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ABSTRACT 
 

Refer to this research, a model free environmental management fuzzy sliding mode management (MF-
FSMC) design and application to internal combustion (IC) engine has proposed in order to tuning the fuel ratio 
to reduce the pollution. Even though, sliding mode methodology (SMM) is used in wide range areas but it has 
some disadvantages; chattering phenomenon which caused to motor oscillation and instability in system and 
equivalent dynamic formulation due to unique safety environmental management controller design of the IC 
engine. According to the Institute for Market Oracle average fuel consumption of gasoline cars in Iran is about 
11 liters per day while the average fuel consumption in other countries such as Germany and Japan is 2.5 in 
Britain, is 3.5 in France,  is 1.9 in Canada is 6.5 and in America is 7.3 liters per day so this research focuses on 
design a new method to reduce the fuel ratio in a car to have a safe environment. The fuzzy function in fuzzy 
sliding mode methodology is based on Mamdani’s fuzzy inference system (MFIS) and it has one input and one 
output. The input represents the function between sliding theory, error and the rate of error. The outputs 
represent the dynamic estimator to estimate the nonlinear dynamic equivalent in fuzzy sliding mode algorithm. 
The fuzzy sliding mode methodology is tune the environment pollution based on tune the fuel ratio. Simulation 
results signify good performance of fuel ratio in presence of uncertainty and external disturbance.  
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Introduction  
 

The internal combustion (IC) engine is designed to produce power from the energy that is contained in its 
fuel. More specifically, its fuel contains chemical energy and together with air, this mixture is burned to output 
mechanical power. There are various types of fuels that can be used in IC engines which include petroleum, bio-
fuels, and hydrogen. In an internal combustion engine, a piston moves up and down in a cylinder and power is 
transferred through a connecting rod to a crank shaft. The continual motion of the piston and rotation of the 
crank shaft as air and fuel enter and exit the cylinder through the intake and exhaust valves is known as an 
engine cycle. The first and most significant engine among all internal combustion engines is the Otto engine, 
which was developed by Nicolaus A. Otto in 1876 (Heywood, J., 1988; Rivard, J.G., 1973; Cassidy, J.F. et al, 
1980; Powers, W.E., 1983; Benninger, N.F. et al, 1991; Onder, C.H. et al, 1993; Cho, S.B. et al, 1993; Kume, 
T., et al, 1996). In his engine, Otto created a unique engine cycle that consisted of four piston strokes. These 
strokes are: 
1. Intake stroke 
2. Compression stroke 
3. Expansion stroke 
4. Exhaust stroke 
 

Modeling of an entire IC engine is a very important and complicated process because engines are nonlinear, 
multi inputs-multi outputs and time variant. One purpose of accurate modeling is to save development costs of 
real engines and minimizing the risks of damaging an engine when validating safety environmental management 
controller designs. Nevertheless, developing a small model, for specific safety environmental management 
controller design purposes, can be done and then validated on a larger, more complicated model. Analytical 
dynamic nonlinear modeling of internal combustion engine is carried out using elegant Euler-Lagrange method 
compromising accuracy and complexity (Frank, L. Lewis.1999; Okyak Kaynak, 2001; Piltan, F., et al., 2011; 
Piltan, F., et al., 2011). An empirical dynamic nonlinear model of the system is then developed on the bases of 
neural network and/or neuro-fuzzy. The developed models are verified using several testing approaches such as 
overlapping, power spectral density and correlation tests (Cassidy, J.F. et al, 1980; Powers, W.E., 1983; 
Benninger, N.F. et al, 1991; Frank, L. Lewis.1999; Okyak Kaynak, 2001; Piltan, F., et al., 2011; Piltan, F., et 
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al., 2011; iltan, F., et al., 2011; Piltan, F., et al., 2011; Piltan, F., et al., 2011; Piltan, F., et al., 2011). The sum of 
the fuel that is injected into the cylinder by the port fuel injector and the direct fuel injector is the total 
fuel . The amount of fuel injected by one injector divided by the sum of the two is the fuel ratio of  to 

. The fuel ratio can be used to determine which fuel system should have a larger impact on how much fuel is 
injected into the cylinder. Since a direct fuel injector has immediate injection of its fuel with significant charge 
cooling effect, it can have a quicker response to the desired amount of fuel that is needed by an engine. 
Although a port fuel injector may have a slower response due to its wall-wetting dynamics, the fuel ratio will 
impact the combustion characteristics of an engine. Fuel ratio also can be used to regulate or safety 
environmental management control two fuel types. For example, an engine may have the ability to run on 
gasoline and ethanol. The gasoline could be injected by a port fuel injector, while the ethanol could be injected 
by a direct injector. Although, implementation of this may require to separate fuel lines and separate fuel tanks, 
the ratio of gasoline to ethanol, or two other types of fuels, may be of interest to future engine safety 
environmental management control designers (Piltan, F., et al., 2011; Slotine, J.J. and S. Sastry, 1983; M. 
Ertugrul and O. Kaynak, M. Ertugrul and O. Kaynak, 2002). 

