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Summary 

This project is about the simulation design of an Engine Control Unit (ECU) for an internal 

combustion engine with Electronic Fuel Injection (EFI). The simulation includes a model for 

the ECU as well as a physical model of the engine, which allows closed loop control and 

monitoring of various parameters. 

This simulation has been realized using Simulink and Stateflow, which are components of 

Mathworks’ MATLAB software. 

The program allows control of various parameters of the ECU, as well as the simulation of 

failures to verify that the designed ECU is fault-tolerant and can control the engine using an 

open loop control. The main function the ECU provides is fuel metering. 

Subsequently, this program could be used as a tool to quickly develop and test models of 

ECU in order to control an engine in laboratory for gas emission, fuel economy and engine 

performance improvements purposes. 
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1. Introduction 

Nowadays, the development of complex control systems for thermal engines is a critical 

step of the engineering process in automotive industry, as well as a very expensive one if 

some precautions are not taken to develop a cost-effective method to test those systems. 

That is why it is often very interesting for automotive engineers to capitalize on the 

advantages of simulation as part of a process of development, testing and optimization of 

advanced control systems. 

Considering this, it has been decided to develop a virtual model of an Engine Control Unit 

(ECU), also known as Electronic Control Unit, which, possibly, could be later “plugged in” to 

a real motor mounted on a test bench. This would allow the design of a closed-loop control 

system, as well as a fault-tolerant system. However, to be able to test this virtual ECU 

before it could be used on real engines, it was necessary to build up a quite simple model of 

a virtual engine. All this has been done using Mathworks’ Simulink, which allows the design 

and simulation of complex dynamics models, and one of its extensions, Stateflow, for the 

design of logical systems based on a graphical interface. 

Therefore, this project is divided in two main parts. The first part is the design of the virtual 

ECU, which will basically represent all the engine electronics, while the second part 

concerns the design of a physical model of the engine and of some of its sensors. 

Consequently, this second part can be considered as a “virtualization” of the motor on its 

test bench, based on some basic physical models. 

The final goal we wanted to reach was a system with one main input, the throttle angle, a 

secondary input, the load of the engine (resistant torque on the brake of the test bench), 

and the outputs of a conventional engine (speed, exhaust gas…), as well as a failure-

simulation ability, to obtain a fault-tolerant system. 
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2. Overview of the Simulink Model 

The Figure 2.1 draws an overview of the main system of the final Simulink Model. The 

blocks drawn in green are blocks which the user can make an interaction on. These blocks 

are: 

• The throttle angle, which is the main interactive block, driven by an ActiveX control 

which represents a linear vertical gauge. 

• The resistant torque of the test bench. We actually consider that our bench is 

controlled by giving it this torque as input. Consequently, there is no speed-

controlled closed-loop on this bench. 

• The two temperature values, concerning the temperature of the ambient air, and the 

temperature of the coolant liquid. There is indeed no physical model in this project of 

the evolution of the coolant temperature while the engine is operating, and therefore 

this value as to be manually entered by the user in order to test the response of the 

ECU to this parameter. 

• The two pedals (gearing and braking), which are represented as “light-bulbs” 

ActiveX controls, as they are just treated as binary values (on/off). 

The user can also interact on the blocks representing a black on/off switch in a red square. 

These switches allow the user to simulate a fault in the sensors system. When such a 

switch is put in “failure position”, the normal signal coming from the linked sensor is replaced 

by another specific and constant signal representing the failure (usually zero, but it can be 

another constant value depending on the sensor). 

The picture on Figure 2.1 is divided in two zones by a blue dotted line. These two zones 

represent the two main parts of the project. On the left is the electronic control system, 

represented by the big ECU block and all its input and output signals. On the right are the 

physical models developed for the project in order to simulate the behavior of the virtual 

engine controlled by the ECU. These models are built in three blocks: 

• The “Engine Dynamics Simulation” block, in which are included all the subsystems 

which calculate the engine’s dynamic parameters such as speed, air and fuel flows, 

performing calculations based on the current engine speed, the position of the 

throttle command, the injections parameters computed by the ECU, and the load on 

the engine induced by the resistant torque of the brake. 
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• The “Lambda Sensor Simulation” block, which simulates the behavior of a binary 

lambda sensor whose output signal will depend on the ratio between the air flow and 

the fuel flow (its two inputs). 

