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Abstract:

Soaring oil prices and challenging emissions regulations demand signiﬁcant
efforts on the part of engine researchers to bring down emissions levels and
to contribute to green vehicle technologies.
This work constitutes a phase of research by the authors on green vehicle
technology. A Mitsubishi automotive engine was utilized and experiments
were carried out at different loads and speeds. The smart device and neurofuzzy controller were effective in greening the car, enhancing energy sustainability and reducing the main pollutants, namely NOx, CO and HCs.
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1

Introduction

The automobile industry and the industries that serve it constitute the backbone
of the world’s economy and employ the greatest share of the working population.
They have made great contributions to the growth of modern society by satisfying
the need for mobility in everyday life.
However, the large numbers of automobiles around the world have caused, and
continue to cause, serious problems for the environment and human life. Air pollution, global warming, and the rapid depletion of the earth’s petroleum resources
are now of paramount concern [1].
In Europe, 73% of the oil consumed is used in transport. In Jordan the energy
invoice is equivalent to 20% of the gross national product and equal to total exports.
The transport sector takes up 37% of this consumption. It is expected that passenger
cars will double within the next 20 years. Hence, there is an urgent need to ﬁnd
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alternatives to fossil fuels to secure future energy supply and to develop high-efﬁciency, clean and safe transportation with lower greenhouse gas emissions [2].
Presently, all vehicles rely on the combustion of hydrocarbon (HC) fuels to derive
the energy necessary for their propulsion. Recent European green car initiatives are
concentrating on advanced internal combustion engine (ICE) research with emphasis
on: a) new combustion techniques such as stratiﬁcation with direct injection in gasoline
engines, b) using alternative fuels (bio-methane, ethanol, hydrogen etc.), c) intelligent
control systems, d) mild hybridization and e) special tires for low rolling resistance [3].
This work represents the third stage of efforts by the authors to contribute
to green car technology concentrating on ICE research. The ﬁrst was on using
a neuro-fuzzy controller for boosting the power output and lowering fuel consumption, which made the engine more compact (thereby reducing cost) and less
costly in terms of fuel consumption [4]. The second effort was in developing a
smart device with the neuro-fuzzy control to contribute to further boosting engine
performance. This current work is intended to cover the improvement in controlling the greenhouse gas emissions and other potential environmental impacts.
Throughout all stages of research, experimental results from tests on real automotive engines formed the basis for analytic comparison.

2

Pollutants in Spark Ignition Engines

Ideally, the combustion of an HC yields only CO2 and H2O, which do not harm
human bodies when inhaled. Indeed, green plants digest CO2 by photosynthesis.
CO2 is a necessary ingredient in plant life. Animals do not suffer from breathing CO2 unless its concentration in the air is such that oxygen is almost absent.
Actually, the combustion of HC fuel in combustion processes contain certain
amounts of nitrogen oxides (NOx), carbon monoxides (CO), and unburned HCs,
all of which are toxic to human health [1].

2.1

Nitrogen Oxides (NOx )

Temperature is by far the most important parameter in NO formation. Once
released into the atmosphere, NO reacts with O2 to form NO2. This is later decomposed by the sun’s ultraviolent radiation back to NO and highly reactive oxygen atoms that attack the membranes of living cells. NO2 is partly responsible for
smog. It also reacts with atmospheric water to form ground level ozone and nitric
acid (HNO3) that creates acid rain and contributes to the destruction of forests and
the degradation to historic monuments [5]. Both acid rain and ozone exposure
cause respiratory system problems.

2.2

Carbon Monoxide (CO)

CO results from the incomplete combustion of HCs due to lack of oxygen. It is
poisonous to human beings and animals. Once CO reaches blood cells, it attaches
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to the hemoglobin in place of O2, thus reducing the quantity of O2 that reaches
the organs and thereby reducing the physical and mental abilities of affected
living beings. The ﬁrst symptom of poisoning is dizziness, which can rapidly
lead to death. CO has an attraction to hemoglobin about 200 times that of O2
and normal body functions cannot break the strong bond. Patients should be
treated in pressurized chambers where the pressure facilitates the breaking of the
CO-hemoglobin bonds.

2.3

Unburned HCs

HCs are the result of the incomplete combustion of HCs. Some of them may be
direct poisons causing cellular mutations or carcinogenic chemicals such as particulates, benzene or others. The sun’s ultraviolent radiation interacts with HCs
and NO in the atmosphere to form ground level ozone and other products. Ozone
is a molecule formed of three oxygen atoms. It is colorless but very dangerous and
poisonous because it attacks the membranes of living cells causing them to age
prematurely or die. Older people and asthmatics suffer greatly from exposure to
high ozone concentrations [6, 7]. Engine exhaust after treatment using the threeway catalyst is the most widely used method for emissions control irrespective of
the engine’s running conditions. NOx is reduced to O2 and N2, CO is oxidized to
CO2 and UHCs are combusted to CO2 and H2O.

