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A b s t r a c t: Despite their harmful environmental impact, 96.5% of the heavy commercial vehicles sold in 2020 

were diesel driven, which goes to shows that IC engines will stay in use with road vehicles for the foreseeable future. 

Integrating catalytic converters and other filtering solutions in the vehicle exhaust systems provides a partial reduction 

of these emissions, but a further reduction is a trade-off between the engine power output and the continuously 

demanding eco-standards. This paper provides an insight into the workings of the engine control unit (ECU), the sensors 

it draws data from as well as the actuators it controls. Additionally, it analyzes fuzzy-logic control and how changing 

the fuzzy-logic maps within the ECU offers opportunities for increased engine power output with better fuel economy. 

Having said that, this paper aims to achieve both of these requirements using the IC engine control principles and locate 

the potential trade-offs of such a modification to the engine’s standard operation (a reduction in CO2 emissions being 

one of them). 
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НАГОДУВАЊЕ НА МОТОР СВС ЗАРАДИ НАМАЛУВАЊЕ НА НЕГОВИОТ CO2-ОТПЕЧАТОК 

А п с т р а к т: Покрај негативни еколошки влијанија, дури 96,5 % од тешките товарни возила продадени 

во 2020 година биле погонувани од дизел-мотор СВС, што говори дека моторите СВС уште долго ќе се задржат 

на патиштата. Вградувањето на каталитички конвертори и други филтерски решенија во издувните системи на 

возилата овозможува само делумна редукција на штетните емисии, а каква било понатамошна редукција во 

нивното количество подразбира компромис помеѓу моќноста на моторот и сè построгите еколошки стандарди. 

Овој труд ќе овозможи увид во работата на електронската управувачка единица (ЕУЕ) на мотор СВС, сензорите 

од кои прима податоци и актуаторите кои ги управува. Дополнително, во трудот го анализираме фази-логич-

кото управување и можностите кои ги носи менувањето на фази-логичките мапи во ЕУЕ за зголемена моќност 

на моторот и намалена потрошувачка на гориво. Имајќи го предвид наведеното, потпирајќи се на управувач-

ките принципи, овој труд има за цел да ги достигне двете наведени побарувања и да ги лоцира потенцијалните 

компромиси во таквото нагодување и модификација на стандардното работење на моторот (како што е нама-

лување на емисиите од CO2). 

Клучни зборови: мотор СВС; перформанси; управување; економично возење; помало количество на емисии 

1. INTRODUCTION 

Society’s need for fast and efficient transport 

has sped up the development of transport infrastruc-

ture, enforced laws that facilitate faster international 

travel and has led to the technical and technological 

advancement of different vehicle types. A major 

component of any vehicle, the internal combustion 

engine’s (ICE) development tendency has always 

been directed toward greater economy, increased 

power output, smaller mass and longer service life. 

In addition, the ability not to pollute and emit green-

house gasses are as important. Lately, both fully 

electric vehicles (EVs) and plug-in hybrids (PHEV) 
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have been making a slow but stable entry on the pas-

senger and light commercial vehicle market. [1]  

Taking in consideration current and future leg-

islative restrictions on exhaust tailpipe emissions, 

the increased presence of passenger and light com-

mercial EVs on today’s roads seems perfectly rea-

sonable. [2, 3] In spite of this, as much as 96.5% of 

the heavy commercial vehicles sold in 2020 were 

diesel driven. [1] This is a strong argument that in-

ternal combustion engines (ICEs) will stay in use for 

the foreseeable future. Even if there was a sudden 

reduction in interest and therefore sales, and the 

number of ICE driven vehicles dropped, ICEs 

would still be used in special purpose machines, in 

maritime use and within other vehicles that count on 

the robustness and power output of the diesel en-

gine. On the other hand, this also means that most 

of the setbacks that come with the use of ICEs are 

here to stay, including their capacity to pollute [7, 

8]. 

Air pollution from the transport sector and par-

ticularly from road transport [4–6] became a major 

environmental topic in the 1980s. Around this time, 

most Western-European countries, the US, Japan, 

and others, first limited the amount of polluting 

substances in exhaust emissions. With the goal to 

reduce air pollution and the effects of global warm-

ing, these ecological standards sought to reduce the 

exhaust gas opacity, and the quantity of carbon 

monoxide, carbon dioxide, nitrogen oxides, particu-

late matter, non-methane volatile organic com-

pounds, unburned hydrocarbons etc. 

