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Abstract— Internal combustion (IC) engines are 

optimized to meet exhaust emission requirements with 

the best fuel economy. Closed loop combustion control 

is a key technology that is used to optimize the engine 

combustion process to achieve this goal. In order to 

conduct research in the area of closed loop combustion 

control, a control oriented cycle-to-cycle engine model, 

containing engine combustion information for each 

individual engine cycle as a function of engine crank 

angle, is a necessity. In this research, the IC engine is 

modeled accord ing to fuel ratio, which is represented by 

the mass of air. In this research, a mult i-input-multi-

output baseline computed fuel control scheme is used to 

simultaneously control the mass flow rate of both port 

fuel injection (PFI) and direct in jection (DI) systems to 

regulate the fuel ratio of PFI to DI to desired levels. The 

control target is to maintain the fuel ratio at 

stoichiometry and the fuel ratio to a desired value 

between zero and one. The performance of the baseline 

computed fuel controller is compared with that of a 

baseline proportional, integral, and derivative (PID) 

controller. 

Index Terms— IC engine, fuel rat io, port fuel in jection, 

direct injection, baseline controller, computed fuel 

controller. 

 

I. 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 
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Nico laus A. Otto in  1876 [1-8]. 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 min imizing the risks of 

damaging an engine when validating controller designs. 

Nevertheless, developing a small model, for specific 

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 Eu ler-

Lagrange method compromising accuracy and 

complexity [9-12]. 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 [3], [4], [5], [9-16]. The sum of the fuel 

that is injected into the cylinder by the port fuel in jector 

and the direct fuel injector is the total fuel  ̇    . The 

amount of fuel in jected 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 d irect fuel in jector 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 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  in jector. 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 o f interest to future engine control 

designers [17-19]. 

Controller is a  device which can sense informat ion 

from linear or nonlinear system (e.g., IC engine) to 

improve the systems performance [20-22].   The main 

targets in designing control systems are stability, good 

disturbance reject ion, and small t racking error[5, 23-40]. 

Several IC engine are controlled by linear 

methodologies (e.g., Proportional-Derivative (PD) 

controller, Proportional- Integral (PI) controller or 

Proportional- Integral-Derivative (PID) controller), but 

when IC engine works in various situation and have 

uncertainty in dynamic models this technique has 

limitat ions. Strong mathematical tools used in new 

control methodologies to design nonlinear robust 

controller with an acceptable performance (e.g., 

minimum error, good trajectory, disturbance rejection).  

Baseline computed fuel controller (BCFC) is an 

influential nonlinear controller to certain and partly 

uncertain systems which it is based on feedback 

linearization and computes the required outputs using 

the nonlinear feedback control law. When all dynamic 

and physical parameters are known, BCFC works 

superbly. There have been several engine 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 

control algorithm by Rivard in the 1973 [7]. This 

strategy was followed by an innovative linear quadratic 

control method in 1980 by Cassidy [8] and an  optimal 

control and Kalman filtering design by Powers [9]. 

Although the theoretical design of these 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 [41-47]. Due to the increased production of the 

microprocessor in the 1990's, it became pract ical to use 

these microprocessors in developing more complex 

control and estimat ion algorithms that could potentially 

be used in production automotive engines. Specific 

applications of fuel ratio control based on observer 

measurements in the intake manifo ld was developed by 

Benninger in 1991 [10]. 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 [11]. 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 [12]. All of the previous control strategies were 

applied to engines that used only port fuel inject ions, 

where fuel was injected in the intake manifold. The 

development of these control strategies for direct 

injection was not practical because the production of 

direct in jection automobiles  did not begin until the mid 

1990's. Mitsubishi began to investigate combustion 

control technologies for direct injection engines in  1996 

[13]. Furthermore, engines that used both port fuel and 

direct systems appeared a couple years ago, leading to 

the interest of developing the corresponding control 

strategies. Current production A/F ratio controllers use 

closed loop feedback and feed forward control to 

achieve the desired stoichiometric 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. 

