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Executive Summary 

Marine Business is one of the largest business in the world. Exports and Imports 

of human’s necessities in majority are using ships. This is because the ratio 

between the goods that can be delivered in each trip and the number of trips it 

can go to fulfill this. This makes the shipping or transport cost-efficient. But the 

continuous growth of the world population and its standard of living creates an 

ever increasing dependency for the world economy on international trade. 

Therefore a good shipping company will always develop a better way of shipping 

together with more efficient and optimized voyage planning.  

To increase the efficiency of shipping, companies tries to reduce the cost of 

almost everything. Therefore, one of the options for increasing the efficiency of 

a shipping is by increasing the efficiency of the ship itself. The ship efficiency is 

not only determined by how fast the ship and how much the ship can load, but 

also how much fuel does the ship consume for each operation. An investigation 

of the engine efficiency must be done. The investigation will be done by using an 

engine model in Simulink to create a similar engine model to the real engine. 

Then simulate the dynamic process of the engine, which will affect the 

consumption in general. Therefore the consumption of the engine can be 

analyzed.  

The results of this bachelor thesis is an explanation of how to develop the engine 

model. This includes the explanation of what is the engine efficiency, and the 

engine parameters that affect the efficiency, such as the engine consumption, 

engine losses, etc. The model development includes the change in parameters 

and model structure. Then a simulation is done to compare the results with the 

measured data. From this process, the model can be considered satisfactory when 

the results are similar to the measured data.  
 

Keyword: Simulink, Engine Efficiency, Engine Consumption, Engine 

Parameters, Development. 
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CHAPTER I 

INTRODUCTION 

 

 BACKGROUND 

The continuous growth of the world population and its standard of living 

creates an ever increasing dependency for the world economy on international 

trade. Therefore a good shipping company will always develop a better way of 

shipping together with more efficient and optimized voyage planning. Other than 

that, there is an economical factor that must be fulfilled to make the shipping 

cost-efficient.  

One of the options for increasing the efficiency of a shipping is by 

increasing the efficiency of the main engine itself. For a certain travel distance, 

the engine will work in a random or dynamic state. This creates a random 

condition for the engine load, torque and the consumption itself. For whatever 

the distance of the travel, the consumption of the engine is the main reason 

whether or not the ship can be called efficient. Therefore, an investigation of the 

engine efficiency is often done many times. 

Developments nowadays are based on models and designs that are 

created and simulated under certain parameters. A thorough understanding of 

how the engine operates is important in this matter. By that information, a 

simulated formula of the system can be obtained. The simulation will be done 

under various conditions while the ship is on voyage. This is done by adapting 

the existing model of a diesel engine to present the influence of power/speed 

change to fuel consumption. When this is done, the next step will be to try to use 

the data from the simulation to find a structured procedure to derive a suitable 

coefficient for the model. From this model, another simulation of the engine 

running under dynamic operation can be fulfilled. This simulation of a running 

engine will result in a similar condition of the engine while in operation at sea. 
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The simulation for this thesis is done by using MATLAB/Simulink. This 

program is designed to help understand and create various systems using blocks 

and diagrams. For the engine operation, the data that are going to be used is the 

systems for the engine operation itself such as the injection systems, combustion 

process, etc. The use of existing model of diesel engine is helpful due to a 

complex task that have to be done in creating a new and running diesel engine 

model. This model will only be based on energy transfer and has to show the 

dependency of efficiency from an operating point, speed and load torque. The 

non-optimal fuel injection will serve as a dynamic behavior where it should be 

implemented and checked for different engines. This is done by deriving data of 

operation parameters and losses from an actual machine data or load test 

reports. This requires an actual model of combustion machine and its control as 

well as losses parameters such as connected pumps and friction. For this thesis, 

the model will be modified to suit the parameters of an actual engine. 

There should be a measured data from an actual engine that can be used 

to validate the model. Signal outputs such as the fuel rack position or specific 

power have to be supplied to the model. The simulated data from the simulation 

will be used to determine what the engine behavior under these conditions and 

loads are. These will generate a graphic or diagram that will show data such as 

an engine propeller matching diagram would. From this point, an optimization of 

the system can be determined.  

 

  STATEMENT OF PROBLEMS 

Based on the description above the statement of problem of this thesis are; 

1. How to modify an engine model to be running as similar to the real 

engine? 

2. What parameters are affecting engine efficiency? 

3. How is the fuel consumption affected? 
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 RESEARCH LIMITATIONS 

The limitations of this thesis are; 

1. The model used is a pre-created model of a diesel engine. 

2. This research will use MATLAB/Simulink as a supporting program. 

 

 RESEARCH OBJECTIVES 

The objectives of this thesis are; 

1. To modify and simulate a diesel engine model to run as a real engine 

would do. 

2. To investigate the fuel consumption and efficiency of the engine 

model. 

3. To compare the fuel consumption and efficiency from the model with 

the real engine data. 

 

 RESEARCH BENEFITS 

1. Provides information diesel engine model.   

2. Provides information of diesel engine parameters. 

3. Provides better understanding in Simulink model modification. 

4. Provides information about fuel consumption and their differences 

between conditions. 
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CHAPTER II 

LITERATURE STUDY 

 

2.1. General Diesel Engine Theories 

 

Engines are machineries that are used to generate power. This power can 

be used for various purpose, such as generating electricity, generating thrust, etc. 

There are some types of engines such as diesel engine, gasoline engine, turbine 

engine, steam engine, electric motor, etc. These engines are commonly used 

worldwide and they have their own advantages and disadvantages. For example, 

the diesel engine gives high torque but low speed compared to gasoline engine 

which will produce higher speed but less torque. This comparison is of course 

done in the parameters of the same size of engine. Other engine such as turbine 

engine will generate high power with the cost of high fuel consumption. For this 

thesis, the engine that will be discussed is the diesel engine. 

Diesel engines are invented by Rudolf Diesel. The diesel engine is an 

internal combustion engine that uses the heat and pressure of the compression 

to ignite the fuel mixture. Mechanical components such as spark plugs, coils are 

not required for ignition. Because as the piston moves upwards, it compresses 

the air until such degree that the temperature will increase from the pressure. 

This heat is sufficient to ignite the fuel that are injected, therefore the fuel injected 

will be ignited as soon as it is injected. Despite the difference in the ignition 

process, the whole engine components, from diesel and gasoline engine, are 

pretty much alike. They both have an engine block, cylinder liner, crankshaft, 

pistons, camshaft, connecting rods, and valve train. They both also require 

lubrication system and cooling system to operate.  

Both diesel engine and gasoline engine have 4 steps of combustion. The 

sequence are the same which is expansion, compression, power stroke and 
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exhaust stroke. The expansion stroke is the time where the engine gets the air 

from the intake manifold. In this stroke, the piston moves downward while the 

intake valve opens. Then there is the compression stroke. This stroke is when the 

piston moves upward to compress the mixture of air and fuel. After that the 

combustion occurs and the power stroke begins. This happens because the 

power from the ignition moves piston downward to produce torque which is 

transferred to the crankshaft. This power is enough to move the piston back 

upward while the exhaust valve opens. This stroke is called the exhaust stroke 

because in this stroke the exhaust gas is blown out. As gasoline engines have 2 

type of cycles, the diesel engine also have 2 types of cycles. Those are 2 stroke 

and 4 stroke cycles. The principal of 2 strokes and 4 strokes are the same. The 2 

stroke engine completes their whole cycle from expansion-compression-power-

exhaust stroke in 2 rounds of cycle. So the exhaust stroke are done at the same 

time as the power stroke. For 4 stroke engine, each stroke are done individually.  

Marine Propulsion plants are complicated system with hull, engine and 

propeller operating together. Diesel engines are very important components of 

the system and are highly non-linear and time-invariant. Therefore the modelling 

of diesel engines is one of the key problem for simulations and control of the 

system. These simulations can be used for various purposes, such as machinery 

performance analysis, ship performance, maneuvering analysis and machinery 

control development. 

To understand how to model an engine system, an understanding of how 

the engine actually works are needed. The figure below is the schematic diagram 

of a propulsion system of a ship. The diagram focuses on the engine system.  
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Figure 1. Engine System Schematic Diagram 

Source: Modeling and Simulation of Working Process of Marine Diesel Engine 

with a Comprehensive Method 

 

From that diagram, the process of an engine operation are determined by 

various inputs such as the fuel, air intake, exhaust, and propeller or loads that are 

connected to the engine. This system are a rough explanation of the engine 

system as a whole. 

 

2.2. Combustion in Diesel Engine 

 

In the diesel engine, the air is compressed with a compression ratio of 

from 15:1 to 23:1. Then the liquid fuel is sprayed by fuel injector located near to 

the top-center of the piston into the combustion chamber. The pressure and 

temperature of air inside the cylinder are very high enough to trigger some 

chemical reaction when the fuel is injected into the cylinder. On the other hand, 

the chemical reaction may start so slowly in diesel engine. This is called the delay 

period. (1; 2) 
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As the absence of an ignition spark, the ignition process in diesel engine 

can't be controlled to set when and where to ignite. Ignition depends on high 

compression ratio. It will set the gases inside the combustion chamber to be 

above the temperature and pressure needed for starting the combustion process. 