Safety environmental management controller to safety environment is a device which can sense information 
from linear or nonlinear system (e.g., IC engine) to improve the systems performance (Kachroo, P. and M. 
Tomizuka, 2002; Elmali, H. and N. Olgac, 2002; Moura, J. and N. Olgac, 2006).   The main targets in designing 
safety environmental management safety environmental management control systems is reduce the fuel 
consumption (Benninger, N.F. et al, 1991; Wu, B. et al., 2006; Hsu, F.Y. and L.C. Fu, 2002; Lee, B., 2005; 
Dawson, J., 2005; Rivard, J.G., 1973; Farzin Piltan, et al., 2011). Several IC engine are safety environmental 
management safety environmental management controlled by linear methodologies (e.g., Proportional-
Derivative (PD) safety environmental management controller, Proportional- Integral (PI) safety environmental 
management controller or Proportional- Integral-Derivative (PID) safety environmental management controller), 
but when IC engine works in various situation and have uncertainty in dynamic models this technique has 
limitations. Strong mathematical tools used in new safety environmental management safety environmental 
management control methodologies to design nonlinear robust safety environmental management safety 
environmental management controller with an acceptable performance. Sliding mode safety environmental 
management safety environmental management controller (SMM) is an influential nonlinear safety 
environmental management safety environmental management controller to certain and partly uncertain systems 
which it is based on nonlinear robust safety environmental management control law. When all dynamic and 
physical parameters are known, SMM works superbly. There have been several engine safety environmental 
management safety environmental management controller designs over the past 40 years in which the goal is to 
improve the efficiency and exhaust emissions of the automotive engine. A key development in the evolution was 
the introduction of a closed loop fuel injection safety environmental management safety environmental 
management control algorithm by Rivard in the 1973 (Cho, S.B. et al, 1993). This strategy was followed by an 
innovative linear quadratic safety environmental management control method in 1980 by Cassidy (Kume, T., et 
al, 1996) and an optimal safety environmental management control and Kalman filtering design by Powers 
(Frank, L. Lewis.1999). Although the theoretical design of these safety environmental management controllers 
was valid, at that time it was not realistic to implement such complex designs. Therefore, the production of these 
designs did not exist and engine designers did adopt the methods. Due to the increased production of the 
microprocessor in the 1990's, it became practical to use these microprocessors in developing more complex 
safety environmental management control and estimation algorithms that could potentially be used in production 
automotive engines. Specific applications of fuel ratio safety environmental management control based on 
observer measurements in the intake manifold was developed by Benninger in 1991 (Okyak Kaynak, 2001). 
Another approach was to base the observer on measurements of exhaust gases measured by the oxygen sensor 
and on the throttle position, which was researched by Onder (Piltan, F., et al., 2011). These observer ideas used 
linear observer theory. Hedrick also used the measurements of the oxygen sensor to develop a nonlinear, sliding 
mode approach to safety environmental management control the A/F ratio (Piltan, F., et al., 2011). All of the 
previous safety environmental management control strategies were applied to engines that used only port fuel 
injections, where fuel was injected in the intake manifold. The development of these safety environmental 
management control strategies for direct injection was not practical because the production of direct injection 
automobiles did not begin until the mid 1990's. Mitsubishi began to investigate combustion safety 
environmental management control technologies for direct injection engines in 1996 (Piltan, F., et al., 2011). 
Furthermore, engines that used both port fuel and direct systems appeared a couple years ago, leading to the 
interest of developing the corresponding safety environmental management control strategies. Current 
production A/F ratio safety environmental management controllers use closed loop feedback and feed forward 
safety environmental management control to achieve the desired stoichiometric mixture. These safety 
environmental management controllers use measurements from the oxygen sensor to safety environmental 
management control the desired amount of fuel that should be injected over the next engine cycle and have been 
able to safety environmental management control the A/F very well. 
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In this research sliding mode methodology is improved by artificial intelligence MAMDANI fuzzy 
inference system to eliminate the chattering and estimate the IC engine dynamic formulation to reduce the fuel 
consumption to have a safe environment by environment management. This paper is organized as follows; in 
section 2, main subject of dynamic formulation of IC engine, sliding mode methodology and fuzzy inference 
engine are presented. A methodology of proposed fuzzy sliding mode safety environmental management 
controller is presented in section 3. In section 4, the fuzzy sliding mode safety environmental management 
controller and sliding mode methodology are compared and discussed. In section 5, the conclusion is presented. 

