncertainty, according to 

Equation 15, was calculated for high-frequency analog signals acquired through 

Dewesoft. Error calculation of injector current signals was left out, as they are only used 

to trigger SOI and EOI events. Therefore, measurement accuracy is not crucial. Results of 

the uncertainty calculation are shown in Appendix 4. Errors for every individual part of 

the measurement chain were obtained from data sheets provided by device manufac-

turers. Conversion errors were included in cases where an external amplifier or a resistor 

is used to convert the signal into voltage. Errors resulting from signal transmission were 

assumed low enough to be disregarded. Cables that were used to transmit analog signals 

to Dewesoft were shielded. Because these signals are transmitted as voltage signals, dis-

tances were designed to be as short as possible. Additionally, it was avoided to install 

cables near places where significant electrical interference is possible. 

 

5.2.2 The EHVA unit test conditions 

 

At the time of writing this thesis, all modifications to enable RCCI operation in the W4L20 

test bench are not finished. This poses limitations in validating the whole data acquisi-

tion system while simultaneously operating the engine in RCCI mode. Therefore, in order 

to validate the performance of the implemented data acquisition system, unit test of the 

EHVA was performed instead of the whole engine. During the EHVA unit test, only the 

valves of the RCCI cylinder were actuated through the Speedgoat. Engine crankshaft was 

locked to BDC position to avoid collision with the valves while operating the EHVA. In the 

test, crank angle reference signal was provided by a separate pulse wave signal generator. 
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The signal generator mimics the signal coming from the actual gear tooth sensor of the 

engine, which is a conventional 120-1 sensor, and is connected to the Dewesoft data 

acquisition system and Speedgoat control system. In the DewesoftX software, there is 

an in-built configuration for a conventional 120-1 gear tooth sensor, which was used dur-

ing the unit testing of the EHVA system. Other signals acquired with Dewesoft during the 

EHVA unit test were valve position signals from the sensors and control signals from the 

EHVA Speedgoat’s AO card. The connections have already been discussed. Except for the 

counter settings, configuration of the data acquisition system for the EHVA unit test do 

not differentiate from the settings already made for the whole test bench. 

 

During the EHVA unit test, engine speed parameter was changed by changing the fre-

quency output from the signal generator. The EHVA was operated through the Speedg-

oat and the measurements were done with the Dewesoft system. During the test, 

Dewesoft data acquisition system was able to record the high-speed signals related to 

EHVA operation. 

 

5.2.3 Results of the EHVA unit test 

 

Appendix 5 shows the analog signal curves acquired by the data acquisition system dur-

ing the test in time domain for a period of 1 second. One discovery during the EHVA unit 

test was that even though the valves are closed, the value of the valve position does not 

reach zero mainly because the sensors are actually measuring the movement of the valve 

actuators. This problem was solved by creating a math channel in DewesoftX to correct 

the valve position curves. Correction for every cycle was made by shifting the valve po-

sition curves in the crank angle plane according to the offset value. The offset value for 

each individual cycle was determined as the value of the valve position signal at the TDC, 

when both valves are supposed to be fully closed. In Figure 27 there are corrected intake 

valve and exhaust valve position curves, as well as the corresponding control signal 

curves measured by the data acquisition system with respect to crank angle at 520 rpm. 
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Figure 27. Position and control signal curves of intake (blue) and exhaust (red) valves with re-
spect to crank angle. 
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The maximum lift parameter was assigned as 15 millimeters for the intake and exhaust 

valves. It can be seen from the measured position curves that the maximum position is 

at 15 millimeters for both valves. In addition, both position curves reach zero at TDC. 

Therefore, the measured position curves are according to these assigned position pa-

rameters and the zero correction of the curves function properly. As can be seen from 

the control signal curve, the Speedgoat sends a signal to open the exhaust valves at ap-

proximately 80 CAD after TDC, and the valve starts to open at 130 CAD after TDC. In the 

case of the intake valves, the control signal is sent at approximately 300 CAD after TDC 

and the valves start to open at 340 CAD after TDC. The time difference between sending 

the signal and the valve opening occurs due to the response time of the hydraulic valves 

and the mechanical inertia associated with the system. No correction is needed for the 

control signals, because the measurement is taken directly from the AO card of the EHVA 

Speedgoat. The values of the valve positions are at 0.1 resolution and there is no aliasing 

in the curves. Therefore, the sampling rate is sufficient for the channels. The results in 

the EHVA unit test were meant only to verify that the system works properly. In the fu-

ture, operation of the system will be optimized. 