(1; 2) 

 

Figure 2. Diesel Engine Cylinder View (Yanmar Diesel Engine Co. Ltd) 

 

In the diesel engine, the cycle started from the piston is at bottom dead 

center and both valves are closed at the beginning of the compression process. 

Then the air is compressed adiabatically which means the compression is done 

without heat transfer to or from the environment when the piston is moving 

upwards. The volume will be reduced but both pressure and temperature will rise. 

When the piston is about to reach top dead center, the fuel is injected and started 

to ignite. After the ignition has started, the piston begins to move downwards. In 

this process, the pressure remains constant but both volume and temperature 

rise as a result of combustion process. When fuel injection and combustion has 

completed, the hot gas expands and work is done on the engine.  The volume of 
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gas rises but both pressure and temperature started to fall at this expansion 

phase. At the end, the exhaust valve opens and the pressure inside the cylinder 

falls. Then the cycle returns to the first step for gaining a continuous work. (1; 2) 

 

Figure 3. Diesel Engine Combustion Process (Google Images) 

 

2.3. Energy Balance Theory (3) 

 

“Energy balance for a direct injection diesel engine shows that about one-

third of fuel energy input is lost to environment through heat transfer, another 

third is wasted as exhaust heat and only one-third is available as shaft work” 

(Sharma and Jindal 1989). The whole model of this thesis is based on energy 

balance theory. This theory requires an understanding of how the energy from 

the fuel that is injected to the engine will produce power for the engine. More 

precisely, the energy enters the engine in the form of fuel injected and will be 

used to produce power while some energy will be lost as heat due to friction, 

cooling water, exhaust, and other heat transfer process. This heat losses should 

be decreased so that the engine will have higher efficiency. Therefore, it is 

important to know the theory behind these heat losses.  
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According to the literature, there are some formula that is used to 

determine the energy balance inside the diesel engine. Some of the equations 

are regarding the input energy that is given to the engine, brake power output, 

etc. Here are some of the examples of the equation formula that is explained in 

the literature.  

�̇�𝑖𝑛 = �̇�𝑓  ∙ 𝐿𝐻𝑉 

The formula above explain that the �̇�𝑖𝑛 represents the input of energy to 

the engine is equals to the fuel mass flow (�̇�𝑓) times the energy content inside 

the fuel (LHV). 

𝑃𝑏 = 𝜏𝑏𝜔 

The formula above shows that the brake power output (𝑃𝑏) is equal to the 

brake torque (𝜏𝑏) times the angular velocity of the crankshaft (𝜔).  

The formulas above are reference for the formula that is used in this thesis. 

For this thesis, the losses are not calculated but it is based on assumptions. So 

there will be variables of constants that will represent the losses of this engine 

model. Further analysis of the losses are done in later chapter. 

 

Figure 4. Example of Energy Balance Diagram (Journal of Energy Resources Technology | Volume 139 | Issue 6 | 

research-article) 
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2.4. Fuel Injection  

 

Fuel injection in diesel engine has task to atomize the fuel and forced it 

into the engine through a nozzle. The camshaft controls the opening of the 

nozzle by lifting the pin valve.  

 

2.4.1. Direct Injection 

In diesel engine, fuel is injected into the combustion chamber 

directly. The injection aim onto the head of piston when it’s about to 

reach top dead center. The direct injection has high risk due to the 

injectors will be exposed to both high heat and high pressure. The result 

is material used for direct injector has high cost due to its high resistance 

on heat and pressure. The precision is needed to ensure the ignition 

process as the absence of ignition spark. (2) 

 

Figure 5. Direct Injection Diagram (Diesel Engine Operation, 

http://slideplayer.com/slide/7425299/) 

2.4.2. Indirect Injection 

The indirect injection system in diesel engine delivers fuel into a 

small chamber called a swirl chamber or pre-combustion chamber which 

is connected to the cylinder by a narrow air passage. The swirl chamber 
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is used to create an increase in fluid motion to perform a better fuel and 

air mixing. This result is a diesel engine with smoother and quieter 

condition when running. Because of the presence of swirl chamber, 

pressure in injector can be lower. Most IDI systems use a single orifice 

injector. Mostly, indirect injection engines are more difficult to start and 

require glow plugs to help the combustion process. In addition the 

indirect injection has lower efficiency than the direct injection due to 

increase in heat loss. (2) 

 

Figure 6. Indirect Injection Diagram (Diesel Engine Operation, 

http://slideplayer.com/slide/7425299/) 

2.4.3. Common Rail Direct Injection 

In a common rail system, the common header or the accumulator 

store fuel coming from the fuel tank then the fuel is sent to the injectors. 

The header is set to maintain a high pressure. It can also return the 

excess fuel to the fuel tank. The nozzle sprayed the fuel by the help of 

needle valve operated with a solenoid. The injection occurred when the 

solenoid is activated and lifts the needle valve allowing the high pressure 

of fuel from the header comes out to the combustion chamber. In other 

hand, the spring pushes the needle valve into the nozzle passage and 

blocks the path for fuel entering the cylinder. Those happened when the 
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solenoid is not activated. The overflow of the fuel will go back to the 

reservoir. Then it will go through the whole process again. (2) 

 

Figure 7. Common Rail Injection Diagram (Common Rail Diesel Fuel System, Tony Kitchen, 

AK Training) 

 

2.5. Engine Efficiency  

 

The efficiency of engine is a result of a ratio of the useful work done to 

the heat provided. This means the friction and other losses reduce the work done 

by combustion process. The efficiency of diesel engine mostly depends on the 

expansion ratio. The work can be extracted from combustion process is 

proportional to the difference between the initial pressure and the ending 

pressure during the diesel cycle. Therefore, the bigger the initial pressure can 

increase the work extracted. (1) 

Friction can reduce the efficiency of diesel engine. Diesel engine has 

friction that produced by many moving parts. There are friction forces remain 

constant when applied load is constant. There are also other friction losses 

increase as engine speed increases, for example piston side forces and 

connecting bearing forces. Only few friction forces that decrease at higher speed, 
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one of them is the friction force on the camshaft's lobes used to operate the inlet 

and outlet valves. In addition, an operating diesel engine has another kind of loss 

called pumping losses. It is defined as a work required to move air into and out 

of the combustion chamber. This pumping loss is low at low speed, but it will 

increase as the square of the speed.  

Air is important and also needed to perform combustion process. If there 

is not enough oxygen for combustion, the incomplete combustion will occur and 

less energy produced. A high fuel to air ratio will produce more unburnt 

hydrocarbon that affect the engine efficiency.  

Some pollutants, for example unburnt hydrocarbon and nitrogen oxide, 

can be created at high combustion temperature. This can affect the engine 

efficiency because the energy is being extracted to creating the pollutant instead 

of for doing work. Somehow it was handled by cooling the air intake to get denser 

air for combustion process. The engine will produce more power and less amount 

of nitrogen oxide produced. However, the amount of unburnt hydrocarbon will 

also increase as the engine produce more power. (1) 

 

2.6. MATLAB/Simulink  

To model the engine, the use of software is necessary. The software that 

is going to be used is Simulink. This program is developed by MathWorks and is 

a graphical programming program for modeling, simulation and analyzing. The 

main interface is a graphical block tool and a custom set of blocks that is available 

in the library. It is based on MATLAB environment, such as the mathematical 

model of calculation but in a graphical method. Other than mathematical 

modelling, Simulink can also incorporate MATLAB algorithms into models, which 

will be beneficial later for further analysis. (4) 
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Figure 8. Simulink Library Browser (MATLAB/Simulink) 

 

Figure 9. MATLAB Environment (MATLAB/Simulink) 

 

Simulink supports system level design, simulation, automatic code 

generation, testing and analysis of systems. Simulink is capable of systematic 
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verification and validation of models through modelling style checking, 

requirements checking and model analysis itself. 

The first step for using Simulink is by modelling the algorithms and 

physical system using blocks of diagrams. This model can be both linear and 

nonlinear systems. Factors such as friction, gear slip can also be modelled. A 

library which have predefined blocks will help in building the model. The blocks 

are connected in a way that the signal lines can establish mathematical 

relationships between system components. Refinement of the model appearance 

or adding masks can customize how the users interact with the model. A group 

of blocks can be organized into subsystems, which will enable a discrete build of 

components that reflect real-life system. Simulation of the system can be done 

after that. 

 

2.6.1. Modeling 

As explained briefly in the passage above, modeling in Simulink 

are basically connecting a diagram of a dynamic system graphically 

using blocks and signal lines. A block within a diagram defines a dynamic 

system in itself. Collectively the blocks and lines in a block diagram 

describe an overall dynamic system.   

In general, block and lines can be used to describe many “models 

of computation”. One example would be a flow chart. A flow chart 

consists of blocks and lines, but it cannot describe general dynamic 

systems using flow chart semantics. (5) 

The Simulink Library Browser is the library where all the blocks that 

are used in modelling can be found. These blocks include Continuous 

and discrete dynamics blocks, such as Integration, Transfer functions, 

Transport Delay, etc. Other blocks are Math blocks such as, Sum, 
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Product, Add, etc. Then there is sources block which consists of Ramp, 

Random generator, Constant, Step, Sine Wave Generator, etc. Lastly, 

there is the sink block which consists of displays or graphic displays so 

that the simulation can be seen into numbers, graphics or other values 

depending on the sink used. 