2.4

Sulfur Oxides (SOx )

The combustion of sulfur releases sulfur oxides where sulfur dioxide SO2 is the
major product. On contact with air it forms sulfur trioxide, SO3, which reacts
with water to form sulfuric acid, a major component of acid rain. It is noteworthy
that SOx originates mainly from transportation sources, power plants and steel
factories.

3

Global Warming (GW)

Global warming is the result of the “greenhouse effect” induced by the presence
of CO2 and other gases such as methane (CH4), in the atmosphere. These gases
trap the infrared radiation reﬂected by the ground, thus retaining the energy
in the atmosphere and increasing the temperature. This causes major ecological damage to the ecosystems and many natural disasters that affect the human
population [6].
The transportation sector is the major contributor to CO2 emissions (about
33%) [8]. It is important to note that CO2 is digested by plants and sequestrated by
oceans in the form of carbonates. However, these natural assimilation processes
are limited and cannot assimilate all of the emitted CO2, which results in an accumulation of CO2 in the atmosphere. In general, a lot of research involves neural
analysis tackled emissions from internal combustion engines [9–14].
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4

Techniques for Improving Engine Performance and Emissions

Engine performance including emissions [15–18], torque, power and efﬁciency
[19–23] could by controlled by different design and operation parameters such as
the following:
The forced induction by variable intake manifold and supercharging, gasoline
direct injection and lean-burning multi-and variable-valve timing, throttle-less
torque control, a variable compression ratio, exhaust gas recirculation, intelligent
ignition at any operating speed and load for optimum performance and emissions,
and high-temperature and light-weight materials.
In this work, the performance and emissions were controlled, once by using a
smart device to improve the engine breathing and volumetric efﬁciency, and second by using an adaptive neuro-fuzzy inference system (ANFIS) control instead of
proportional-integral-derivative (PID) control.
The smart device is a method of control developed by the ﬁrst author and his
students. It is used to create the optimum conditions for high volumetric efﬁciency, especially at a high range of RPM. This controller is a motored throttle
valve ﬁxed on a Y extension attached to the main exhaust line (ﬁg.1). It receives
signals from the engine control unit ECU, speciﬁcally the intake manifold pressure
MAP, engine speed, air mass ﬂow MAF and intake air temperature IAT. These
signals will control the valve partially opening according to the loading condition,
consequently inﬂuencing the exhaust mass ﬂow and the air mass ﬂow that affects
volumetric efﬁciency at different loads and speeds. Finally, power and fuel consumption will be modulated.

5

Experimentation

In this research, a 4-cylinder direct injection gasoline Mitsubishi engine (GDI, SG93)
with a displacement volume of 1834 CC, Bore x Stroke (81x 89) mm and compression
ratio of 12 was used. Test runs were made at speed and load combinations simulating road-load operations, namely, full throttle to 25% load with their corresponding
speeds, 3500–1500 rpm. The engine power was absorbed by a hydraulic dynamometer of 100-kW capacity. A schematic diagram for the test facility is shown in ﬁg.1.
The experimental data of the engine at different loads and the corresponding
speeds in the road-load test were the dynamometer readings including speed, power
and torque. Fuel consumption was measured using a sensitive scale. Consequently,
the engine’s torque, power and BSFC were calculated. Simultaneously, scan tool
readings were taken, namely ECT, MAP, EGO, injection timing, TPS and ignition
angle. A gas analyzer was also used in this test, where the pollutant and gaseous
concentrations namely NO, CO, CO2, HC, O2 in addition to the excess air (λ) ratio
and air-fuel mass ratio were measured [26–30].
The following experimental results were obtained from the gas analyzer:
NO ppm, CO%, CO2%, HC ppm, O2%, excess air ratio, therefore the A/F. These
DOI: 10.7569/JSEE.2013.629523
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Figure 1 A typical experiment setup for measuring the pollutants emitted from the tested
engine.