 
 

 2.   Theory: 
 

Dynamic of IC engine: 
 

Dynamic modeling of IC engine is used to describe the nonlinear behavior of IC engine, design of model 
based controller such as pure variable structure controller based on nonlinear dynamic equations, and for 
simulation. The dynamic modeling describes the relationship between fuel to air ratio to PFI and DI and also it 
can be used to describe the particular dynamic effects (e.g., motor pressure, angular speed, mass of air in 
cylinder, and the other parameters) to behavior of system (Heywood, J., 1988).  

The equation of an IC engine governed by the following equation (Heywood, J., 1988; Powers, W.E., 1983; 
Okyak Kaynak, 2001; Piltan, F., et al., 2011; Piltan, F., et al., 2011; Piltan, F., et al., 2011; Piltan, F., et al., 
2011; Slotine, J.J. and S. Sastry, 1983; M. Ertugrul and O. Kaynak, 2002): 

 

 

   (1) 
Where  is port fuel injector,  is direct injector,  is a symmetric and positive define mass of air 

matrix,  is the pressure of motor,  is engine angular speed and  is matrix mass of air in cylinder. Fuel 
ratio and exhaust angle are calculated by (Slotine, J.J. and S. Sastry, 1983; M. Ertugrul and O. Kaynak, 2002) 

: 

 

 
(2) 

The above target equivalence ratio calculation will be combined with fuel ratio calculation that will be used 
for controller design purpose.  

 
Sliding Mode Safety Environmental management Methodology: 
 

Consider a nonlinear single input dynamic system is defined by (Piltan, F., et al., 2011): 
 

 
   (3) 
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Where u is the vector of control input,  is the  derivation of ,  is the state 
vector,  is unknown or uncertainty, and  is of known sign function.  Suppose the second order system 
is defined as; 
 

 
   (4) 

Where  is the dynamic uncertain, and also since , to have the best approximation ,  is 
defined as 

 
 

 
   (5) 

A simple solution to get the VS condition when the dynamic parameters have uncertainty is the switching 
control law (Elmali, H. and N. Olgac, 2002; Moura, J. and N. Olgac, 2006; Wu, B. et al., 2006; Hsu, F.Y. and 
L.C. Fu, 2002; Lee, B., 2005; Dawson, J., 2005; Rivard, J.G., 1973; Farzin Piltan, et al., 2011): 
 

 
   (6) 

where the switching function  is defined as (Piltan, F., et al., 2011; Piltan, F., et al., 2011) 
 

 

   (7) 
and the  is the positive constant. Suppose by (7) the following equation can be written as, 
 

 
   (8) 

 
and if the equation (11) instead of (10) the VS surface can be calculated as  
 

 
   (9) 

in this method the approximation of  is computed as (Dawson, J., 2005) 
 

 
 (10) 

Based on above discussion, the variable structure control law for IC engine is written as (Piltan, F., et al., 
2011): 

 
 

 (11) 
Where, the model-based component  is the nominal dynamics of systems calculated as follows 

(Farzin Piltan, et al., 2011): 
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 (12) 
and  is computed as (Lee, B., 2005); 

 
 

 (13) 
 
By (13) and (14) the VSC of IC engine is calculated as;  

 
 (14) 

where   
 
Figure 1 is shown pure sliding mode safety environmental management of IC engine. 