• The “Crankshaft Pulse Generator” block, which simulates the magnetic pulse of the 

detector placed near the crankshaft to monitor the speed of the engine and the 

position of the crankshaft. 

In this second and “physical” part of the Simulink model, all the signals coming from and 

going to the three concerned blocks represent real physical values and are therefore not 

subject to any kind of failure. For example, a failure of the speed sensor does not mean that 

the engine is not still rotating, that is why the speed signal going to the “Engine Dynamics 

Simulation” block is different from the speed signal going to the ECU, because it does not 

pass through the “failure switch”. This allows the physical simulation to be independent of 

any kind of fault in the sensors system. 

This document will consequently be divided like the Simulink model, with one part for the 

physical model first, and one part for the electronic control system. 
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Figure 2.1 Main frame overview 
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Figure 3.1 Physical Sim. Block 

3. Physical Models in the Simulink Project 

As indicated in the previous part, the physical part of the model is on the right of it, and is 

composed by the two blocks “Engine Dynamics Simulation” and “Lambda Sensor 

Simulation”. In this chapter, we are going to see in details what these blocks contain and 

how they work. 

3.1. The “Engine Dynamics Simulation” Block 

This block is represented on Figure 3.1:  

 

 

 

 

 

 

We can notice that this block has five input signals: 

• The current speed of the engine, in rounds per minute (RPM) 

• The throttle position, in degrees 

• The injection parameters, which are the duration of injection in milliseconds, and the 

frequency of injection 

• The resistant torque of the brake, in Newton*meters. 

• A binary value which indicates if the fuel pump is working. 

The four output signals of this block are: 

• The air flow, in grams/second, which indicates the quantity of air pumped by the 

engine from the intake manifold. 

• The Manifold Absolute Pressure (MAP), in bars. 
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• The fuel flow, in grams/second, which represents the total quantity of fuel injected 

every second. 

• The updated engine speed, in RPM, after computation in the block. 

We may now have a closer look inside the block by looking inside, as shown on Figure 3.2 

The upper part of the systems concerns the computation concerning the intake gas 

dynamics: using the current speed and the position of the throttle plate, the “Throttle & 

Manifold” block proceeds to the calculation of air flow and the manifold absolute pressure. 

The middle part uses the injection parameters and the status of the fuel pump to compute 

the total fuel flow. 

Figure 3.2 Content of the physical simulation block 
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The lower part performs the computation of the speed of the engine, using its injection 

parameters, and the load on the brake (resistant torque). We are going to see more in 

details the operations performed in those three parts. 

3.1.1. Intake Gas Dynamics: the “Throttle & Manifol d” block 

The design of this block is based on the work of a Mathwork team, who used a mathematic 

model published by Crossley and Cook in 1991 [1] . This model can be seen on Figure 3.3 

As shown above, the first element of the simulation is the throttle body. The control input is 

the angle of the throttle plate. The rate at which the model introduces air into the intake 

manifold can be expressed as the product of two functions –one, an empirical function of 

the throttle plate angle only; and the other, a function of the atmospheric and manifold 

pressures. In case of lower manifold pressure (greater vacuum), the flow rate through the 

throttle body is sonic and is only a function of the throttle angle. This model accounts for this 

low pressure behavior with a switching condition in the compressibility equations shown in 

Equation 3.1 

Figure 3.3 Content of the “Throttle & Manifold” block 
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These equations are implemented in the subsystem “Throttle”, on top of Figure 3.3. They 

can be seen on Figure 3.4, where can clearly notice that the switch condition in the 

equations is represented by the “min” and the “threshold=0.5” blocks. 