 

Figure 10. Engine Model for Simulink (Personal Documentation) 

The model for this thesis are designed for an engine that is 

basically using only the energy transfer theories. Inputs of these blocks 

can be determined by typing the value directly to the block properties, 

or it can be connected to an .m file which is a file that contains strings 

of commands or values in MATLAB. These commands or parameters are 

displayed in the editor panel inside MATLAB. This .m file is useful 

because the values of the blocks can be changed easily through the .m 

file. Another reason to input the data in the .m file is so that the 

monitoring of the values can be done easily, because there will be a 

display for these values inside the workspace display.  
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2.6.2. Simulation 

Simulation of the model refers to the process of computing the 

whole calculation or formula that the model is designed and run it in a 

certain span of time depending on the input time. This process use 

inputs from the model that is open. Firstly, the program engine invokes 

the model compiler. This converts the model into an executable form, a 

process called compilation. Then for the next phase, Simulink allocates 

memory needed for working areas such as signals, states and run-time 

parameters. This step will allocate and initializes memory for data 

structures that store information for each block. Then the simulation 

enters the simulation loop phase. This phase computes the states and 

outputs of the system at intervals from the simulation start time to the 

finish time. This can be done by using the information provided by the 

model. The successive time points at which the states and outputs are 

called time steps. The length between time steps are called step size. (5) 

This whole process will result in a display or graph depending on 

the type of sink used. Then these outputs can be analyzed for further 

research. For this thesis, the results are divided into three main outputs, 

which are the speed, power and or torque, and consumption. These 

graph can produce data logs that can be exported into an excel sheet. 

This way a comparison can be done with another set of data logs.  
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Figure 11. Data Logs (Personal Documentation) 

The start of the simulation is by clicking the run button in the 

Simulink window or in the graph/display window. This will command the 

Simulink to run the process that is explained in the passage before. A 

setting for how long the system will run or how many data to be 

produced can be done. The time for the system to run can be changed 

in the Simulink window just beside the run button. To change the 

amount of data to be produced in that period of time, the setting for 

the display block should be changed.  

 

Figure 12. Data Logs Setting (Personal Documentation) 
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3.2. Problem Statement 

 

The first stage for this report is to identify the problem regarding this 

paper. The problem occurs because the nature of ship operation gives variables 

that can be modified so that the ship operation can be more efficient. One of the 

option to increase the operation efficiency is by increasing the engine efficiency 

itself. The engine efficiency is usually determined by the difference of fuel 

consumed by the engine and the power that it creates. These fuel will naturally 

be used not only to generate power, but also generate losses such as friction, 

heat, and other losses regarding the engine operation.  

Developments in maritime industry nowadays usually are based on 

designs of the engine and simulation of the engine using software assistance. 

This thesis will focus on the design of an engine model, which then will be used 

for simulation. The basic characteristics of a model of an engine is not the same 

as the real engine. The process of the engine is quite different because there are 

no natural law of physics that will help the model to run as similar to the real 

engine. This is because a model needs artificial physics formula that to be added 

by the user.  

To understand the model design, one must understand the process of a 

diesel engine and all its supporting parameters. The engine process itself have 

been explained in many literatures, as well as the parameters for those process. 

For example, the engine combustion process will need an understanding of the 

parameters of the temperature, pressure, mass flow.  

 

3.3. Literature Study 

 

On this stage, some books and journals are used to provide sufficient data 

for this research. The aim for this stage is to explain the depth of review, 
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summarizing the basic theory, general and specific reference, and obtaining 

various other supporting information related to this research. This literature study 

is conducted on generally diesel engine process and parameters that will be used 

for calculation. Then there is also theories for energy balance and 

thermodynamics. This is important due to the characteristics of the model itself, 

which is that the model is designed based on the energy balance theories. 

Theories such as MATLAB/Simulink tutorials are also important for this research 

because this research uses that software for supporting the calculation and 

diagram plotting. The aim for this stage is to obtain basic theories, formulas that 

are useful for the calculations, and methods that can be used in solving the 

problems. 

 

3.4. Data Collection 

 

There are some data that must be collected to help in this research. These 

data are collected through some methods that are commonly used such as 

reference collection, real-life measurements, or laboratory measurements. The 

data that are used consists of: 

1. Measured Engine Data, which is the data of each operation points with 

the corresponding time and values. These values are mainly for 

comparison so that the model can be assessed to be similar or not.  

2. Engine Model, is the most important thing to be collected, because the 

creation of an engine model will require a lot of time and for this thesis, 

therefore, the use of an existing model will help with the whole process. 
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3.5. Model Static Operation Development 

 

The model needs to be developed to create a more similar results to 

measured data. This stage will develop the model to be similar in the static 

operating points. This way, the model will be stable enough to be simulated 

under dynamic operation. There are some ways to create a suitable model for 

this matter. Firstly, there should be a change in speed and consumption 

calculation. This is why there will be a new consumption formula added. This 

formula is hoped to be able to create a more similar power and torque results. 

Other than the consumption formula, the losses of the model will also be 

changed. The reason to change the losses variables is because the model 

characteristics of the power calculation. The power calculation are basically the 

fuel consumed multiplied by the calorific value and then it will be subtracted by 

the losses of the engine model. This way, the losses will affect the power 

generated directly. The controller will not be modified thoroughly, because it will 

not create much difference in the result due to the constant value of the result.  

 

3.6. Static Operation Simulation and Comparison 

 

After the run, there will be results as graphs, which will be used for the 

comparison with the measured data. The measured data that were collected are 

in the shape of a graph too. But to compare it correctly, the measured data should 

be first converted to an excel sheet. Therefore the value are clear and easy to 

analyze. Then the simulation data are also logged from Simulink to create a sheet 

for the comparison. After all the sheet are collected, a graph for a certain value 

and operating points can be created. This graph will show the difference of the 

results. Based on the results, a change of parameters in the model should be done 

accordingly. Then another comparison is done until the result are satisfactory.  
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3.7. Model Dynamic Operation Development 

 

After the static operating points are developed, the model will be stable 

enough to have some changes in the inputs that resembles the dynamic process 

of an engine. This dynamic process includes a sudden increase of engine speed, 

or a sudden drop of torque, etc. These two parameters are important parameters 

because it will affect the power and consumption greatly. The basic formula for 

basically every process in the model are based on the speed of the engine and 

the load of the engine or the torque reference.  

To change the graph or the behavior of the engine to be similar to that 

the measured data, some values of inputs in the parameters should be changed. 

These parameters are the Kp and Ki in the controller block. These PI controller 

are controlling both the engine and the load reference. For the engine controller, 

the system will regulate the fuel rack position, therefore the consumption and 

the power will directly affected. Then the torque or load reference controller will 

control the load reference output. This will affect the angular velocity that will 

affect the speed difference for the speed controller input. This means that all the 

controller are connected and affecting one another in a loop system. 

Then another change is done in the input of the engine speed. This input 

have some change based on the measured data. According to the data, there will 

be a sudden drop of speed and then after a couple of seconds, the speed will 

continue to increase until the operating point. This matter is solved by adding 

two separate block that will affect the speed. The first speed change block will 

decrease the speed, and the second will increase the speed. Both are done in a 

specific time and specific value of gains. This matter will be explained in later 

chapter which discusses the dynamic operation points. 
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3.8. Dynamic Operation Simulation and Comparison 

 

The simulation of the engine is done by pressing the run button in the 

Simulink model or the display window. This will run the model accordingly to the 

parameters that are set before. A more detailed explanation of the process of the 

simulation are explained in the chapter before regarding the MATLAB/Simulink 

theories.  

After the run, there will be results as graphs, which will be used for the 

comparison with the measured data. The measured data that were collected are 

in the shape of a graph too. But to compare it correctly, the measured data should 

be first converted to an excel sheet. Therefore the value are clear and easy to 

analyze. Then the simulation data are also logged from Simulink to create a sheet 

for the comparison. After all the sheet are collected, a graph for a certain value 

and operating points can be created. 

It is exactly the same procedure as the simulation and comparison in the 

static operation points. The difference will be the action that will be taken after 

the simulation is done and there are difference in the results. The first thing to do 

is to check the controller values. These values, the Kp and Ki, should be changed 

accordingly to achieve a similar results to that of the measured data. The 

explanation of the controller modification can be found in later chapter regarding 

dynamic operations. 
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CHAPTER IV 

DATA ANALYSIS 

 

4.1. Engine Model 

 

The engine model is designed by Prof. Dr.-Ing. Axel Rafoth. This engine 

model is based on energy balance theory. There are two major parts in this model. 

One is the parameters file which is compiled into an .m file from Matlab. This way, 

the calculation of inputs in the model can be done in a separate file. Then there 

is .mdl file which contain the model itself. Every Simulink model is based on blocks 

and connections which is explained in previous chapter. The model combines the 

use of subsystems and loops to create a similar operation or process to that a 

diesel engine.  

The model itself consists of blocks and connections that are arranged 

so a similar system of an engine can be made. The main blocks are: 

a. Engine control block 

b. Engine process block  

c. Load control block 

d. Inertia block 

This sub-chapter will explain each block that is inside the model and 

what these block will represent. Parameters that are used inside the blocks 

will be explained in later chapter about parameters in the .m file. 