Some exhaust emissions challenges that origi-

nated from the fuel’s contents (petrol with lead ad-

ditives and sulfur in diesels), were successfully 

solved with the complete ban on these additives [9], 

which resulted in a drastic reduction of the presence 

of lead and sulfur oxides in the ambient air. Air pol-

lution from road transport today is mostly a product 

of the combustion process in the engine. Therefore, 

the problem of harmful emissions reaching the am-

bient air is partially solved by installing catalytic 

converters, filters and other solutions in the exhaust 

systems of the vehicles [10]. However, the possibil-

ity for a complete reduction of the harmful compo-

nents lies with the optimization of the combustion 

process. 

This emphasizes the need for new techniques 

and methods of tuning the combustion process in the 

engine and optimizing its operation according to the 

operating mode of the vehicle and the needs of the 

driver. Fuzzy-logic control and the process of alter-

ing the fuzzy-logic maps in the vehicle’s electronic 

control unit (ECU) offer tempting opportunities for 

increased engine power output and better fuel econ-

omy. [11–14] With this in mind, the aim of this pa-

per is to analyze the principles of fuzzy-logic con-

trol of the ICE, to try to achieve both of these re-

quirements and understand the potential advantages 

and disadvantages in terms of exhaust emissions of 

such a modification in the operation of the engine. 

2. MATERIALS – ENGINE CONTROL UNIT 

(ECU) 

With an increased development in technology, 

computer control systems, which were usually 

found in larger scale industrial systems, are now in-

creasingly found in commercial products for every-

day use. The automotive industry consistently fol-

lows both the technical and technological evolution 

and contributes with numerous innovations to the 

development trends. A great example is the ‘control 

era’ of automotive technology that started in the 90s 

and aims to simplify the use of cars. Understanda-

bly, this offers numerous benefits for the user, but 

also for the environment. Some of these benefits are 

greater vehicle safety and reliability, an increase in 

the engine power output, reduced fuel consumption 

and a significant reduction in the amount of harmful 

exhaust emissions. This is achieved with the help of 

numerous sensors and actuators controlled by the 

ECU of the vehicle, along with precise control logic 

that processes data at high speed, and which does 

not require large resources. 

Engine control is pretty complex as it involves 

strict exhaust emission criteria and reduced fuel 

consumption, with no loss of engine performance. 

For this purpose, the ECU must quickly process in-

puts from engine and vehicle sensors and adjust the 

position of different actuators as an output, thereby 

meeting the needs of the driver and the required 

power delivered by the engine. At the same time, 

this process must meet the set ecological norms and 

achieve all of the above with optimal fuel consump-

tion. 

Considering that passenger and light commer-

cial vehicles in the EU are 11.5 and 11.6 years old, 

respectively [15], or otherwise at the transition from 

EURO 4 to EURO 5 emission standard, the vehicle 

we used for our research is a SEAT Leon Mk II 1.9 

TDI, manufactured in 2009, in accordance with the 

EURO 4 standard. This vehicle has a BOSCH EDC 

16 control module with a Motorola MPC 564 (Fig-

ure 1) microcontroller, manufactured in 2001.  
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Fig. 1. Motorola MPC 564 microcontroller housing pin layout 

The ECU receives information from the engine 

sensors through multiple analogue and digital in-

puts, and sends commands to the motor control ac-

tuators through digital outputs. Due to its perfor-

mance, temperature operating range and shock re-

sistance, this ECU is widely used in the automotive 

industry. 

The ECU receives input data from: accelerator 

pedal position sensor (APPS), the camshaft position 

sensor, the crankshaft position sensor, the transmis-

sion position sensor, the engine coolant temperature 

sensors mounted on the engine block and radiator, 

the fuel temperature sensor (FTS), the intake air 

temperature sensor (IAT), the mass airflow sensor 

(MAF), and the turbocharger (boost) pressure sen-

sor. 

Actuators controlled by the ECU are: the elec-

tric fuel pump, the exhaust gas recirculation (EGR) 

solenoid valve, the recirculating exhaust gas cooling 

valve, the fuel heaters module, fuel injectors, sole-

noid airflow control valve, and a compressor bypass 

valve (CBV). 

3. METHODS – FUZZY-LOGIC CONTROL 

The duration of the engine control cycle must 

be very short, and linear control (such as PID con-

trol) has been found less suited for this purpose. 

However, fuzzy-logic control offers a more con-

venient control logic without the need for large 

hardware requirements, while the time of the engine 

control cycle is reduced to a minimum. 