readings were obtained for the basic engine at four different loading conditions
covering from 25% load up to 100% load with their corresponding speeds. Then
these tests were repeated with the smart device controlling the exhaust pipe opening according to load and speed signals from the engine PID controller. This will
improve the volumetric efﬁciency at certain loads and speeds. Finally, the adaptive
neuro-fuzzy inference system (ANFIS) controller was introduced with the basic
engine and again with the smart device supported engine. The neuro-fuzzy controller governs the optimal engine operation by determining the optimal fuel injection time that yields the optimal air-fuel ratio. The neuro-fuzzy controller (NFC)
has many attractive features. First, it has better performance than the conventional
controller such as PID. Second, it combines the features of both fuzzy logic and
neural networks. Third, it has the ability to model and learn the behaviour of complex nonlinear systems based on vague information and tunes its parameters in
order to minimize the prediction errors. Finally, the NFC appears to be more applicable for the determination of the optimal operating point of the engine because it
has the potential for providing better, faster and more precise predictions of fuel
injection time than the conventional methods. The performance results in terms
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of smart-device pollutants, with and without the fuzzy controller, in comparison
with the basic engine for different cases of air-fuel ratio were determined.

6

Discussion of Results

Figures 2–6 show a graphical comparison between the emissions emitted by the
basic engine, basic engine with ANFIS controller, basic engine with smart device
and basic engine with smart device and ANFIS controller. The Y-axis represents the
pollutant concentration (NO ppm, CO%, CO2%, HC (ppm) and O2 %) whereas the
X-axis represents the engine loading conditions, 25%-100%, which are inversely
related to A/F.
The strategy for ANFIS control is to run the engine with a stoichiometric fuelair mixture within ±0.5%, to match the requirements of the 3-way catalyst at the
exhaust pipe, which needs λ=1 to achieve the highest conversion efﬁciency. There
are some basic methods to control engine emissions that include the manipulation
of the combustion process such as fuel injection, spark timing, fuel-air mixture control and exhaust gas recirculation, optimizing the choice of operating parameters
and using after-treatment devices such as a three-way catalyst. In this research, a
smart device, which is an electronically controlled valve installed in the exhaust
pipe that opens partially according to the engine loading condition, was deﬁned
by electronic signals of engine speed and manifold absolute pressure. This device

Figure 2 The variation of NOx with varied loading conditions for different cases of control.
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Figure 3 The variation of CO with varied loading conditions for different cases of control.

Figure 4 The variation of HC with varied loading conditions for different cases of control.
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Figure 5 The variation of CO2 with varied loading conditions for different cases of control.

Figure 6 The variation of O2 with varied loading conditions for different cases of control.
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affects the volumetric efﬁciency due to the change of air mass ﬂow inhaled by the
engine due to the relaxation of backpressure at the exit of the exhaust pipe [6].
Nitrogen Oxides (NOx) form through reactions which are very temperature
dependent, therefore NOx emissions are proportional to engine load. However,
the formation rate is also affected by the oxygen concentration, hence, it peaks at
the lean side of the stoichiometric as shown in ﬁg. 2. Comparisons will be considered at 75% load, where the smart device performs very well. At other loads relative values may be different. It is also clear how the general level of concentration
was reduced when using the smart device by 27%, and increased when the ANFIS
controller is adopted by about 20%. As noted, NOx increases with engine loading.
It also increases with ANFIS due to approaching the stoichiometric condition (λ=1)
when the gas temperature is at a maximum. However, it decreases with the smart
device as it makes the mixture leaner.
Carbon monoxide results from rich running engines due to insufﬁcient oxygen to convert all the carbon in the fuel to CO2.The most important parameter
which inﬂuences CO is the fuel-air equivalence ratio. Therefore, to minimize CO
emissions, times of running rich should be greatly reduced. However, since the
running conditions are lean, CO increases by 20% near the stoichiometric [27–30],
when using ANFIS. As shown in ﬁg. 3, the level drops drastically with the smart
device as the mixture becomes much leaner.
Hydrocarbon emissions result from the unburned fuel in the exhaust of an
engine. Usually, about 9% of the fuel supplied to the engine is unburned during
the combustion and expansion processes. However, 7% is usually consumed during the other three strokes, leaving 2% that goes out with the exhaust [10]. Hence,
engine efﬁciency decreases and HCs appear as pollutants. HCs are usually greatest during engine start and warm-up due to decreased fuel vaporization and lower
oxidation rates [6]. Fig.4 shows the reduction from a basic engine when using the
smart device at about 25%, but increases by about 12% when utilizing ANFIS.
Fig. 5 shows how the CO2 concentration increases with load as the temperature
increases and O2 is relatively available until the reaction proceeds to completion.
Using the smart device reduces CO2 by 20% as the mixture gets leaner but increases
it by 15% with ANFIS, as it approaches the high temperature region where the
reaction rate is enhanced towards completion.
Figure 6 shows the decrease of O2 with the load increase. Its concentration
increases 30% by using the smart device as it improves the air inhalation to the
engine but decreases 12% when utilizing the ANFIS as it approaches the stoichiometric mixture.