This paper is organized  as follows. In section 2, main  

subject of dynamic formulat ion of IC engine is 

presented. A methodology of proposed baseline 

computed fuel controller is presented in section 3. In 
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section 4, the baseline controller and proposed 

methodology are compared and discussed. In section 5, 

the conclusion is presented. 

 

II. Theory 

Dynamic modeling of IC engine is used to describe 

the nonlinear behavior o f IC engine, design of model 

based controller such as pure variable structure 

controller based on nonlinear dynamic equations, and 

for simulat ion. 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[1].  

The equation of an IC engine governed by the 

following equation [1, 4, 10, 12, 15-19]: 
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Where     is port fuel injector,    is d irect in jector, 

 ̇    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 [18-19]: 
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(2) 

The above target equivalence ratio calculation will be 

combined with fuel ratio calculat ion that will be used 

for controller design purpose.  

 

III. Methodology 

3.1 Baseline Methodology 

The design of a baseline methodology to control the 

fuel rat io was very straight forward. Since there was an 

output from the fuel ratio  model, this means that there 

would be two  inputs into the baseline controller. 

Similarly, the output of the controller result from the 

two control inputs of the port fuel in jector signal and 

direct injector signal. In a typical PID method, the 

controller corrects the error between the desired input 

value and the measured value. Since the equivalence 

ratio and fuel ratio are the two measured signals, two 

controllers were cascaded together to control the PFI 

and DI inputs. The first was a PID controller that 

corrected the error between the desired  equivalence 

ratio and the measured equivalence ratio; while the 

second was only a proportional integral (PI) controller 

that corrected the fuel ratio error.  Figure 1 is shown 

baseline methodology, applied to IC engine.   

 
Fig. 1: Block diagram of baseline method  
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3.2 Computed Fuel Methodology 

Computed fuel optimization (CFM) is a powerful 

nonlinear optimized supervisory method, which it is 

widely used in control of fuel ratio of IC engine. It is 

based on feedback linearization and computes the 

required engine fuels using the nonlinear feedback 

control law. This controller works very well when all 

dynamic and physical parameters are known or part ly 

unknown. In practice, most of physical systems (e.g., IC 

engines) parameters are unknown or time variant, 

therefore, BCFC used to compensate dynamic equation 

of IC engine. Research on BCFC is significantly 

growing on IC engine application. Vivas and Mosquera 

have proposed a predictive functional controller and 

compare to computed fuel methodology (CFM) for 

tracking response in uncertain environment. However 

both controllers have been used in feedback 

linearization, but predictive strategy gives better result 

as a performance. When all dynamic and physical 

parameters are known, CFM works fantastically. The 

central idea of CFM is feedback linearizat ion so, 

originally  this algorithm is called computed fuel 

controller. It has assumed that the desired PFI for the IC 

engine      ( ) , as determined, by a path planner. 

Defines the error as: 

If an alternative linear state-space equation in the 

form  ̇        can be defined as 
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]  and this is known as the Brunousky 

canonical form. By (8) and (9) the Brunousky canonical 

form can be written in terms of the state   ,    ̇ -  

as [1]: 
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This is a nonlinear feedback control law that 

guarantees tracking of IC engine trajectory. Selecting 

proportional-plus-derivative (PD) feedback for U(t) 

results in the PD-FELC ; 
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According to the linear system theory, convergence 

of the tracking error to zero is guaranteed. Where    

and    are the controller gains. Based on Figure 2, this 

system has two feedback loops , namely, inner loop and 

outer loop, which an  inner loop is a compensate loop 

and an outer loop is a tracking error loop.  

 

Fig. 2: Block diagram of BCFC 

 

IV. Results and Discussion 

This part is focused on compare between baseline 

controller (BC) and baseline computed fuel controller 

(BCFC). These controllers were tested by step fuel rat io 

and equivalence ratio. The simulation was implemented 

in MATLAB/SIMULINK environment. Close loop 

response of fuel ratio and close loop response of 

equivalence ratio without any disturbance and in 

presence of disturbance are compared in these 

methodologies.  

