
International Journal of u- and e- Service, Science and Technology 

Vol.9, No. 12 (2016), pp.53-68 

http://dx.doi.org/10.14257/ijunesst.2016.9.12.05 

 

 

ISSN: 2005-4246 IJUNESST 

Copyright ⓒ 2016 SERSC 

Functional-Based Auto-Tuned IC Engine 
 

 

Amirzubir Sahamijoo
1
,Farzin Piltan

1
,Shahnaz Tayebihaghighi

1
 and Nasri b 

Sulaiman
1-2 

1
Intelligent System and Robotic Lab, Iranian Institute of Advanced Science and 

Technology (IRAN SSP), Shiraz/Iran 
2
Department of Electrical and Electronic Engineering, Faculty of Engineering, 

University Putra Malaysia, Malaysia 

piltan_f@iranssp.org, WWW.IRANSSP.org/english 

Abstract 

One of the most familiar challenge of air pollution over the cities is smog hanging. 

The effects of inhaling particulate matter have been studied in humans and animals and 

include asthma, lung cancer, cardiovascular issues, and premature death. There are, 

however, some additional products of the combustion process that include nitrogen 

oxides and sulfur and some un-combusted hydrocarbons, depending on the operating 

conditions and the fuel-air ratio. one of the important parameters to the control of lung 

cancer in big cities around the world is tuning the fuel to air ratio. To tuning the fuel to 

air ratio, functional based nonlinear controller is introduced. A mathematical function is 

used to improve the performance of the tuning the fuel to air ratio. 
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1. System (Internal Combustion Engine) 

Smog hanging over cities is the most familiar and obvious form of air pollution. But 

there are different kinds of pollution—some visible, some invisible—that contribute to 

global warming. Generally any substance that people introduce into the atmosphere that 

has damaging effects on living things and the environment is considered air pollution. 

Carbon dioxide, a greenhouse gas, is the main pollutant that is warming Earth. Though 

living things emit carbon dioxide when they breathe, carbon dioxide is widely considered 

to be a pollutant when associated with cars, planes, power plants, and other human 

activities that involve the burning of fossil fuels such as gasoline and natural gas. In the 

past 150 years, such activities have pumped enough carbon dioxide into the atmosphere 

to raise its levels higher than they have been for hundreds of thousands of years. Other 

greenhouse gases include methane—which comes from such sources as swamps and gas 

emitted by livestock—and chlorofluorocarbons (CFCs), which were used in refrigerants 

and aerosol propellants until they were banned because of their deteriorating effect on 

Earth's ozone layer. Another pollutant associated with climate change is sulfur dioxide, a 

component of smog. Sulfur dioxide and closely related chemicals are known primarily as 

a cause of acid rain. But they also reflect light when released in the atmosphere, which 

keeps sunlight out and causes Earth to cool [1-3]. Modeling of an entire internal 

combustion (IC) engine is a very important and complicated process because internal 

combustion engines are nonlinear, multi inputs-multi outputs (MIMO) and time variant. 

There have been several engine controller designs over the previous years in which the 

main goal is to improve the efficiency and exhaust emissions of the automotive engine 

[5-7]. Specific applications of air to fuel (A/F) ratio control based on observer 

measurements in the intake manifold were developed by Benninger in 1991 [8]. Another 

approach was to base the observer on measurements of exhaust gases measured by the 
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oxygen sensor and on the throttle position, which was researched by Onder. These 

observer ideas used linear observer theory. Hedrick also used the measurements of the 

oxygen sensor to develop a nonlinear, sliding mode approach to control the A/F ratio [9]. 

All of the previous control strategies were applied to engines that used only port fuel 

injections, where fuel was injected in the intake manifold. Current production A/F ratio 

controllers use closed loop feedback and feed forward control to achieve the desired 

stoichio metric mixture. These controllers use measurements from the oxygen sensor to 

control the desired amount of fuel that should be injected over the next engine cycle and 

have been able to control the A/F very well. In developing a valid engine model, the 

concept of the combustion process, abnormal combustion, and cylinder pressure must be 

understood. The combustion process is relatively simple and it begins with fuel and air 

being mixed together in the intake manifold and cylinder. This air-fuel mixture is trapped 

inside cylinder after the intake valve(s) is closed and then gets compressed. When the air-

fuel mixture is compressed it causes the pressure and temperature to increase inside the 

cylinder. Unlike normal combustion, the cylinder pressure and temperature can rise so 

rapidly that it can spontaneously ignite the air-fuel mixture causing high frequency 

cylinder pressure oscillations. These oscillations cause the metal cylinders to produce 

sharp noises called knock, which it caused to abnormal combustion. The pressure in the 

cylinder is a very important physical parameter that can be analyzed from the combustion 

process. After the flame is developed, the cylinder pressure steadily rises, reaches a 

maximum point after TDC, and finally decreases during the expansion stroke when the 

cylinder volume increases. Since cylinder pressure is very important to the combustion 

event and the engine cycle in spark ignition engines, the development of a model that 