7

Conclusions
1. This paper introduces emissions control in spark ignition engines as a part
of green-car technology that uses smart devices and an adaptive neurofuzzy inference intelligent control system, ANFIS.
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2. The obtained results at 75% of the load showed that the smart device
reduced NOx by 27% whereas the ANFIS increased it by 20%.
3. When considering unburned hydrocarbon HCs, the smart device reduced it
by about 25% but it increased with ANFIS by about 12%.
4. When CO is considered, CO is increased by the ANFIS (by about 20%)
when the mixture approaches stoichiometric but is reduced by the smart
device (by about 30%), because the mixture becomes leaner.
5. CO2 increased 20% with the smart device and 15% with ANFIS. O2 increased
by about 12% with ANFIS and by about 30% with the smart device.
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Nomenclature
A/F
ANFIs
BSFC
CC
ECT
EGO
ICE
MAP
PID
SIE
TPS

Air fuel ratio
Adaptive neuro-fuzzy inference system
Brake speciﬁc fuel consumption [kg/kWh]
Cubic centimeters
Engine coolant temperature [K]
Exhaust gas-oxygen sensor
Internal combustion engine
Manifold absolute pressure [k Pa]
Proportional-integral-derivative controller
Spark ignition engine
Throttle position sensor

References
1. M. Ehsani, Y. Gao and Y. Emadi, Modern Electric Hybrid Electric and Fuel Cell Vehicles,
Taylor and Francis, 2010.
2. M.I. Jahirul, H.H. Majceki, R. Saidur, M.A. Kalman, M.H.Jayed and M.A. Wazard,
Comparative engine performance and emission analyses of cng and gasoline in a retroﬁtted car engine. Appl. Thermal Eng. 30, 2219–2226 (2010).
3. European FP7 Program-Transport, 2010/2011.
4. M. Bani Amer and Y.S.H. Najjar, The role of Neuro-fuzzy modeling as a greening technique, in improving the performance of vehicular spark ignition engines. Int. J. Artif.
Intell. Soft comp. 8.199–210 (2010).
5. C.R. Ferguson and A.T. Kirkpatrick, Internal Combustion Engines-Applied Thermo-Sciences,
Second Edition, John Wiley and Sons, New York (2001).
6. U.S. Environmental Protection Agency (EPA), Automobiles Emissions: An Overview,
EPA 400-f-92–007, Fact Sheet OMS-5, August (1994).
7. U.S. Environmental Protection Agency (EPA), Automobiles and Ozone, EPA 400-f-92–
006, Fact Sheet OMS-4, January (1993).
DOI: 10.7569/JSEE.2013.629523
308

J. Sustainable Energy Eng., Vol. 1, No. 4, January 2014
Unauthenticated
Download Date | 2/26/20 3:35 PM

Yousef S. H. Najjar and Mashhour M. Bani Amer: Using a Smart Device and Intelligent Control