Close loop res ponse of fuel ratio without any 

disturbance: Figure 3 is shown the control of fuel rat io 

based on two methods: baseline computed fuel 

controller and baseline controller.  
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Fig. 3: Baseline computed fuel controller Vs. Baseline controller for fuel ratio performance without disturbance  

 

Based on Figure 3;  by comparing fuel ratio response 

without disturbance in BC and  BCFC, BCFC’s 

overshoot about (0.94% ) is lower than BC’s (6.44% ). 

BC’s rise time (0.403) is lower than BCFC’s (0.483).  

Close loop res ponse of fuel ratio in presence of 

torque load disturbance: Figure 4 shows the power 

disturbance elimination in  BCFC and BC with torque 

load disturbance for fuel ratio. The disturbance rejection 

is used to test the robustness comparisons of these two 

controllers for fuel rat io. It found fairly fluctuations in 

fuel ratio responses. 

 

Fig. 4: Baseline computed fuel controller Vs. Baseline controller for fuel ratio performance with torque load dist urbance 

 

Based on Figure 4;  by comparing fuel ratio response 

in presence of torque load disturbance in BC and BCFC, 

BCFC’s overshoot about (0%) is lower than BC’s (5% ). 

Based on Figure 4, BC has moderately oscillat ion in 

fuel rat io response with regard to torque load 

disturbance but BCFC has stability in trajectory 

responses. Based on Figure 4 in p resence of torque load 

unstructured disturbance, BCFC’s is more robust than 

BC, because BCFC is a nonlinear linear controller and 

it has more than BC’s tuning parameters.  

Close loop res ponse of throttle equivalence ratio 

without disturbance: Figure 5 is shown the control of 

throttle equivalence ratio  (       )  based on two 

methods: baseline computed fuel controller and baseline 

controller. 
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Fig. 5: Baseline computed fuel controller Vs. Baseline controller for throttle equivalence ratio performance  without disturbance 

 

Based on Figure 5; by comparing throttle response 

without disturbance in BC and  BCFC, BCFC’s 

overshoot about (0.22% ) is lower than BC’s (2.1% ). 

BC’s rise time (0.403) is lower than BCFC’s (0.483). 

Close loop res ponse of throttle equivalence ratio in 

presence of torque load disturbance: Figure 6 shows 

the power disturbance elimination in BCFC and BC 

with torque load disturbance for throttle equivalence 

ratio. The disturbance rejection is used to test the 

robustness comparisons of these two controllers for 

throttle equivalence. It found fairly fluctuations in BC 

throttle equivalence responses. 

 

Fig. 6: Baseline computed fuel controller Vs. Baseline controller for throttle equivalence ratio performance in presence of torque  load disturbance 

 

Based on Figure 6; by comparing throttle equivalence 

response in presence of torque load disturbance in BC 

and BCFC, BCFC’s overshoot about (0%) is lower than 

BC’s (3.2% ). Based on Figure 6, BC has moderately 

oscillation in throttle response with regard to torque 

load disturbance but BCFC has stability in throttle 

responses. Based on Figure 6 in p resence of torque load 

unstructured disturbance, BCFC’s is more robust than 

BC, because BCFC is a nonlinear linear controller and 

it has more than BC’s tuning parameters.  

V. Conclusion 

In this research, a mult i-input-multi-output baseline 

computed fuel control scheme is used to simultaneously 

control the mass flow rate of both port fuel injection 

(PFI) and direct in jection (DI) systems to regulate the 

fuel ratio of PFI to DI to desired levels. The control 

target is to maintain  the fuel rat io at stoichiometry and 

the fuel ratio to a desired value between zero and one 

(the best number is 0.6). Th is controller has two inputs , 
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   and    , and two outputs, PFI and DI. This 

methodology is useful to control, adjust fuel rat io 

control, engine speed and equivalence ratio. This is 

primarily due to the fact that BC controller is widely 

used in automotive applications and can be easily 

implemented. Likewise, the BCFC design was also an 

excellent MIMO controller. The ability to use BCFC 

theory on a MIMO case was significant. This 

supervisory methodology has acceptable performance in 

presence of uncertainty (e.g., overshoot=0%, rise 

time=0.483 second, steady state error = 1e-9 and RMS 

error=1.8e-12). 
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