 

Equation 3.1 

Figure 3.4 Content of the “Throttle” block 
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3.1.2. Calculation of the mass air flow rate: the “ Intake Manifold” block 

Concerning the second block on Figure 3.3, called “Intake Manifold”, the simulation models 

the intake manifold as a differential equation for the manifold pressure. The difference in the 

incoming and outgoing mass flow rates represents the net rate of change of air mass with 

respect to time. This quantity, according to the ideal gas law, is proportional to the time 

derivative of the manifold pressure. 
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The mass flow rate of air that the model pumps into the cylinders from the manifold is 

described in Equation 3.3 by an empirically derived equation. This mass rate is a function of 

the manifold pressure and the engine speed. 
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To determine the total air charge pumped into the cylinders, the simulation integrates the 

mass flow rate from the intake manifold and samples it at the end of each intake stroke 

event. This determines the total air mass that is present in each cylinder after the intake 

stroke and before compression. 

Equation 3.2 

Equation 3.3 
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The implementation of equations 4.2 and 4.3 is done in the subsystem called “Intake 

Manifold”, represented on Figure 3.5 

We can see, on the left of the model, the differential equation shown in Equation 3.2, and, 

on the right, in the “Pumping” block, the empirical equation written in Equation 3.3 which 

calculates the mass flow air rate pumped by the cylinders. 

In conclusion, this model provides us with values on the air flow rate and the manifold 

pressure. In this project, however, only the air flow rate will be used by the simulation. In 

fact, the air flow and manifold pressure usually provides the same kind of information 

concerning the air density and the air flow rate. Fuel injected engines therefore use either a 

MAP sensor or a MAF (mass air flow) sensor.  

 

3.2. Fuel Flow Calculation 

The middle part of Figure 3.2 concerns the mass fuel flow calculation, and can be seen in 

details in following Figure 3.6 

 

 

 

 

 

Figure 3.5 Content of the “Intake Manifold” block 

Figure 3.6 Close view on the fuel flow calculation 
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The purpose of these blocks are to get the value of the mass fuel flow, in grams/s, 

depending on the injection parameters, and the status of the fuel pump, according to the 

following equation:  
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The value of the fuel flow of an injector (block “Constant” on Figure 3.6) has been set to 

261.2 g/s, which is the value of the EV6 model of a Bosch Motorsport injection valve, under 

a pressure of 3 bar [2] . If the pump is working (binary “Fuel Pump” signal), the switch allows 

this value to be used in Equation 3.4 to obtain the total mass fuel flow rate. If not, then the 

switch replaces this value by zero: no fuel is being injected; the mass fuel flow drops to 

zero. 

3.3. Motor Speed Calculation: the “Motor Dynamics” block 

The “Motor Dynamics”, which can be seen on the lower part of Figure 3.2, uses the value of 

the resistant torque, in N.m, and current speed of the engine, to compute the new speed of 

the engine, according to a simple dynamic model represented by the following equations. 

Equation 3.4 
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These equations are implemented in the content of the block, as shown on Figure 3.7 

There are two important things to notice in this model. First, the lack of good mathematical 

model for torque generation in a thermal engine made necessary the search of a simple 

relation between the injection parameters and the engine torque generation. To do this, we 

used here a very simple model in which we consider that the power of the engine is directly 

proportional to the injection duration. This explain the gain block “Power Empirical Coeff”, 

which gives the engine power simply by the multiplication of the injection duration, in 

milliseconds, by this coefficient to obtain a power in watts. The value is therefore quite 

inaccurate, as it does not take in consideration the loss of efficiency of the combustion 

process with the increasing of the speed for example. But it can still be used like here for a 

Equation 3.5 

Figure 3.7 Close view on the speed calculation 
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simple simulation of the acceleration of a fuel injected engine, and the value of the 

coefficient can be refined with laboratory experiments. 

The other point to notice is the “Integral” block, which has an initial value of 200. This value, 

corresponding to the initial speed of the engine, is required to allow the model to start in 

good conditions. 

The “saturation” block is used to prevent the model from generating negative speeds, which 

usually happens after a certain time of deceleration, when the engine torque is inferior to the 

resistant torque. 