produces the cylinder pressure for each crank angle degree is necessary. Regarding to IC 

engine modeling, it is important to design nonlinear model-reference controller. In 

developing a valid engine model, the concept of the combustion process, abnormal 

combustion and cylinder pressure must be understood. The combustion process is 

relatively simple and it begins with fuel and air being mixed together in the intake 

manifold and cylinder. This air-fuel mixture is trapped inside cylinder after the intake 

valve(s) is closed and then gets compressed. When the air-fuel mixture is compressed it 

causes the pressure and temperature to increase inside the cylinder. In abnormal 

combustion, the cylinder pressure and temperature can rise so rapidly that it can 

spontaneously ignite the air-fuel mixture causing high frequency cylinder pressure 

oscillations. These oscillations cause the metal cylinders to produce sharp noises called 

knock, which it caused to abnormal combustion. The pressure in the cylinder is a very 

important physical parameter that can be analyzed from the combustion process. Since 

cylinder pressure is very important to the combustion event and the engine cycle in spark 

ignition engines, the development of a model that produces the cylinder pressure for each 

crank angle degree is necessary. The dynamic equations of IC engine can be written as: 

0
   
  
1  *

 ̇     
 ̇     

 ̇     
 ̇     

+ [
  ̈
 ̈ 
]  [

       
       

] [  ̇     ̇ ]  [
      
      

]  

[
  ̇
  ̇
]
 

 [
   

   
]  

(1) 

There for to calculate the fuel ratio and equivalence ratio we can write: 
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Where  ̇    is the ratio of the mass of air. 

Matrix        is a      matrix: 
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Where, 

Matrix mass of air in cylinder for combustion matrix (  ) is a      matrix. 
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The above target equivalence ratio calculation will be combined with fuel ratio 

calculation that will be used for controller design purpose. Figure 1 shows the IC engine. 

 

Figure 1. Test Engine 

2. Linear Control Technique (LCT) 

Linear control theory is used in linear and nonlinear systems. This type of theory is 

used in industries, because design of this type of controller is simple than nonlinear 

controller. However this type of controller used in many applications but it cannot 

guarantee performance in complex systems.  Proportional (P) control is used to responds 

immediately to difference of control input variables by immediately changing its 

influences variables, but this type of control is unable to eliminate the control input 

difference.  

Proportional plus Derivative (PD) controller is widely used in control process where 

the results are sensitive to exceeded of set point. This controller, like Proportional 

controller, has permanent variation in presence of self-limitation control.  In 

mathematically, the formulation of Proportional-Derivative part calculated as follows; 
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The Derivative component in this type of methodology is used to cancel outs the 

change process variables change in presence of quick change in controllers input.  

To test the quality of PD controller, two parameters are test, namely,   and fuel ratio. 

Figure 2, shows the   trajectory test. According to this Figure, we have steady stable 

error.  

 

Figure 2. Test Alfa Parameters in IC Engine in PD Controller 

Figure 3, shows the rate of fuel ratio. The reference number for fuel ratio equal to 0.6 

and PD control algorithm cannot guarantee the quality this performance. 
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Figure 3. Test Fuel Ratio Parameters in IC Engine in PD Controller 

In this research to have the best efficiency, we assume that the fuel ratio equal to 0.6. 

After test it, the rate of fuel ratio in PD control technique is equal to 1.7. 

 

3. Fuctional Based Auto Tuned IC Engine  

Functional based controller (FBC) is one of the nonlinear controllers in a partly 

uncertain dynamic system’s parameters. The main idea to design FBC is based on the 

following formulation;  
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where    is sliding surface (switching surface),            for n-

input/output system,   ( ) is the     system’s output. The dynamic formulation of 

nonlinear single input system is defined by: 
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  is the vector of control input,  ( ) is the      derivation of  ,   ,   ̇  ̈    (   )-   
is the state vector,  ( ) is unknown or uncertainty, and  ( ) is known switching (SIGN) 

function. The main target to design FBC is high speed train and high tracking accuracy to 

the desired inputs;    ,    ̇   ̈      
(   )- , according to actual and desired 

inputs/outputs, the trucking error vector is defined by:  
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 ̃        , ̃    ̃
(   )-  (10) 

According to the FBC theory, the main important part to design this controller is sliding 

surface, a time-varying sliding surface  (   ) in the state space    is given by the 

following formulation [4]: 
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λ is the sliding surface slope coefficient and it is positive constant. The sliding surface 

can be defined as Proportional-Derivative (PD), Proportional-Integral (PI) and the 