8. Energy Information Administration, U.S. Department of Energy, Carbon Dioxide
Emissions from Energy Consumption by Sector. 1980–1999, 2001, http://www.eia.doe.
gov/emeu/aer/txt/tab1202.htm
9. W. Cheng, D. Hamrin, J. Heywood, S. Hochgreb, K. Min and M. Morris, An Overview
of Hydrocarbon Emissions Mechanisms in Spark Ignition Engines. SAE Paper 932–708,
(1993).
10. C. Sayin, M. Ertunc, M. Hosoz, I. Kilicaslan and M. Canakci, Performance and exhaust
emissions of a gasoline engine using artiﬁcial neural network. Appl. Thermal Eng. 27,
46–54 (2007).
11. I. Batmaz, M. Balci, S. Salman and B. Erdiller, Experimental Analysis of Fuel Economy
and Exhaust Emissions at Petrol Engine Vehicles, in First Automotive Technology Congress
with International Participation, Adana, Turkey, pp. 95–103 (1997).
12. C. Sayin, I. Kilicaslan, M. Canakci and N. Ozsezen, An experimental study of the effect
of octane humber higher than engine requirement on the engine performance and emissions. Appl. Thermal Eng. 25, 1315–1324 (2005).
13. E. Ikonen, K. Najim and U. Kortela and Neuro-Fuzzy, Modeling of power plant ﬂue-gas
emissions. Eng. Appl. Artif. Intell. 13, 705–717 (2000).
14. R.K. Maurya and A.K. Agarwal, Experimental study of combustion and emission characteristics of ethanol fuelled port injected Homogeneous Charge Compression Ignition
(HCCI) combustion engine. Appl. Energy 89, 1169–1180 (2011).
15. H. Machraﬁ, S. Cavadias and J. Amouroux, A parametric study on the emissions from
an HCCI alternative combustion engine resulting from the auto-ignition of primary
reference fuels. Appl. Energy 85, 755–764 (2008).
16. G. Najaﬁ, B. Ghobadian, T. Tavakoli, D.R. Buttsworth, T.F. Yusaf, M. Faizollah and
M. Nejad, Performance and exhaust emissions of a gasoline engine with ethanol
blended gasoline fuels using artiﬁcial neural network. Appl. Energy 86, 630–639 (2009).
17. S.H. Park, S.H. Yoon and C.H. Lee, Effects of multiple-injection strategies on overall
spray behavior, combustion, and emissions reduction characteristics of biodiesel fuel.
Appl. Energy 88, 88–98 (2011).
18. S. Murillo, J.L. Míguez, J. Porteiro, L.M. López González, E. Granada and J.C. Morán,
LPG: Pollutant emission and performance enhancement for spark-ignition four strokes
outboard engines. Appl. Thermal Eng. 25, 1882–1893 (2005).
19. L. Wei, W. Ying, Z. Longbao and S. Ling, Study on improvement of fuel economy
and reduction in emissions for stoichiometric gasoline engines. Appl. Thermal Eng. 27,
2919–2923 (2007).
20. F. Morey and P. Seers, Comparison of cycle-by-cycle variation of measured exhaust-gas
temperature and in-cylinder pressure measurements. Appl. Thermal Eng. 30, 487–491
(2010).
21. M.A. Ceviz and F. Yüksel, Effect of Ethanol-Unleade Gasoline Blends on Cyclic
Variability and emissions in an S.I. Engine. Appl. Thermal Eng. 25, 917–925 (2005).
22. M.B. Celik, Experimental determination of suitable ethanol–gasoline blend rate at high
compression ratio for gasoline engine. Appl. Thermal Eng. 28, 396–404 (2008).
23. G-X. Li, B-F. Yao, Nonlinear Dynamics of Cycle-to-Cycle Combustion Variations in a
Lean-Burn Natural Gas Engine. Appl. Thermal Eng. 28, 611–620 (2008).
24. K. Darkwa, P.W. O’Callaghan, Green transport technology (GTT): Analytical studies
of a thermo-chemical store for minimizing energy consumption and air pollution from
automobile engines. Appl. Thermal Eng. 17, 603–614 (1997).
DOI: 10.7569/JSEE.2013.629523
J. Sustainable Energy Eng., Vol. 1, No. 4, January 2014

Unauthenticated
Download Date | 2/26/20 3:35 PM

309

Yousef S. H. Najjar and Mashhour M. Bani Amer: Using a Smart Device and Intelligent Control

25. P. Corbo, M. Gambino, S. Iannaccone and A. Ulrich, Comparison between lean-burn and
stoichiometric technologies for cng heavy-duty engines. SAE Paper No. 950057 (2005).
26. B.C. Kaul, J.B. Vance, J.A. Drallmeier and J. Sarangapani, A method for predicting performance improvements with effective cycle-to-cycle control of highly dilute spark ignition engine combustion. J. Automobile Eng. Proceedings of the Institution of Mechanical
Engineers Part D 223, 423–438 (2009).
27. R.M. Wagner, J.A. Drallmeier and C.S. Daw, Characterization of lean combustion instability in pre-mixed charge spark ignition engines. Int. J. Engine Res. 1, 301–320 (2001).
28. P. Bogus and J. Merkisz, Misﬁre Detection of Locomotive Diesel Engines by Nonlinear
Analysis. Mech. Syst. Signal Process. 19, 881–889, (2005).
29. A.K. Sen, R. Longwic, G. Litak and K. Gorski, Wavelet analysis of cycle-to-cycle pressure variations in an internal combustion engine. Mech. Syst. Signal Process. 22, 362–373
(2008).

What are the next steps in the program?
Experimental data similar to what is shown in this paper are interesting, but not
compelling. Ultimately a statistically signiﬁcant set of ex-periments on a number
of engines under different conditions, with ex-tended runs, etc. will be required,
along with actual multi-vehicle test-ing. This is expensive and time consuming
and not expected from a university based research operation. It would be valuable
to develop a future plan including developing an intellectual property portfolio,
con-tacting engine manufacturers, etc.
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