 

4.1.1. Engine Control Block 

The first block is the engine control block. Inside the block, 

there are set of subsystems and connections that is controlling the 
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speed of the engine, the consumption of the engine and the fuel rack 

position calculation.  

 

Figure 13. Engine Control Block (personal Documentation) 

As shown in Figure 13, it shows that there are constant inputs 

for the speed or in this case the throttle handle itself.  

From the input speed block in the left corner of the figure, the 

speed of the engine is controlled. Then it goes to the controller for 

the fuel rack. All the ramps in the left section is an array of ramps that 

is used to generate a similar situation of dynamic operation. The main 

input is the ramp called the Input Speed block. The two other ramp, 

which is called the SpeedChange1/2 are used to add the change of 

speed during dynamic operations. If the operation is in static 

operations, then the two ramps can be used by changing the value 

of the input into zero. This will create no change in the initial input of 

the speed by the top ramp.  
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Figure 14. PI discrete Block or the Controller Block (personal Documentation) 

This controller’s input is from the .m file which will go to the Ki 

and Kp.  

By changing this values, the injection or fuel rack results will be 

more similar to the real measured data. Then there is another input 

in the left which is the engine omega or angular velocity of the engine 

in the crankshaft. This value is important because it will also be used 

in the consumption formula. The consumption formula is located in 

the top section of the figure. The whole blocks and connection of the 

formula is a translation from the mathematical model. The 

mathematical formula for the consumption is  

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  
𝑁𝑖𝑛𝑝𝑢𝑡

𝑁𝑟𝑎𝑡𝑒𝑑
 ∙  [ 𝑏𝑜𝑓𝑓𝑠𝑒𝑡𝑌 + (

𝑓𝑟1

100
−  𝑓𝑟0) ∗ 𝑑𝑙𝑖𝑛] 

And then there is a subsystem which is the bracketed section in 

the formula above. This block is basically a subsystem to make the 

display simpler without changing the formula as a whole.  
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Figure 15. The section from the formula (personal Documentation) 

Then after the consumption is calculated, it will be used in other 

calculations such as the engine process. The output of this engine 

control block are measured RPM, RPM reference, PI controller, Fuel 

Rack Position, and Consumption. These results will be used in another 

block and/or shown in the display. 

 

4.1.2. Load Control Block 

The second block is the load control block. Inside the block, 

there are set of subsystems and connections which are controlling 

the load of the engine, the torque reference and the inputs of torque 

reference.  
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Figure 16. Load Control Block (personal Documentation) 

As shown in Figure 16, there are 3 subsystems in this block. 

There are also these manual switch which can be operated manually 

to change the connections between the blocks. There is a constant 

value of Tin which is very useful for low speed operations. Because 

this model have a characteristics to calculate the torque based on the 

gain of the speed. Which means that if the operating points is in the 

low end of the speed curve, the torque will be less than expected. 

Therefore a constant input of torque is a more suited option for this 

matter. If there is sufficient torque, then the load torque will be 

sufficient so that the power and the consumption match the real 

engine. Although there will still be minor differences in numbers.  

The first subsystem, which is the Load Characteristic Block, will 

be used to create a propeller curve, which is dependent to the speed 

of the engine. This subsystem will be useful for static operating points 

where there are no change after a certain speed is achieved. This 

certain block is the reason why there is a need for a constant input of 

torque instead of a speed-dependent torque block. This speed-

dependent torque is called engine rotational torque. This torque is 

what cause the crankshaft to turn. The basic theory behind this is that 
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the torque is equals to force multiplied by the radius or length of the 

arm. This force is based on mass multiplied by acceleration. So if the 

acceleration is high, the torque will also increase. 

From Figure 17, it shows that the load torque is mainly affected 

by the speed inputs. Therefore if the speed input is almost the same 

as the Nmin, then there will be less acceleration. Then the block will 

calculate the load torque according to this small value. This is a 

problem that is still under evaluation and will be done in the future 

research. The formula for the Figure 17 is, 

𝐿𝑜𝑎𝑑 𝑇𝑜𝑟𝑞𝑢𝑒 =  

(

 
 
((𝜔 ∙

60
2
/𝜋) − 𝑁𝑚𝑖𝑛)

(𝑁𝑟𝑎𝑡𝑒𝑑 − 𝑁𝑚𝑖𝑛)

)

 
 

2

 ∙ 𝑆𝑙𝑜𝑝𝑒 𝑇𝑜𝑟𝑞𝑢𝑒 

 

Figure 17. Load Characteristic Block (personal Documentation) 

The next subsystem is the torque reference which controls the 

torque gain for a certain amount of time. This subsystem consists of 

a step input, a ramp function and a constant input of initial torque. 

This initial torque are calculated in the .m file. The explanation of the 

torque reference calculation can be found in passage 4.2.  

This block is mainly used in the dynamic operating points, 

because it can change the torque reference according to the desired 
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amount in a certain span of time. This is the aim of the dynamic 

operation.  

As shown in Figure 18, the input of this block is the Torque Step, 

which is a step function that have a certain value for time and a certain 

value for gains. This value then is transferred to the ramp function. 

This is to create a similar results to that of a person operating the 

throttle of the engine, or a person operating a machinery which will 

create an increase of torque overtime.  

 

Figure 18. Torque Reference Block (personal Documentation) 

The control valve block is the third subsystem in this block. This 

subsystem consists of the controller of the torque itself. Within this 

subsystem, there are a PI controller, ramp function, and valve angle 

output. The PI controller is the same composition as the controller 

from the engine controller block. The difference is the value of input 

in the controller. For this block, the inputs are Iload and Pload. These 

inputs can be found in the .m file. Figure 19 shows the control valve 

block. This block consists of a calculation for the load torque. The load 

torque value will be used in another block for calculating the angular 

velocity of the engine. More explanation of the use of the load torque 

can be found in the chapter about the angular velocity block.  
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Figure 19. Load Controller Block (personal Documentation) 

 

Figure 20. PI Controller Block (personal Documentation) 

 

4.1.3. Engine Process Block 

The next block is the engine process block. Inside the block, 

there are set of subsystems and connections that is controlling 

process of the engine itself. These process includes the losses 

calculation, the burning process, and the efficiency calculation, and 

the engine torque itself. These calculations mainly have inputs from 

other blocks which have been explained before. Inputs for the 

etacv_max constant block in the left corner is calculated in the .m file. 
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Figure 21. Engine Process Block (personal Documentation) 

Figure 21 shows the connections that is arranged in the block. 

For the power of the engine, as explained in previous passage, the 

calculation is by using the consumption value and the efficiency, then 

it will be subtracted by the losses. It is a simple logic of energy 

balance which is explained in the Chapter II.  

The consumption value is from the engine control block. The 

consumption times the calorific value of the fuel will result in energy 

for the operation. This energy is used to determine the power. The 

efficiency times the consumption will result in power. In short, the 

formula should be, 

𝑃𝑜𝑤𝑒𝑟 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = (𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑥 𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒)𝑥 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

Then the power of the engine can be calculated. The formula is, 

𝐵𝑟𝑎𝑘𝑒 𝑃𝑜𝑤𝑒𝑟 =  𝑃𝑜𝑤𝑒𝑟 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 − 𝐿𝑜𝑠𝑠𝑒𝑠 

From the brake power, the calculation of the torque can be 

done. The formula for power in terms of torque is, 

𝑃𝑜𝑤𝑒𝑟 = 𝑇𝑜𝑟𝑞𝑢𝑒  𝑥 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
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Therefore, the torque can be calculated by using the same 

formula which is changed to, 

𝑇𝑜𝑟𝑞𝑢𝑒 =  
𝑃𝑜𝑤𝑒𝑟

𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦
 

The next important thing in this block is the Losses and 

Efficiency block or subsystem. This subsystem contains the whole 

calculation for the efficiency and losses. The calculation for the 

efficiency of the engine can be seen in the figure below. The 

explanation of each block in the figure can be found in the 

explanation about the .m file.  

 

Figure 22. Efficiency Block (personal Documentation) 

The losses block is shown in the Figure 23. The first aspect of 

the losses is the speed dependent losses (T_hangon_vn), to get this 

value, the losses parameter from the .m file should be multiplied by 

the angular velocity.  
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Figure 23. Losses Block (personal Documentation) 

Then there is the friction losses (P_Strib), the fix losses (P_fix). 

To add to the whole system, there is another losses to be 

remembered. To assume that there is some machinery that is crucial 

to the engine operation such as the pumps for the cooling, fuel pump, 

etc. These machineries usually will be coupled to the engine itself, 

therefore another losses of such should be added. The block where 

the minimal angular velocity is multiplied by the T_hangon_vn is the 

losses for this matter. Then there is also losses from bad combustion 

process. This is explained in the blocks in the top. The angular velocity 

of the operation will be subtracted by the minimal angular velocity. 

Then in will be multiplied by the relative angular velocity. This value 

will be in the power of four before it is multiplied by the variable of 

the bad combustion. To make it short, the formula is, 

𝑈𝑛𝑜𝑝𝑡 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = (
𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝜔𝑚𝑖𝑛
 ∙ 𝜔𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒)

4

 ∙ 𝐶 
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The C in the formula above is a result of the constant for bad 

combustion multiplied by the rated power.  