 

Before the measurements, a new folder designated for the EHVA unit test was created 

in the network location and it was selected as the destination folder for the data files. 

Therefore, data files created during the measurements were automatically stored to the 

correct folder in the network location. From the EHVA unit test, it can be concluded that 

the data acquisition system implemented in this thesis enables the monitoring and stor-

age of the measurement data with respect to crank angle. 

 

5.3 Prospects for system expansion 

 

The data acquisition system designed and implemented in this thesis has opportunities 

to expand and adapt to many needs that potentially arise in the VEBIC laboratory of the 

university of Vaasa. The number of channels in the Dewesoft hardware can be expanded 

by purchasing additional modules. In theory, there is no upper limit for the number of 
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possible high-speed AI channels. Dewesoft SIRIUS is compatible with practically any basic 

measurement device, when a proper connection adapter is purchased. For example, in 

addition to measurements introduced in this thesis, Dewesoft SIRIUS is capable of meas-

uring vibration, torsion and stress measurements. Cameras can also be integrated with 

the Dewesoft system, if there arises a requirement for optical measurements. All input 

types that are compatible with AI channels of Dewesoft SIRIUS modules are listed in the 

specification of Appendix 1. In addition, there are many tools in DewesoftX for analyzing 

different types of data and the capabilities can be extended via user-defined C++ code. 

 

In this thesis, the possibility to integrate the FTIR analyzer was also explored. It is possible 

to have DewesoftX software poll data from the channels of Calcmet software used for 

FTIR analysis. Integration would require Modbus RTU to Modbus TCP/IP gateway be-

tween the computers operating the FTIR analyzer and DewesoftX respectively. The im-

plementation of the integration was left out from the scope of this thesis. 

 

One example of the future need for expansion is an upcoming project called Silent En-

gine which aims to seek methods to reduce noise and vibration resulting from engines. 

In the project (Silent Engine, 2022), accelerometers and microphones are planned to be 

employed in order to measure vibrations, as well as sound power in several locations. 

These measurements are already possible with the data acquisition system implemented 

in this thesis. Accelerometers and microphones can be directly connected to the AI chan-

nels of Dewesoft SIRIUS hardware when they are connected through a proper signal am-

plifier. Different amplifiers meant for accelerometers and microphones can relatively 

easily be found on the markets. For example, Dewesoft provides adapters that allow the 

connection of accelerometers and microphones to the SIRIUS hardware. Analysis of vi-

bration and sound are also possible with the Dewesoft data acquisition system. From the 

data obtained through accelerometers, displacement and velocity can be automatically 

calculated in the DewesoftX software. Additionally, DewesoftX software can perform FFT 

and modal analysis for vibration measurements. In the case of acoustic measurements, 



101 

there are tools in the software that enables power, intensity, and quality analysis to be 

made for sound measurements (Dewesoft, 2022d). 
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6 Conclusions 

 

The goal of the thesis was to design and implement a data acquisition system for large-

bore state-of-the-art engine test bench. Reaching the goal was enabled by meeting the 

objective of this research, which was to discover the requirements for the new data ac-

quisition system in order to provide more fluent low-temperature combustion research 

for the RCCI engine. Within the scope of this thesis, a data acquisition system for a test 

bench featuring large-bore RCCI engine with state-of-the-art instrumentation and a high 

level of integration was designed and built. Aside to general goal and objective, this the-

sis aimed to provide answers to four specific research questions. The answers to these 

research questions are provided here as specific conclusions. 

 

Concerning research question 1 – measurement system requirements to enable LTC 

research on a multi-cylinder engine. It is important for an engine test cell data acquisi-

tion system to be able to simultaneously make and record slow measurements, as well 

as fast measurements that are in reference to crank angle. In addition, the system needs 

to be able to perform extensive post-processing of the directly measured values in real-

time for combustion monitoring purposes. It can be concluded that unique feature of a 

system dedicated to LTC research is the emphasis on accurately determining the intake 

valve closing conditions and the burn rate. To enable a more accurate determination of 

heat release rate, crank angle-based intake and exhaust pressure need to be measured. 

This provides a more accurate zero-level correction and estimation of the flow rates in 

and out of the cylinder. By determining accurate flow rates, more precise estimation of 

in-cylinder gas composition and the polytropic coefficient is possible. The fully variable 

valve train applied in a unique implementation of the discussed RCCI engine further re-

inforces the need for this accuracy, while introducing the additional requirements for 

fast response emission analysis associated with precise valve position measurement. 