In the past, controller manufacturers used 

lookup tables that represented control logic, which 

they obtained through a lot of testing or using the 

"trial-and-error" method and accumulated experi-

ence through the lessons learned (one of the guiding 

principles of fuzzy-logic control). The main disad-

vantage of lookup tables-based control is that they 

take up a lot of memory and it takes the ECU a sig-

nificant amount of time to select an appropriate ta-

ble in response to the driver’s requirements, and the 

vehicle’s operating conditions. As a result, car man-

ufacturers today base their ECUs on fuzzy-logic and 

convert the fuzzy-control system output into lookup 

tables, or fuzzy-logic maps. 

The ECU’s memory holds more than 200 con-

trol maps, meaning that for the same output we can 

have more maps, i.e. more outputs managing the 

same actuator. We also have fuzzy-logic control 

when the ECU is monitoring the engine condition, 

making conclusions based on engine data which de-

termines which map is most suitable for the current 

control requirements of the engine. 

The main advantages of this type of control are 

the fast reaction time of the controller, a control cy-

cle only takes a very small amount of time, there is 

virtually no need for expensive hardware (proces-

sor, RAM and similar components) and there is an 

easy access to the engine control parameters for fur-

ther optimization. Perhaps the only drawback is the 

need for a large ROM to store all the maps, but as 

an alternative, an external EEPROM (electrically 

erasable programable read-only memory) is used 

within the ECU. Given the fact that the cost of sem-

iconductor components used for this type of 

memory is quite low, and this way the control speed 

is increased several times over, this method of con-

trol is entirely financially justified.  

4. RESULTS 

The fuzzy-logic maps used as lookup tables 

within the ECU are obtained as outputs from a fuzzy 

controller and hold predetermined values that the 

engine should achieve, namely power (kW or hp), 

torque (Nm) and the amount of pollutants in the ex-

haust emissions, expressed as a percentage (%) of 

the volume of total exhaust emissions.  

All of the maps are located in a .hex file (HEX 

– hexadecimal source file) within the ECU’s 

EEPROM, but to get them to the desired state 
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requires hard work and many precise calculations 

(as a safety measure that protects the manufacturer 

from amateurs damaging the engine and causing ex-

pensive and often irreversible defects). Using math-

ematics, experience and experimentation, we can 

fine-tune some of the operating parameters, in order 

to get greater performance from the vehicle and re-

duced fuel consumption. In order to perform this en-

gine optimization, we will have to change more than 

50 maps, but in the interest of the available space in 

this paper, Appendix 1 presents only some of them. 

The maps are displayed so that the coefficients 

changed (relative to the factory condition) are high-

lighted in red. 

First, we will take a look at the dynamometer 

results for the power output, per the factory settings 

of the vehicle (without any optimization) which we 

will take as reference value (Figure 2a). We can see 

that by default the car has a maximum power output 

of 78 kW or 106 hp (reached at 4000 rpm) or a max-

imum torque of 250 Nm (reached at 2300 rpm).  

However, by looking at Figure 2b, which shows 

the power output curve after we performed the 

“Performance” optimization, we notice that the 

same engine is now able to reach a maximum power 

output of 106 kW or 144 hp (achieved at 3277 rpm), 

i.e. a maximum torque of 324.8 Nm (achieved at 

2971 rpm). 

We should note, that while we increased the 

power output, we are still left with room to make the 

engine more efficient in terms of its fuel consump-

tion. The fuel consumption measured by the vehi-

cle's on-board computer after passing 100 km with 

combined driving (both urban and on the highway) 

before the optimization was 6.6 l/100 km (Figure 

3a). After performing the “Performance” optimiza-

tion, the fuel consumption measured by the car's on-

board computer after 100 km with combined drive 

is exactly 6 l/100 km (Figure 3b). 

Finally, we measured the quantity of the diffe-

rent components found in the vehicle’s exhaust 

emissions that fall under the legal frameworks of the 

Republic of North Macedonia and in particular the 

Rulebook for the technical inspection of vehicles 

[18] in the Republic of North Macedonia. As we can 

see by comparing Figures 4a and 4b, the major 

difference between the non-optimized engine and 

the same engine following the “Performance” opti-

mization is in the reduced CO2 emissions. Prior to 

the optimization the engine emits 3.43% CO2 per 

volume of exhaust emissions, while after the optimi-

zation, the engine emits 2.30% CO2 per volume of 

exhaust emissions. The optimized engine also 

shows an increase in its CO2 emissions. 