 

4.1.4. Moment of Inertia Block 

This block controls the angular velocity of the engine, the 

angular velocity of the shaft and shaft power. The input of this block 

is the engine torque from the engine process and the torque load 

from the load controller block. These inputs will be used to calculate 

the angular velocities and the shaft power.  

 

Figure 24. Inertia Block (personal Documentation) 

Figure 24 shows the inertia block and its connections. On the 

left side, there are two inputs which are the actual torque of the 

engine and the actual torque of the break. This break is an equipment 

to transfer the torque from the engine crankshaft to the 

measurement equipment. This is because there is no way to actually 

measure the torque directly in the crankshaft while the piston is 

pushing it down. Therefore the system will be using a two-mass 

configuration. This two-mass system requires another inertia factor 

so that the system can run as similar as the real engine. The first part 

is the engine inertia. This is not modified much because the model 

already uses this in the previous block configuration. There is an 
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addition of a break inertia block. This block is similar to the diesel 

inertia block, but the difference is at the inertia of the part itself. For 

the engine inertia, the value is 45 kg.m2, but at the break inertia, the 

value is 3.6 kg.m2 (6). Another added part is the stiffness block. This 

is to represent the elasticity of the coupling that connects the two 

mass of inertia. This stiffness will be a load input to the engine inertia, 

but for the break inertia, it will be the source of input. This way, the 

actual system as a coupling is done. From Figure 24, the shaft power 

is calculated by multiplying the break torque with the break angular 

velocity.  

 

4.2. Parameters from .m file 

The parameters and values that is used in the model are pre-

determined. Therefore if there should be any change, the value can be 

changed from the .m file. This makes the modification of the model simpler 

because the input value in the model will not be changed. Only the value of 

that input will be changed in the .m file.  

Those parameters are: 

 

Thread 4.1. Engine model parameters 1 

 

 Thread 4.1 shows the engine data from the model. These parameters 

are used in the model as inputs so that the whole process will run better. 

From the data above, the only value that will be changed overtime is the 

% Kraftstoff 
Cv              = 11861.1;    % Calorific value (kWh/kg) Diesel 
                              % Unit/value of flow rate is kg/h 
% Engine Data Process Block 
strokes         =   4; 
cylinders       =   8; 
Pn              = 960000;     % power maximum 6NVD (W) 
Nmin            = 485;        % idling Speed of engine (RPM) 
Nrated          = 900;        % Speed rated of engine (RPM) 
Ninput         = 490;        % input of rpm in specific operating points 
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Ninput value which is depending on the operating points that are being 

analyzed. The rated torque will be calculated based on the rated power of 

the engine. The formula is as shown in the Thread 4.1. 

 

Thread 4.2. Engine model parameters 2 

 

 Thread 4.2 shows the engine loses and efficiency formula for the 

model. These losses value will later be used for determining the load of the 

engine in the model. To explain in more detail, the losses that are assumed 

were fix losses, speed-dependent losses, and friction losses. The values of the 

initial losses are all based on assumption from journals and reference that 

explains the behavior of a diesel engine. Then these initial losses are used for 

the actual losses that will be calculated from the formula above. Then from 

these losses, there will be a process in the model which will generate the 

overall losses. From that block, the efficiency can be calculated in this .m file. 

The formula for the efficiency is as shown above. To explain it in a more 

simple way, the efficiency of the engine is equal to all of the losses added 

and then will be divided by the optimal flow rate.  

 

% engine losses static (subject to changes for better test results) 
p_fix           = 0.04;       % fix losses / additional constant 
P_fix           = p_fix*Pn;   % shared constant losses 
p_hangon_vn     = 0.07;      % Losses that is dependent to engine 

speed 
T_hangon_vn     = (p_hangon_vn*Pn)/(Nrated/60*2*pi);  % M const -> P 

that is dependent to speed P~n² 
p_Strib         = 0.02;       % Friction losses - constant gain   
P_Strib         = p_Strib*Pn; % Friction const 
P_Strib_n        = p_Strib_n*Pn; % M linear*n or P*n² delta 
eff_Pmax        = eff_pmax*Pn; % high speed potential of efficiency 

based on n 

 
% efficiency over all from data optimum point and losses  
%etacv_max       = 0.41;       % max. Efficiency of Engine as a 

function  
etacv_max       = ((Pn*p_opt)+P_fix+P_Strib + (T_hangon_vn * 

(Nrated/60*2*pi)))/(Flow_opt); % efficiency formula 
etacv_min       = etacv_max*0.60; % min. from etacv_max of burning 

process, f(xw) 
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Thread 4.3. Engine model parameters 3 

 

 Thread 4.3 shows the engine controller block parameter. These value 

will later be used for determining the controller of the speed and fuel 

injection process. To do that, the Pcontr and Icontr value will be changed to 

create stable operations. Then there is the flow parameters. These 

parameters contain the fuel rack parameters that will be used in the model. 

Other than that, it will also contain the parameters for the consumption 

calculation of the engine model. The formula for the consumption itself is 

explained in previous chapter about blocks and connections. 

 

 
 

Thread 4.4. Engine model parameters 4 

 

 Thread 4.4 shows the load controller block parameter and the inertia 

block parameter. These value will later be used for determining the controller 

% Engine Controler Block   % adjusted according measurement 
Pcontr           = 0.45;          % Proportional gain of controller 
Icontr           = 0.2;           % Integral gain of controller 

(changed from 0.53 for tests) 
 

% Consumption Block 
V_scale=1/900; 
a_quadr=0; 
b_offsetY=-145; 
offsetX=0.22; 
d_lin=304; 
fr_1=91.1; %input of fuel rack position during operating points and 

it is from the measurements% 

 

  

 

% Load Control Block 
Pload            = 1.21;        %Proportional gain of PI controller 

to load 
Iload            = 1.07;        % Integral of PI controller to load 

 
Tmax             = 2339; % Torque maximum (200%) (Changed from 

2*Trated for tests) 
Tmin             = 100;        % Torque minimum (Nm) 
Tin              = 2339;     % 8030 2000Nm idle Brake Torque input  
% Inertia Block 
J                = 45;        % Moment inertia for crankshaft 

(kgm^2) 
J_break          = 3.6;       % Moment inertia for break (kgm^2) 
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of the load and torque of the model. The Pload and Iload will be changed to 

create a more stable operations. For the torque itself, it is calculated in the 

model, but the limitations are pre-determined in this .m file. The Tmax value 

and Tin value will be changed according to the operating points that are 

being analyzed. The inertia block is used in the angular velocity block which 

will determine the angular speed of the engine.  

 

Thread 4.5. Engine model parameters 5 

 

Thread 4.5 shows the torque reference block. This block controls the 

gain of the torque during the operations. There are some key parameters to 

be calculated. Those are the initial torque, operating torque, and the overall 

input of torque to fulfill the operating torque. The initial torque is calculated 

based on the initial power that is measured. This way, there will always be 

torque even while idling operation. This is to eliminate excessive gain in the 

gain controller. The operating torque is the whole torque used in a certain 

operating points. This is a result of the initial torque added by the input 

torque. The input torque itself is calculated by subtracting the operating 

torque with the initial torque. For the leftover torque, it is the torque that is 

calculated from all the torque other than the initial torque, but it is based on 

the rated torque, which is based on the rated power, not the initial power.  

Some values in the .m file is changed based on the comparison with 

the measured data which is obtained by running the real engine in the 

laboratory, such as power, torque, speed, etc.  

 

% Handle 
operatingT=(Tin/Trated)*100;  %operating torque percentage 
Tinit=Init_torque/Trated; %initial torque percentage 
input_torque=operatingT-(Tinit*100); %torque value which will be 

added to the initial torque to achieve operating torque 
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4.3. Model Development 

The model for this thesis is running as a model, but it is still not similar to 

a real engine. In this case, the engine that is used for comparison is the engine in 

the laboratory of the University. To create a similar running process from the 

model, some adjustments must be made.  

4.3.1. Structural Change 

The first model is different from the model that is currently used in 

this thesis. It has been modified by changing some blocks and even adding 

other blocks to create a more similar results from the simulation. The first 

change that was made was changing the way the losses of the engine to be 

calculated. In the first model, the losses for the incomplete combustion are 

included in the losses system, but this can be simplified by separating the 

incomplete combustion losses to be another type of losses. Therefore the 

accuracy of the calculation is increased. And then the whole incomplete 

combustion is not affecting the calculation of the efficiency anymore, but it 

is added to the total losses, which will be used to subtract the power to get 

the real usable power.  
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Figure 25. Incomplete Combustion Losses (personal Documentation) 

Figure 25 shows the highlighted section as the incomplete 

combustion losses. This block was originally connected to the efficiency 

calculation block, which is now above the losses block.  

Then the engine control block also gets a modification. First there is 

a problem with the fuel rack position being too low for the whole process. 

On the first model, the consumption is calculated in the engine process 

block, which gets its input by the flow rate or in this case the fuel rack for the 

model. But this is not exactly true, because the flow rate is not equivalent to 

the fuel rack position. This problem is solved by adding the new formula to 

the model. And this formula is the calculation of the fuel consumption itself. 