3.4. Exhaust Gas Oxygen (EGO) Sensor Simulation 

The oxygen sensor (or lambda sensor) is a critical component to reduce emissions on fuel 

engines, and is therefore required in Europe since 1993. One of the critical parameters, 

concerning the emissions, is the air-fuel ratio, or AFR [3] . This AFR is the ratio between the 

mass of air and the mass of fuel in the fuel-air mix at any given moment, in the mixture. 

When all the fuel is combined with all the free oxygen, within a vehicle's a combustion 

chamber, the mixture is chemically balanced and this AFR is called the stoichiometric 

mixture. For pure octane, this AFR is usually 1:14.7, which means that for every pound of 

fuel, 14.7 pounds of air will be needed for complete combustion. 

The lambda parameter is a ratio that indicates how far from stoichiometry the mixture is. Its 

value is given by 
StoichAFR

AFR=λ . For a value of 1, the mixture, is stoichiometric, above, the 

mixture is lean (excess of air), and below, it is rich (excess of fuel). 

 

 

 

 

 

 

 

Figure 3.8 Emissions function of lambda 
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As we can notice on Figure 3.8 [4] , although the catalytic converter improves drastically the 

emission problems, there is a “zone” of AFR, or lambda, at stoichiometry, which allows the 

combustion process to emit much less particles and gas. Trying to force the engine to work 

with a stoichiometric mixture at all time can therefore be very effective in terms of emissions. 

This is where the lambda sensor plays a role: this probe indicates, at all time, the 

composition of a mixture by analyzing the exhaust gas. It is placed just before the catalytic 

converter. 

On Figure 3.8, the green curve represents the response of a zirconia lambda sensor. This 

sensor is based on a solid-state electrochemical fuel cell called the Nernst Cell. Its two 

electrodes provide an output voltage corresponding to the quantity of oxygen in the exhaust 

relative to that in the atmosphere. An output voltage of 0.2 V (200 mV) DC represents a lean 

mixture. That is one where the amount of oxygen entering the cylinder is sufficient to fully 

oxidize the carbon monoxide (CO), produced in burning the air and fuel, into carbon dioxide 

(CO2). A reading of 0.8 V (800 mV) DC represents a rich mixture, one which is high in 

unburned fuel and low in remaining oxygen. The ideal point is 0.45 V (450 mV) DC; this is 

where the quantities of air and fuel are at the stoichiometric point, and the exhaust output 

will mainly consist of fully oxidized CO2 [3] . The voltage produced by the sensor is so 

nonlinear with respect to oxygen concentration that it is impractical for the ECU to measure 

intermediate values - it merely registers "lean" or "rich", and adjusts the fuel/air mixture to 

keep the output of the sensor alternating equally between these two values, but this will be 

observed later, with the analysis of the ECU. 

All this information allows us to deduce that such a sensor can be considered as simple 

binary sensor which indicates if the mixture is rich or lean. And this type of lambda probes 

are indeed called binary lambda sensor, on the opposite of proportional sensors which give 

a signal proportional to the AFR of the mixture. So, in this project, I decided to basically 

represent the binary lambda sensor as a simple switch, which will be “on” or “off” depending 

on if the mixture is rich or lean. This can be seen in details on Figure 3.9, which represents 

the inside of the “Lambda Sensor Simulation” of Figure 2.1 (overview). 

 

 

 

 

 

Figure 3.9 Content of the “Lambda Sensor Simulation” block 
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The two inputs of this subsystem are the mass air flow and the mass fuel flow, which are 

used to calculate the AFR (block “AFR”). This value is then divided by the AFR at 

stoichiometry, which is a constant coming from block “AFR stoichiometric”, to obtain the 

value of Lambda. This value is used in the switch to determine which signal to send 

depending on the mixture: if the mixture is rich (lambda<1), the output will be 1. If not, the 

output will be 0, meaning a lean mixture. This output is then connected to the ECU, and we 

will later see how this signal is processed. 