 

Fig. 2a. Power output of the non-optimized SEAT Leon engine 
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Fig. 2b. Power output for a “Performance” optimization of the SEAT Leon engine 

    
a)                                                b) 

Fig. 3. Fuel consumption of the: 

a) non-optimized SEAT Leon engine, b) “Performance” optimization of the SEAT Leon engine 

     
a)                                                                           b) 

Fig. 4. Results for the exhaust emissions of the: 

a) non-optimized SEAT Leon engine, b) “Performance” optimization of the SEAT Leon engine
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5. DISCUSSION 

It is perfectly reasonable to wonder why the 

manufacturer would not do these optimizations 

when clearly, the engine is designed to have a higher 

power output. The answer lies with taking account 

of the market/s where the particular vehicle is being 

sold. Therefore, the fuzzy-logic control maps 

chosen, reflect specific legal norms, such as ecology 

standards, traffic safety norms, conditions for the 

technical approval of vehicles, taxation conditions, 

etc., in the countries that make the biggest part of 

the vehicle market. The most attention is paid to the 

environmental norms, because they are very easily 

controlled at the annual technical inspection of the 

vehicle, by measuring the exhaust emission. 

In the case of this paper and the vehicle tested, 

the engine will maintain most of the required envi-

ronmental norms. Only after long-term operation of 

the vehicle would it be possible to reduce the ecolo-

gical norms, however within the limits predicted by 

the manufacturer due to wear of the engine compo-

nents. Our test vehicle will meet the emission stan-

dards in the EURO 4 standard, but the reduction in 

fuel consumption and increase in power will affect 

the amount of nitrogen oxides and particulate matter 

in the exhaust emissions. Even then, the ecological 

norms (according to the performed measurements) 

will not drop in the EURO 3 standard. 

CONCLUSION 

Thanks to the research done in preparation for 

this paper, which refers to the improvement of en-

gine performance and reduction of fuel consump-

tion in ICEs, we can state that there is no optimal 

engine cycle, but a compromise should be made in 

the design of the ICE from the point of energy effi-

ciency and maximum utilization of the energy re-

leased by the fuel. 

Using modern and advanced control systems 

we can achieve a more optimal combustion process 

within the ICE, in which the ratio of the energy re-

leased from the combustion of fuel and the combus-

tion products would be more ideal. Utilizing the 

processing power and complex control algorithms 

of the engine’s ECU, along with the engine’s sensor 

and actuator elements, and a feedback loop that al-

lows the ECU to monitor the momentary state of the 

combustion process, the engine’s performance is 

controlled at a speed of several thousand reactions 

per second. Seeing as different environmental con-

ditions and operating modes of the vehicle require 

specific adjustment of the engine’s working param-

eters, we can further optimize these algorithms in 

order to increase the engine and therefore the vehi-

cle’s power output and improve its fuel economy. 

Thanks to the reduced fuel consumption, we will 

also have reduced the vehicle’s CO2 emissions, but 

at the cost of increasing the amount of nitrogen ox-

ides and solid particles. 

The aforementioned the second (delayed fuel 

injection) and third (duration of the fuel injection) 

modifications offer different benefits but come with 

their own disadvantages. Nevertheless, they make 

perfect points for further research, whose results 

would be detrimental in determining which op-

timization of the operating parameters is the most 

appropriate for a specific operating mode of the 

vehicle. Furthermore, by increasing the number of 

combinations between the fuzzy-logic maps and 

then storing them as separate files in the ECU’s 

EEPROM we could allow the driver to select the 

most appropriate driving mode (urban, highway, 

etc.) or by applying the principles of machine learn-

ing we can have an autonomous selection of the 

most appropriate map package. 
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APPENDIX 

Modified fuzzy-logic maps for the optimization of the working parameters of an ICE 

 
Fig. 1. Modified fuzzy-logic map controlling the quantity of fuel dependent on the fresh air intake 

 

Fig. 2. Modified control surface for the control of the quantity of fuel dependent on the fresh air intake 
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Fig. 3. Modified fuzzy-logic-map for the accelerator pedal position 

 

Fig. 4. Modified control surface for the accelerator pedal position 
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Fig. 5. Modified fuzzy-logic map to limit the torque 

 
Fig. 6. Modified control surface to limit the torque 
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Fig. 7. Modified fuzzy-logic map for torque converted in quantity of fuel 

 
Fig. 8. Modified control surface for torque converted in quantity of fuel 
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Fig. 9. Modified fuzzy-logic map for the moment of fuel injection 

 
Fig. 10. Modified control surface for the moment of fuel injection 
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Fig. 11. Modified fuzzy-logic map for the quanitity of injected fuel 

 
Fig. 12. Modified control surface for quantity of injected fuel 
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Fig. 13. Modified fuzzy-logic map for the pressure in the intake manifold 

 
Fig. 14. Modified control surface for the pressure in the intake manifold 