In this formula, the fuel rack are used to calculate the fuel consumption, 

therefore the value of the power and torque are more similar to that of a real 

running engine. This consumption formula is explained in the chapter above 

regarding the engine control block.  
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Figure 26. Fuel Consumption Block (personal Documentation) 

Figure 26 shows the highlighted area as the Fuel Consumption 

Calculation block. This is a new addition to the model which will calculate the 

fuel consumption using the inputs of fuel rack position and engine speed as 

its primary input. Other inputs are constants which will be controlled by the 

.m file.   

After the engine control block and the losses block is modified, there 

is another block that is modified. It is the inertia block, which previously use 

a one-mass system. This block originally is meant to measure the initial 

torque that the piston give to the crankshaft directly. But in reality, there is 

no way to measure this value. Instead, there is another system that is coupled 

with the crankshaft. This system is called the break system. This way the 

torque can be measured. Therefore the model is modified to use a two-mass 

system for the inertia block. The whole explanation of this two-mass system 

is already explained in the previous chapter about blocks and connection. 
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4.3.2. Parameters Change 

The model can be modified as it is because there are some trials and 

errors that have been made. From the first model, a simulation is done and 

by that simulation result, it is compared to the measured data. From this 

comparison then the model can be adjusted accordingly. The parameters are 

also one of the key factors for this process to succeed. Parameters such as 

RPM input, input torque, losses constant, can be changed accordingly based 

on the operation points that is being analyzed. This is why for the first step 

of the model modification, these are the parameters that is changed 

frequently other than the changing of the structure of the model itself. 

Thread 4.6 shows that the highlighted area is the input RPM which will be 

changed accordingly to the analyzed operating points. 

 

Thread 4.6. Engine Speed Parameter 

 

An example of why the parameters need to be changed is the basic 

behavior of this model. This model is based on the energy balance theory, 

therefore the power and torque created are related to the losses that is 

present in the model itself. If the power or torque are not adequate, then the 

consumption and fuel rack position will also be affected even though the 

engine speed is already the same as the desired value.  

 

a. Static Operation 

When analyzing the static operating points, one problem arise 

when the simulation for low RPM and low load are being done. This 

Nmin            = 485;        % idling Speed of engine (RPM) 
Nrated          = 900;        % Speed rated of engine (RPM) 
N_opt           = 830;        % rpm optimal 
Ninput         = 490;        % input of rpm in specific operating 

points 
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operating points is still in the static stage, so there will be no sudden 

change of speed, or power, or torque in a certain amount of time. 

This operating point needs the load to be low while the rpm is also 

low, which the first model did not produce. Then according to the 

basic energy balance theory, then to increase the torque, then the 

losses must be changed, because as the basic thermodynamics, 

power equals torque multiplied by the angular velocity.  

 

Thread 4.7. Losses Parameters 

 

Thread 4.7 shows the green colored fonts as notes for further 

analysis. As explained before, the losses should be changed 

accordingly to create a similar results as the measured data.  

Another parameter that is changed a lot during the static 

operating points is the parameters for the torque limitations. This 

limitation is needed when the torque that is generated goes beyond 

what the measured data shows. Another important parameter is the 

Tin parameter, which is a constant input of torque. As explained 

before, the model have a characteristics of calculating the torque 

based on the difference of engine speed. But this is only for the static 

operating points. Therefore, when simulating a low rpm and low load 

operating point, the torque does not reach the desired value.  

% engine losses static (subject to changes for better test results) 
p_fix           = 0.04;       % fix losses / additional constant 

(changed from 0.01 for tests) 
P_fix           = p_fix*Pn;   % shared constant losses 
p_hangon_vn     = 0.07;      % Losses that is dependant to engine 

speed (changed from 0.05 for tests) 
T_hangon_vn     = (p_hangon_vn*Pn)/(Nrated/60*2*pi);  % M const -> P 

that is dependent to speed P~n² 
p_Strib         = 0.02;       % Friction losses - constant gain 

(changed from 0.01 for tests) 
P_Strib         = p_Strib*Pn; % Friction const 
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Thread 4.8. Torque Parameters 

 

Thread 4.8 shows the parameters for the torque blocks. The 

Tmax is used for the limitation of the torque while it is still dependent 

on the speed difference. Then the Tin is the one that is used for the 

constant torque input. 

 

b. Dynamic Operation 

When the static operation is stable and the data match the 

measured value, the next step is to simulate the dynamic behavior of 

the engine. The first task is to get the right parameters so that the 

simulation will behave dynamically. The dynamic operation have a 

certain graph characteristic. This characteristic is what the 

modification will be aiming.  

 

Figure 27. Dynamic Process Graph (personal Documentation) 

Tmax             = 2339; % Torque maximum (200%) (changed from 

2*Trated for tests) 
Tmin             = 100;        % Torque minimum (Nm) 
Tin              = 2339;     % 8030 2000Nm idle brake Torque input  
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Figure 27 shows the behavior of the engine in a dynamic way. 

To make the model simulation to be similar, some parameters are 

changed. Those parameters are the engine PI controller inputs and 

the engine load PI controller.  

 

Thread 4.9. Controller Parameter 

From Thread 4.9, the controller parameters are going to be 

changed accordingly to the operating points. Pcontr or Pload is the 

input for the Kp block. And the Icontr and Iload is the input for the Ki. 

Kp is the proportional gain of the controller, while Ki is the integral 

gain of the controller. The Kp basically will regulate the speed of the 

rise time of the graph, and the Ki will regulate the overshoot and the 

oscillation after the overshoot. These two, Kp and Ki is the basic 

controller variables that is used for the PI controller. The basic formula 

for such PI controller is, 

𝑃𝐼 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 = 𝐾𝑝 + 
𝐾𝑖

𝑠
 

In the formula above, the variable [s] is for some integral value, 

or in other word the error value which will be used as an integral 

value. This integral formula is already added to the model as an 

integrator block.  

 

 

% Engine Controler Block   % adjusted according measurement 
Pcontr           = 0.45;          % Proportional gain of controller 

(changed from 0.1 for tests) 
Icontr           = 0.2;           % Integral gain of controller 

(changed from 0.53 for tests) 
 

% Load Control Block 
Pload            = 1.21;        %Proportional gain of PI controller 

to load (changed from 1.1 for tests) 
Iload            = 1.07;        % Integral of PI controller to load 

(changed from 1.2 for tests) 
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 Rise Time Overshoot Oscillation 

Kp Decrease Increase Little gain 

Ki Decrease Increase High Gain 

Table 1. Kp and Ki characteristics (7) 

The table above is explaining on what the Kp and Ki actually 

does in a certain graph. While the Kp is getting higher, the rise time 

or the time for the process to get to the desired point is decreased. 

Therefore the ramp or graph will slightly tilt to the time axis. It is the 

same for the Ki, but because Ki is an integral, therefore the time to 

get to the desired point will not be affected as much, instead the 

overshoot from the graph will increase significantly. The oscillation is 

located after the overshoot. While the Kp will not affect the oscillation 

greatly, it will still be a difference in the period of the oscillation. The 

Ki on the other hand will affect the oscillation greatly, because if the 

Ki is higher, then the oscillation will occur in shorter period of time. 

Which will result in a more unstable graph after the overshoot.  
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Figure 28. PI Controller Graph Example (Google Images) 

Figure 28 shows an example of the graph from a simple PI 

controller. The red area is called the rise time. It is the time to reach 

the desired point of operation. Then the black area is the overshoot 

part of the graph. An overshoot occurs when the signal exceed the 

final, steady state value. The blue area represents the oscillation 

stage. This stage occurs when the controller are trying to regulate the 

signal to become its steady state. These event are affected by the 

controller parameters. 

There is a method for a PI controller development. It is called 

the Ziegler-Nichols method. This method starts by reducing the Ki or 

the integral gain to zero and then increasing the Kp or the 

proportional gain until it generates a constant oscillation. Once the 

graph is constantly oscillating, the Kp value of that operating point 

will then be called the ultimate gain (Ku). Then the estimated Kp value 
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for the model should be about 0.45 times the Ku. After the Kp value 

is obtained, the Ki value will be increased steadily until the desired 

data is acquired. (7)  

When using the Ziegler-Nichols method, the model is slightly 

modified to accommodate the needs of the controller. Due to the 

existence of another controller beside the engine control unit, then 

the other controller, which is the load control must be turned off. This 

can be done by adding a limitation in the end of the controller which 

limits the output to a certain value as constant. Therefore the 

controller will act as if it is off. This way the load control will not affect 

the engine control. After that, the engine control inputs will be 

changed according to the method. First, the Ki will be turned to zero. 

Then the Kp will be increased from zero to a certain value until the 

graph are oscillating constantly. The value that is achieved is 3. This 

represents the Ku, or the ultimate proportional gain. Then according 

to the theory, the Kp should be 1.35. By this value, the Ki is increased 

until the desired graph is achieved. For this matter, the value of the 

Ki is changed to 0.08 at first. 

But when the load controller is turned on, the graph starts to 

oscillate once more. Therefore some change in the controller input 

both in the engine control and the load control should be done. But 

especially in the engine controller, the input should be changed in 

accordance to the calculated value so that it does not differ too much 

from the first value.  

To analyze this matter, an excel sheet which contain the 

measured data and the graph created from that measured data is 

necessary. The data from the Simulink will be logged into the excel 
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sheet and then be compared with the measured data. This way the 

process will be easier.  