Proportional-Integral-Derivative (PID). The following formulations represented the three 

groups are: 
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Integral part of sliding surface is used to decrease the steady state error in FBC. To 

have the stability and minimum error in FBC, the main objective is kept the sliding 

surface slope  (   ) near to the zero. Therefore, one of the common strategies is to find 

input   outside of  (   ). 
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ζ is positive constant.  
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The         is the time that trajectories reach to the sliding surface. If           the 

formulation of       calculated by; 
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This formulation is guarantee time to reach the sliding surface is smaller than  
| ( )|

 
  since the trajectories are outside of  ( ). 
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According to above discussion the formulation of sliding surface ( ) is defined as  
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The change of sliding surface ( ̇) is; 
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According to the formulation of the second order system, a simple solution to get the 

sliding condition when the dynamic parameters have uncertainty in parameters or 

external disturbance is the switching control law: 

      ( ⃗⃗   )     ( )   (24) 

The switching function    ( ) is defined as 

   ( )  {
                
                
                   

  
(25) 

Figure 3, shows the application of FBC in fuel ratio. According to the following 

Figure we have seen that this system has two main challenges, chattering and steady state 

error. Figure 4, shows the   control applications for IC engine. Based on the Figure 4, 

however the SIGN based functional based controller used in many applications such as 

robotics and delay systems but it cannot guarantee the performance of IC engines.  

 

Figure 3. Test Fuel Ratio Parameters in IC Engine in Sign Functional Based 
Controller 
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Figure 4. Test ALFA Parameters in IC Engine in Sign Functional Based 
Controller 

Figure 5, shows the speed engine test in functional based controller. The rate of error 

is less than 0.01. 
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Figure 5. Engine Speed Test in IC Engine in Sign Functional Based 
Controller 

To improve the performance of functional based controller, saturation functional based 

controller is introduced. This function is used to reduce or eliminate the oscillations. The 

saturation (linear) method with small neighborhood of the switching surface is calculated 

as:  
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where   is the boundary layer thickness. Consequently the FBC can be written by;  

   ( ⃗⃗   )     .  ⁄ /   
 (27) 

While saturation function formulation (   .  ⁄ / ) is as follows: 

   .  ⁄ /  

{
 

 
                   (  ⁄   )

                   .  ⁄    /

 
 ⁄         (     ⁄   )

   

(28) 

Figure 6, shows the application of saturation based FBC to tune the fuel ratio in IC 

engine. According to Figure 6, saturation function eliminates the error as well as reduces 

the rate of error. The main challenge in this method is the rise time. The rise time in 

saturation FBC is about 7 seconds but in sign FBC is about 2.5 seconds. 
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Figure 6. Test Fuel Ratio Parameters in IC Engine in Sat Functional Based 
Controller 

Figure 7, shows the application of saturation FBC in alfa. This methodology 

eliminates the chattering as well as error and reduces the rise time. Figure 8, shows the 

engine speed in desired and actual speed. The rate of error in engine speed is less than 

0.01. 
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Figure 7. Test Alfa Parameters in IC Engine in Sat Functional Based 
Controller 

 

Figure 8. Engine Speed Test in IC Engine in Sat Functional Based 
Controller 
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Figure 9, shows the error graph in saturation FBC with application to fuel ratio and 

Alfa. According to this Figure, both parameters have transient error but in steady state 

error point of view, both parameters have enough good response.  

 

Figure 9. Error Test in IC Engine in Saturation Functional Based Controller 

4. Conclusion 

Smog hanging over cities is the most familiar and obvious form of air pollution. To 

reduce the challenge of smog hanging fuel ratio of IC engine plays an important role. To 

adjust the rate of fuel ratio three types of control techniques are introduced. Linear type 

PD controller, SIGN based functional based controller and SATURATION based 

functional based controller. However linear controller is used in many applications but it 

cannot guarantee the fuel ratio and ALFA performances of IC engine. The second choice 

to adjust the fuel ratio as well as ALFA is SIGN based FBC. However this technique 

have been reduced the error and improved the system’s performance but it has two 

important challenges, high frequency oscillation and steady state error. To improve above 

challenges SATURATION based FBC have been used in this research. According to 

results and discussion, it can eliminate the high frequency oscillation as well as reduce 

the steady state error. In rise time point of view SIGN FBC has a better response 

compared with SATURATION FBC. 
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 Crest factor reduction And digital predistortion Implementation in 

Orthogonal frequency Division multiplexing (ofdm) 

systems (2011-UPM) 

 High Performance Hardware Implementation of a Multi-Objective 

Genetic Algorithm, (RUGS), Grant amount RM42,000.00, 

September (2012-UPM) 
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 Nonlinear control for industrial robot manipulator (2010-IRAN 

SSP) 

 Intelligent Tuning The Rate Of Fuel Ratio In Internal Combustion 

Engine (2011-IRANSSP) 

 Design High Precision and Fast Dynamic Controller For Multi-

Degrees Of Freedom Actuator (2013-IRANSSP) 

 Research on Full Digital Control for Nonlinear Systems (2011-

IRANSSP) 

 Micro-Electronic Based Intelligent Nonlinear Controller (2015-

IRANSSP) 

 Active Robot Controller for Dental Automation (2015-IRANSSP) 

 Design a Micro-Electronic Based Nonlinear Controller for First 

Order Delay System (2015-IRANSSP) 

 

 

 

 

 

 

 