 
Fig. 1: Sliding Mode Safety Environmental Management of IC engine 

 
Fuzzy Logic Theory: 
 

Based on foundation of fuzzy logic methodology; fuzzy logic methodology has played important rule to 
design nonlinear controller for nonlinear and uncertain systems (Piltan, F., et al., 2011). However the 
application area for fuzzy control is really wide, the basic form for all command types of controllers consists of; 
Input fuzzification (binary-to-fuzzy [B/F] conversion), Fuzzy rule base (knowledge base), Inference engine and 
Output defuzzification (fuzzy-to-binary [F/B] conversion). Figure 2 is shown a fuzzy safety environmental 
management controller part. 
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Fig. 2: Fuzzy Safety environmental management controller Part 
 
The fuzzy inference engine offers a mechanism for transferring the rule base in fuzzy set which it is divided 

into two most important methods, namely, Mamdani method and Sugeno method. Mamdani method is one of 
the common fuzzy inference systems and he designed one of the first fuzzy safety environmental management 
controllers to safety environmental management control of system engine. Mamdani’s fuzzy inference system is 
divided into four major steps: fuzzification, rule evaluation, aggregation of the rule outputs and defuzzification.  
Michio Sugeno use a singleton as a membership function of the rule consequent part. The following definition 
shows the Mamdani and Sugeno fuzzy rule base 

 
 

 
 (15) 

 
When  and  have crisp values fuzzification calculates the membership degrees for antecedent part. Rule 

evaluation focuses on fuzzy operation (  ) in the antecedent of the fuzzy rules. The aggregation is used 
to calculate the output fuzzy set and several methodologies can be used in fuzzy logic safety environmental 
management controller aggregation, namely, Max-Min aggregation, Sum-Min aggregation, Max-bounded 
product, Max-drastic product, Max-bounded sum, Max-algebraic sum and Min-max. Two most common 
methods that used in fuzzy logic safety environmental management controllers are Max-min aggregation and 
Sum-min aggregation. Max-min aggregation defined as below; 

 

 
 (16) 

The Sum-min aggregation defined as below 
 

 
 (17) 

 
where  is the number of fuzzy rules activated by  and  and also  is a fuzzy 

interpretation of  rule. Defuzzification is the last step in the fuzzy inference system which it is used to 
transform fuzzy set to crisp set. Consequently defuzzification’s input is the aggregate output and the 
defuzzification’s output is a crisp number. Centre of gravity method  and Centre of area method  
are two most common defuzzification methods, which  method used the following equation to calculate the 
defuzzification 

 

 

 (18) 
and  method used the following equation to calculate the defuzzification 
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 (19) 
 
Where  and  illustrates the crisp value of defuzzification output,  is discrete 

element of an output of the fuzzy set,  is the fuzzy set membership function, and  is the number 
of fuzzy rules [23-28]. 

 
Design Fuzzy Sliding Mode Safety Environmental Management Applied to Internal Combustion Engine: 

  
As shown in Figure 1, variable structure safety environmental management controller has two main parts: 

error-based part and model-based part. Error-based part is based on performance based switching function to 
have stability, but it can caused to system’s chattering.  Model-based part is based on IC engine’s dynamic 
formulation, based on nonlinear; MIMO and uncertain dynamic formulation. To have an IC engine’s dynamic 
independent methodology, fuzzy logic theory is applied to SMM. Based on literature [26-28], most of 
researchers are designed fuzzy model-based SMM. In this method fuzzy logic method is used to estimate some 
unknown dynamic formulation. Above methods have acceptable performance based on dynamic modeling of IC 
engines but this research is focused on eliminate the nonlinear IC engine’s dynamic formulation. In this method; 
nonlinear dynamic model based part is replaced by performance/error-based Mamdani’s fuzzy inference system. 
It has considered one input; variable structure surface , one output;  and totally 7 rules instead of the 
nonlinear dynamic model part.  Figure 3 is shown Mamdani’s fuzzy inference variable structure methodology. 
This method has an important challenge to adjust the variable structure slope To solve above challenge new 
based-line method is applied to fuzzy variable structure methodology to reduce the role of initial value of  in 
fuzzy variable structure methodology. 

 
 

Fig. 3: Mamdani’s Fuzzy Inference Variable Structure Safety environmental management controller 
 
 In fuzzy VSC the PD-variable structure surface is defined as follows: 

 
 

               (20) 
where . The time derivative of S is computed;  

 
 

 (21) 
 
Based on Figure 3, the fuzzy variable structure safety environmental management controller’s output is 

written; 
 

 (2
2) 

 (22) 
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Based on fuzzy logic methodology 
 

 
(2

3) 

 (23) 
where  is adjustable parameter (gain updating factor) and  is defined by 
 

 
(2

4) 
 (24) 

Where  is membership function.  is defined as follows; 
 

        

(2
5) 

 (25) 
Design fuzzy like nonlinear equivalent part has the following steps;  
 

Fuzzification: 
 

in this step the researcher must to defined the linguistic variables for input, , and outputs, . 
This research defined 7 linguistic variables for input and output which names; Negative Big (NB), Negative 
Medium (NM), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Medium (PM) and Positive Big 
(PB). Triangular membership function is used to design this safety environmental management controller. Based 
on this membership function it can guarantee the output performance. Input and output are quantized into 
thirteen levels represented by: -6, -5, -0.4, -3, -2, -1, 0, 1, 2, 3, 4, 5, 6.  