Figure 29 shows the whole measured data. Of course the values 

that is shown have some scaling so that the whole graph can be seen 

together. The example is the consumption graph, which have a scale 

of 10. So the value for the consumption is not in hundreds but in 

actual it is only 10th of the value shown. So does the other 

parameters.   
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Figure 29. Dynamic Operaiton Graph 
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4.4. Analysis of Data 

 

The static operation data is compared with a measured data which have 

some static points. The model are developed based on the result of this 

comparison. 

 

Figure 30. Static Torque Comparison 

Figure 30 shows the comparison of the torque of the model. The aim of 

the model is to achieve the static operating points, which is the constant values 

on the red area. Other graph will give some overshoot even though this is a static 

operation. This is due to the controller of the engine is still not analyzed and 

developed. Further development of the controller will be done in the dynamic 

operating process. 

While there are some similarities in the static operations. The static 

operation is only a stepping stone to get a dynamic processing model. 

Nevertheless, there is some differences and setbacks in the dynamic operation 

model. In this passage, an overview of what the results are from the simulation 

and the reason for such behavior will be explained.  
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As a comparison, the graph which is showing the whole measured data 

are used. From this graph, there are some minor flaws that is present. The first is 

the way the RPM behaves. This RPM ideally should behave as what the RPM 

reference give. But in this graph, there is a little delay over the RPM.  

 

Figure 31. RPM delay 

Figure 31 shows the delay of the RPM. The light blue line is the measured 

RPM and the green line is the RPM reference. As it is shown, the RPM did not go 

down as soon as the RPM reference input goes down. This matter appears while 

the simulation in dynamic changes is done. Therefore the results of the simulation 

will not be the same with the measurement because the simulation generate an 

RPM data that follows the RPM reference precisely. This concludes to an 

assumption that the RPM measurement data is delayed because of a delayed 

measurement equipment in the real engine.  

Other problems arise when the controller and the new inertia block is 

added. First problem is that the controller seems to have run in a much faster 

pace. This lead to a faster response in the controller to achieve the desired value 
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of operating points. This behavior leads to a seemingly constant process while in 

reality it should be still in the dynamic process. 

 

Figure 32. Dynamic Behavior 

Figure 32 shows the graph of torque and fuel rack position. As the 

dynamic changes occurs, the controller should get some errors inputs. These 

errors are reduced at a pace that is controlled in the parameters. Each parameters 

will affect the controller differently. In this case, the controller works to fast that 

the dynamic behavior seems to cease. The red area is basically the desired point 

from the controller, which is not the same as the measured data. The static phase 

in the figure above should be lower based on the measured data.  
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Figure 33. Measured Torque and Fuel Rack Data Graph 

Figure 33 shows the measured data of the torque and the fuel rack. This 

figure is cropped from the big graph which shows all the dynamic parameters. 

The blue line is the torque data, while the orange line is the Fuel rack data. As the 

figure shows, the black area is not as high as the simulated data. In the simulated 

data, the controller works so fast, that the correction to become the desired value 

is done before the other dynamic change can occur.  

From these two behavior, an assumption is made on what is causing such 

behavior. The assumption is that it is simply a delay in the dynamic behavior and 

the controller needs more research and development. This assumption results in 

another idea of changing the parameters of the controller.  

The controller parameters are the Kp and Ki. These parameters are 

changed once more to achieve the desired graph. For the engine controller, the 

Ki is changed to 0.15. This is in the hope that the oscillation will increase therefore 

reducing the speed of the controller to achieve results. On the other hand, the 

Pload is changed to 1 and the Iload is changed to 1.05. This is also in the hope to 

reduce the speed of the controller. Other than that, the interval of the dynamic 

change is also reduced. This is only for experimental process to determine 

whether the controller will achieve the desired value.  
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Figure 34. Torque Results 

Figure 34 shows the result of the changes. The blue line is the simulated 

data and the orange line is the measured data. After the change, the simulation 

become more similar to the measured data compared to the previous simulation.  
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CONCLUSION 

 

5.1. How to modify an engine model to be running as similar to the real 

engine? 

Development of the engine model starts with comparison of the 

simulation and the measured data. This way the model flaws can be spotted. From 

this flaws, the change firstly is the losses parameters. Then there is an addition of 

a fuel consumption formula. From this formula, the fuel rack position and the 

consumption gets better results. After that, the dynamic process begins. The first 

change is from the dynamic inputs. This inputs affect the RPM and therefore 

affect the whole system. From that point, the Kp and Ki of the controller is 

modified. These controller modification is done while the inertia block also being 

changed. The inertia block is changed from a one-mass system to a two-mass 

system. With all these change, the model starts to run as similar as a real engine. 

By the end of this bachelor thesis, the error margin for the model is currently at 

6% in static operations and 8-11% in the dynamic operations. 

 

5.2. What parameters are affecting the engine efficiency? 

Parameters that are affecting the engine efficiency in this model is, 

1. The losses of the engine 

2. The speed of the engine 

3. The consumption of the engine 

4. The load of the engine 

These parameters will also affect each other, therefore the change of one 

parameter will lead to a change of the whole system.  

 

5.3. How is The Fuel Consumption Affected? 

From the whole research, there are some facts about the consumption of 

the engine or the model. The consumption is affected by the speed of the engine, 
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power of the engine and load of the engine. The speed of the engine affected 

the consumption in a way that the faster the engine runs, the faster the fuel is 

injected to the engine, and therefore a higher consumption is achieved. The 

power of the engine also affect the consumption. This is because the higher the 

power, the higher the losses, which means the higher the consumption due to 

higher demand. What makes the power increase is that the engine have to run 

faster. Then the load of the engine will also increase the consumption, because 

the higher the load, the higher the power needed to run at a certain speed limit. 

Therefore the consumption will increase also.  
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APPENDIX 
 

1. Torque Graph 

 

2. Power Graph 
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3. RPM Graph 

 

4. Fuel Rack Graph 

 

 

 

  

0

100

200

300

400

500

600

700

0 10 20 30 40 50 60

RPM

Simulated

Measured

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

Fuel Rack

Simulated

Measured



 

  

75 

 

5. Consumption Graph 

 

6. Excel Sheet Static 

Time 

Position 

Motor 

rpm  Torque 

P-break 

kW Füllung 

Kraftstoff 

  kg/h 

Scaling 1 1 1 1 10 

20 490 2202.2 113 48 28.7 

30 490 2202.2 113 48 28.7 

40 490 2202.2 113 48 28.7 

50 490 2202.2 113 48 28.7 

60 490 2202.2 113 48 28.7 

70 550 2517.5 145 49 29.5 

71 580 2305.0 140 48 31 

72 613 2180.9 140 48 32.3 

73 635 2180.5 145 48 33 

74 660 2199.2 152 48 34.2 

75 682 2142.3 153 48 35.3 

76 703 2159.8 159 48 36.8 

77 724 2136.7 162 48 38 

78 742 2123.5 165 48 39.2 

79 770 2108.3 170 48 40.2 

80 800 2148.6 180 48 41.8 

90 900 1941.7 183 43 49 
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100 900 1941.7 183 43 50 

110 900 1941.7 183 43 50 

120 760 1909.9 152 43 45.5 

130 480 2188.4 110 43 33 

140 490 2202.2 113 45 29 

150 490 2202.2 113 48 28.7 

160 490 2202.2 113 48 28.7 

170 490 2202.2 113 48 28.7 

7. Excel Sheet Dynamic 

Time RPM Ref Handle 

Motor 

RPM Torque P-Break Fuel Rack Consumption 

Scale 5   1 1 1 1 10   10   

14:21:40 25 5 0 495 221.9 115 450 45 280 28 

14:21:45 80 16 0 555 215.1 125 440 44 315 31.5 

14:21:50 95 19 0 575 207.6 125 430 43 325 32.5 

14:21:55 85 17 0 570 209.4 125 430 43 320 32 

14:22:00 85 17 0 570 209.4 125 440 44 323 32.3 

14:22:05 85 17 0 570 209.4 125 430 43 323 32.3 

14:22:06 85 17 0 570.0 209.4 125.0 433.3 43.3 322.0 32.2 

14:22:10 85 17 6 568 210.2 125 433 43.3 315 31.5 

14:22:15 85 17 10 570 217.8 130 440 44 320 32 

14:22:20 85 17 22 567 244.2 145 462 46.2 325 32.5 

14:22:25 85 17 30 566 295.3 175 493 49.3 350 35 

14:22:30 85 17 43 565 388.7 230 542 54.2 400 40 

14:22:35 85 17 43 566 430.2 255 557 55.7 485 48.5 

14:22:40 85 17 42 567 442.9 263 565 56.5 550 55 

14:22:45 85 17 40 568 440.5 262 558 55.8 582 58.2 

14:22:50 85 17 38 566 421.8 250 548 54.8 586 58.6 

14:22:55 85 17 38 568 400.1 238 530 53 575 57.5 

14:23:00 85 17 38 568 396.8 236 533 53.3 557 55.7 

14:23:05 85 17 38 568 400.1 238 533 53.3 550 55 

14:23:10 85 17 38 568 400.1 238 533 53.3 548 54.8 

14:23:15 85 17 38 568 400.1 238 533 53.3 546 54.6 

14:23:20 85 17 38 568 400.1 238 533 53.3 546 54.6 

14:23:21 85 17 38 568 400.1 238 533 53.3 546 54.6 

14:23:22 85 17 38 568 400.1 238 533 53.3 546 54.6 

14:23:23 85 17 38 568 400.1 238 533 53.3 546 54.6 

14:23:24 85 17 38 568 400.1 238 533 53.3 546 54.6 



 