 

Concerning research question 2 – integration of different measuring instruments into 

a common data acquisition platform, which involves a large amount of measurement 
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signals. Conclusion is that for a data acquisition system to be able to include multiple 

different measuring instruments, it is required to be able to read different types of device 

inputs directly or through an external signal conversion. The input cards and signal con-

verters need to be selected according to the type of the measured signal, as well as the 

required sampling frequency that satisfies the Nyquist criterion. It should be noted that 

additional signal conversion steps in the system introduce more overall errors. In addi-

tion, the system should be able to read data through necessary communication protocols 

that the devices are compatible with. To substantiate this conclusion, the work success-

fully integrated over 40 instruments with several different signal type and sample rate 

combinations into a common data acquisition platform. Note that the pre-existing sys-

tem already had several instruments installed and a governing Modbus TCP/IP commu-

nication protocol. It was a requirement for the implemented system to be able to poll 

data from the already existing system. 

 

Concerning research question 3 – efficient post-processing of the measured quantities 

that enables insight into the in-cylinder phenomena. Different methodologies related 

to the in-cylinder pressure data post-processing, combustion analysis, as well as statisti-

cal tools to validate measurement repeatability and cyclic variability of combustion were 

discussed in detail in the thesis. The conclusion for the research question is that the real-

time post-processing of the measured quantities, such as zero-level correction and the 

heat release calculations, could be implemented with the tools provided by the pur-

chased combustion analysis module. The real-time capabilities of the system are the key 

feature that enables efficient post-processing and give immediate access to information 

regarding the in-cylinder phenomena. Important aspect of the implemented zero-level 

correction is that it is based on the measured crank angle-based intake port pressure, 

which enables accurate correction of the in-cylinder pressure curve. This, together with 

analyzing the in-cylinder flows, enables a deep understanding of the in-cylinder combus-

tion process. Statistical analysis of the variables was carried out with the mathematical 

tools of the system. 
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Concerning research question 4 – efficient storing of large amount of measurement 

data from an engine test bench. It can be concluded that the extensive data storage 

provided by a network storage location coupled with storing functionalities of the system 

implemented in this thesis provide an efficient way of storing measurement data. The 

designed folder structure on the other hand enables a consistent method of storing data 

from multiple measurements. Engine test data storage requires an extensive capacity, as 

well as consistent folder structure to ease the data management. Variable naming is also 

crucial when there are many different measured variables that need to be stored and 

distinguished from one another. 
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7 Summary and outlook 

 

There are multiple improvements that the measurement system designed and imple-

mented in this thesis provides compared to the system previously used in the W4L20 

test cell at VEBIC. The upgraded data acquisition system is more integrated than the pre-

vious one. Previously, the data from measurements with high sample rate and low sam-

ple rate were recorded with different systems running on different computers. This re-

sulted in the data being distributed into two different locations which made the data 

management very challenging. After the implementation of the new system carried out 

in this thesis, the level of measurement data integration has improved significantly. The 

data acquisition system of the W4L20 test cell is now capable of making high-speed and 

low-speed measurements simultaneously, as well as storing them to the same data file. 

In addition, the number of channels capable of high-speed measurements was increased 

significantly from 8 to 16, resulting to more possibilities in conducting crank angle-based 

measurements. In addition, the capabilities of the real-time post-processing increased 

due to more integrated data acquisition and an increased number of high-speed chan-

nels. Compared to the previous system, the upgraded system offers integration of a 

wider range of different types of inputs for measurements with high sample rate without 

the need for significant changes to the system. In addition, it is possible for the new 

measurement system to expand in order to meet the requirements that may arise in the 

future. 

 

Although it was not possible to validate the whole measurement system, the EHVA unit 

test provided results that the system was capable to measure quantities in reference to 

crank angle. It should be noted that the whole system will be validated when it is possible 

to run the engine in the future. Based on the validation of the whole system, adjustments 

will be performed on the system if necessary. When the capabilities of the data acquisi-

tion system designed and implemented in the thesis are considered, it can be concluded 

that it is suitable for performing measurements on the W4L20 RCCI engine test bench. 
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Appendices 

Appendix 1. Specification of Dewesoft SIRIUS STG module. 
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Appendix 2. Part of the Modbus channel list displayed in DewesoftX. 
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Appendix 3. Example text-file export from DewesoftX. 
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Appendix 4. Analog signal error calculations in the high sampling frequency meas-

urement chain. 
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Appendix 5. Measured analog signal curves during the EHVA unit test representing 

the valve position and control signals in time domain. 

 