 
Fuzzy rule base and rule evaluation: 
 

this design has 7 rules which design by researcher’s experience knowledge. Design the rule base of fuzzy 
inference system can play important role to design the best performance of fuzzy VSC, that to calculate the 
fuzzy rule base the researcher is used to heuristic method which, it is based on the behavior of the safety 
environmental management control of IC engine. Table 1 is shown the fuzzy rule table in fuzzy VSC.  

 
Table 1: Modified Fuzzy Variable Structure Rule Table 

 NB NM NS ZE PS PM PB 
 PB PM PS ZE NS NM NB 

 
Rule evaluation focuses on operation in the antecedent of the fuzzy rules in fuzzy variable structure safety 

environmental management controller. In this research, researcher is used fuzzy operation in antecedent 
part. After calculate rule evaluation, activation degree applied to antecedent part and connect it to consequent 
part based on  operation in antecedent part. Finally rule aggregation is introduced which, Max-Min 
aggregation is used in this paper. 

 
Inference Mechanism: 
 

in this paper Mamdani’s fuzzy inference mechanism is used based on eliminate the IC engine’s dynamic 
formulation. 

 
Defuzzification: 
 

the final steps to design fuzzy VS safety environmental management controller is select the defuzzification 
methodology. In this paper Center of Gravity method  is used to transform fuzzy to crisp. 
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Results: 
 
To validation of this work it is used IC engine and implements proposed AFSGSMC and SMC in this IC 

engine. The simulation was implemented in Matlab/Simulink environment. Fuel ratio trajectory and disturbance 
rejection are compared in these safety environmental management controllers.  

 
Fuel ratio trajectory: 
 

Figure 4 is shown the fuel ratio in proposed AFSGSMC and SMC in uncertain environment for desired step 
input. 

 

 
 

Fig. 4: SMC Vs. AFSGSMC: fuel ratio 
 
By comparing this response, Figure 4, in SMC and AFSGSMC, in certain environment both of safety 

environmental management controllers have about the same response. The Settling time in AFSGSMC is fairly 
lower than SMC. 

 
Disturbance rejection: 
 

It is noted that, these systems are tested by band limited white noise with a predefined 40% of relative to the 
input signal amplitude. This type of noise is used to external disturbance in continuous and hybrid systems. 
Figure 5 is indicated the power disturbance removal in SMC and AFSGSMC. Besides a band limited white 
noise with predefined of 40% the power of input signal is applied to the trajectory response SMC and 
AFSGSMC; it found slight oscillations in classical SMC trajectory responses.  

 
Fig. 5: SMC Vs. AFSGSMC: fuel ratio with external disturbance 

 
Among above graph, relating to desired trajectory following with structure and unstructured disturbance, 

SMC has slightly fluctuations.  
 

Conclusion: 
 
Refer to the research, a position on-line fuzzy sliding gain scheduling sliding mode safety environmental 

management control (AFSGSMC) design and application to internal combustion engine has proposed in order to 
design high performance nonlinear controller in the presence of uncertainties and external disturbance. 
Regarding to the positive points in sliding mode algorithm and gain scheduling methodology which applied to 
sliding mode methodology and adaptive fuzzy sliding gain scheduling sliding mode safety environmental 
management control, the response is improved. In supervisory safety environmental management controller 
fuzzy logic method by adding to the sliding mode safety environmental management controller has covered 
negative points. Obviously IC engine is nonlinear and MIMO system so in proposed safety environmental 
management controller in first step design model based safety environmental management controller based on 
sliding mode safety environmental management controller and after that disturbance rejection is improved by 
adaptive fuzzy sliding mode gain scheduling sliding mode safety environmental management controller. Higher 
implementation quality of response and model based safety environmental management controller versus an 
acceptable performance in chattering and trajectory is reached by designing proposed adaptive safety 
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environmental management controller and applied to IC engine. As a result, this safety environmental 
management controller will be able to safety environmental management control a wide range of IC engine with 
a high sampling rates because its easy to implement. 
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