  

77 

 

14:23:25 85 17 38 568 400.1 238 533 53.3 545 54.5 

14:23:26 0 0 38 567 400.8 238 533 53.3 542 54.2 

14:23:27 0 0 38 567 352.0 209 466 46.6 544 54.4 

14:23:28 0 0 38 504 316.4 167 504 50.4 544 54.4 

14:23:29 0 0 38 473 353.3 175 517 51.7 524 52.4 

14:23:30 38 7.6 38 492 345.5 178 507 50.7 507 50.7 

14:23:31 80 16 38 492 394.0 203 598 59.8 595 59.5 

14:23:32 80 16 37 523 447.3 245 565 56.5 486 48.6 

14:23:33 80 16 37 568 411.9 245 536 53.6 500 50 

14:23:34 75 15 37 564 397.9 235 532 53.2 515 51.5 

14:23:35 75 15 37 562 385.7 227 525 52.5 523 52.3 

14:23:36 75 15 37 562 378.9 223 523 52.3 523 52.3 

14:23:37 75 15 37 558 378.2 221 523 52.3 523 52.3 

14:23:38 75 15 37 558 373.1 218 523 52.3 517 51.7 

14:23:39 80 16 35 558 367.9 215 518 51.8 514 51.4 

14:23:40 85 17 35 560 371.7 218 522 52.2 517 51.7 

14:23:45 87 17.4 35 570 343.4 205 505 50.5 500 50 

14:23:50 87 17.4 36 570 343.4 205 505 50.5 493 49.3 

14:23:55 87 17.4 37 570 368.6 220 518 51.8 482 48.2 

14:24:00 87 17.4 38 570 376.9 225 527 52.7 497 49.7 

14:24:05 87 17.4 40 570 402.1 240 537 53.7 513 51.3 

14:24:10 87 17.4 40 570 410.5 245 545 54.5 540 54 

14:24:15 87 17.4 40 570 410.5 245 545 54.5 548 54.8 

14:24:20 87 17.4 40 570 410.5 245 545 54.5 550 55 

14:24:25 87 17.4 40 570 410.5 245 545 54.5 555 55.5 

14:24:30 87 17.4 40 570 410.5 245 545 54.5 555 55.5 

14:24:35 87 17.4 40 570 410.5 245 545 54.5 558 55.8 

14:24:40 87 17.4 40 570 410.5 245 545 54.5 558 55.8 

14:24:45 87 17.4 40 570 410.5 245 545 54.5 558 55.8 

14:24:50 87 17.4 40 570 410.5 245 545 54.5 558 55.8 

14:24:55 87 17.4 0 570 209.4 125 428 42.8 520 52 

14:25:00 87 17.4 0 570 209.4 125 430 43 400 40 

14:25:05 87 17.4 0 570 209.4 125 430 43 350 35 

14:25:10 87 17.4 0 570 209.4 125 433 43.3 328 32.8 

14:25:15 87 17.4 0 570 209.4 125 433 43.3 323 32.3 

14:25:20 87 17.4 0 570 209.4 125 433 43.3 320 32 

14:25:24 87 17.4 0 570 209.4 125 433 43.3 318 31.8 

8. .m file Thread 
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% Kraftstoff 
Cv              = 11861.1;    % Calorific value (kWh/kg) Diesel 
                              % Unit/value of flow rate ist kg/h 
% Engine Data Process Block 
strokes         =   4; 
cylinders       =   8; 
Pn              = 960000;     % power maximum 6NVD (W) 
Mmin            = -10;        % Torque Load on Compression 
Nmin            = 485;        % idling Speed of engine (RPM) 
Nrated          = 900;        % Speed rated of engine (RPM) 
Trated          = Pn/(Nrated/60*2*pi); % rated torque 
% spez_flowopt    = 218;        % g/kWh from curve 
spez_flowopt    = 203;        % kg/kWh from curve 8NVD (193) 

(corrected to measurements) 

N_opt           = 830;        % rpm optimal 
n_opt           = N_opt/Nrated; % rel. opt rpm with measured rpm 
p_opt           = 0.80;       % Performance with minimum 

consumption 
Ninput         = 490;        % input of rpm in specific operating 

points 

 

% engine losses static (subject to changes for better test 

results) 
p_fix           = 0.04;       % fix losses / additional constant 
P_fix           = p_fix*Pn;   % shared constant losses 
p_hangon_vn     = 0.07;      % Losses that is dependant to 

engine speed 
T_hangon_vn     = (p_hangon_vn*Pn)/(Nrated/60*2*pi);  % M const 

-> P that is dependent to speed P~n² 
p_Strib         = 0.02;       % Friction losses - constant gain   
P_Strib         = p_Strib*Pn; % Friction const 
p_Strib_n       = 0.02;       % losses from friction - M= const 

losses   
P_Strib_n        = p_Strib_n*Pn; % M linear*n or P*n² delta 
eff_pmax        = 0.02;       % incomplete combustion v(n) 0,8-

1Pn spec 1g/kWh! 
eff_Pmax        = eff_pmax*Pn; % high speed potential of 

efficiency based on n 
% dynamic efficiency represents error in air mixture and torbu 

delay xw  
% reduces efficiency normalization of the control deviation to 

make lower dynamic efficiency  
ndiff_norm      = 10000;      %  

  
% efficiency over all from data optimum point and losses  
%etacv_max       = 0.41;       % max. Efficiency of Engine as a 

function  
retacv_max_ideal = (Pn)/(Cv*spez_flowopt); %eta ideal zum 

Verleich 1MWh / Energy expenditure 
Flow_opt        = Pn*p_opt/1e6 *(Cv*spez_flowopt);% calculation 

of ideal flow from 80% 
etacv_max       = ((Pn*p_opt)+P_fix+P_Strib + (T_hangon_vn * 

(Nrated/60*2*pi)))/(Flow_opt); 
etacv_min       = etacv_max*0.60; % min. from etacv_max of 

burning process, f(xw 
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% Engine Controler  Block   % adjusted according measurement 
Pcontr           = 0.45;          % Proportional gain of controller 
Icontr           = 0.2;           % Integral gain of controller 

(changed from 0.53 for tests) 
overflow         = 2;       % max injection quantity based on 

nominal quantity 
flowrated        = 

(Pn)/(etacv_max*Cv)/cylinders/(Nrated/60)*strokes; % maximum flow 

based on effectiveness kg/h 

  
Limflow          = flowrated * overflow;  % max Regulator limit 
t                = 0.002;      % First order (indicate the time it 

takes the system to reach a value 63.2% of the steady state) 
Nmax             = Nrated*1.2; % Maximum speed of engine (RPM) 
% Actuator, 80mm rack travel in 6 sec 
lcontrol         = 100;      % mm (changed from 80 to match 

measured data) 
tlmax            = 6;       % sec 
lcontlim         = lcontrol/tlmax; % to limit 

  
% Load Controller 
n_step1         = 485; %Nmin;       % Idle Speed (changed from 485 

for test) 
n_step2         = 900;       % Rated speed after step 
n_step3         =  0;       % Speed limit + delta 
t_nstep         = 10;         % time of speed change 

 

% Consumption Block 
V_scale=1/900; 
a_quadr=0; 
b_offsetY=-145; 
offsetX=0.22; 
d_lin=304; 
fr_1=91.1; %input of fuel rack position during operating points and 

it is from the measurements% 

 

% Load Control Block 
Pload            = 1.21;        %Proportional gain of PI controller 

to load 
Iload            = 1.07;        % Integral of PI controller to load 
anglemin        = 20;       % active  valve angle minimum (Degree)  
anglemax        = 30;       % active valve angle maximum (Degree)  
Maxangle         = 90;       % Maximum angle of valve (Degree)  
Minangle         = 0.1;        % Minimum angle of valve (Degree)  

  
Tmax             = 2339; % Torque maximum (200%) (Changed from 

2*Trated for tests) 
Tmin             = 100;        % Torque minimum (Nm) 
Tin              = 2339;     % 8030 2000Nm idle Brake Torque input  
Angle_Torque       = (Trated/(anglemax-anglemin)); % valve angle to 

torque  
Slopetorque      = Trated/(Nmax-Nmin); % f Prop Curve Torque f(n) 

quadratisch 
%contrtoangle     = anglemax; % Pi controller for valve angle 
t_T_step         = 50;       % time of manual torque change 
Tstep            = 000;     % Torque load-jump time 
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% Inertia Block 
J                = 150;        % Moment inertia (kgm^2) 
winit            = n_step1/60*2*pi(); 
 

% Handle 
Init_Power=125000; %initial measured torque 
N_init=570; %initial engine speed 
operatingT=(Tin/Trated)*100;  %operating torque percentage 
Init_torque=Init_Power/ (N_init/60*2*pi); 
Tinit=Init_torque/Trated; %initial torque percentage 
Leftover_T=Trated-Init_torque; %torque value other than initial 

torque 
Tleftover=Leftover_T/Trated; %leftover torque percentage 
input_torque=operatingT-(Tinit*100); %torque value which will be 

added to the initial torque to achieve operating torque 

 

 