3.5. Crankshaft Signal Generator 

In an engine, the crankshaft signal generator provides the ECU with a pulsed signal that has 

a pulse for each rotation of the engine. In our model, we consider that the ECU receives the 

direct numeric value from the “speed” signal coming out from the “Engine Dynamics 

Simulation” block. Therefore the crankshaft signal won’t be used for speed calculation. 

However, it will be used by the ECU for ignition management, because it provides 

information about the crankshaft position. 

In the Simulink model, the “Crankshaft Signal Generator” receives the “speed” signal as 

input. Then a variable pulse generator is used to generate the corresponding pulse signal. A 

problem with Matlab 6.5 (the version used for this project) is that it is not provided with a 

variable pulse generator: the pulse generator’s parameters cannot be modified at runtime. 

Although this issue has been resolved in version 7, a workaround had to be found in this 

version. This has been done using a Stateflow diagram. 

 

 

 

 

 

  Figure 3.10 Crankshaft signal generator and Stateflow diagram 

Above figure shows the content of the generator block. On the right of the blue line is the 

content of the Stateflow block called “Variable Pulse Generator”. The “milliseconds 

generator” generates an event called “sec” in the Stateflow diagram. Depending on the 

inputs “toff” and “ton” (time on, time off”), the diagram will output “0” (pulse_off state) or “1” 

(pulse_on) and generate the pulse. 
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4. The Engine Control Unit (ECU) 

4.1. Introduction to the role of the ECU in Electro nic Fuel 

Injection (EFI) [5] 

Since the early 1990’s, fuel injection has completely replaced the carburetors in common 

cars, due to increasing restrictions on gas emission in Europe and the United States, which 

made fuel injection more competitive, while it had remained until then too expensive. In an 

engine, the carburetor’s main function is the fuel metering, which is the process of 

determining the amount of fuel and its delivery into the engine. Early injection systems used 

mechanical methods to meter fuel, typically on Diesel engines, while modern systems are 

nearly all electronic, and use an electronic solenoid (the injector) to inject the fuel, the 

Engine (or Electronic) Control Unit (ECU) having the function of calculating the amount of 

fuel to inject. 

While a carburetor is a self-contained fuel metering system, an EFI requires several 

peripheral components in order to duplicate all the functions of a carburetor. These 

components are mainly sensors, whose signals are used by the ECU to calculate the 

amount of fuel to inject. The control of the fuel flow, in an EFI, is based on the opening of 

the injectors: they remained closed until an electric pulse is applied to them. So basically, 

the ECU determines the fuel flow by changing the pulse duration (pulsewidth), which 

represents the amount of time the injectors remain open. 

Basically, this pulse duration is calculated by the ECU basing on one fundamental factor, 

the engine’s air flow rate. This gives a first value of the injection time to be applied to the 

injectors. However, thanks to the capacities offered by electronic control, the pulse duration 

can be refined, in function of various parameters, in order to improve the engine’s 

performances and its gas emissions. The functions filled by the ECU developed in this 

project are: 

• Generation of the electric signal to be sent to the injectors 

• Generation of the electric ignition signal 

• Spark advance control 

• Basic pulsewidth calculation depending on throttle plate angle and engine speed 

• Pulsewidth refinement depending on the coolant circuit temperature 



Page 24  Project 

 

• Pulsewidth refinement depending on the ambient air temperature 

• Closed-loop control of the engine based on feedback from the EGO sensor 

• Enrichment of mixture in case of strong positive throttle variation 

• Trigger of evaporative emission control system (canister) 

• Trigger of Exhaust Gas Recirculation (EGR) system 

• Injection to be held under specific circumstances (cut off) 

Consequently, the ECU depends on many different sensors, all of them being potential 

subjects to a failure. So the ECU has to be able to deal with those failures and, depending 

on their gravity, stop the engine, or make some refinements on the EFI. The functions filled 

by our fault-tolerant ECU are as follows: 

• Deactivation of the closed-loop control in case of absent or incorrect signal of the 

EGO 

• Deactivation of the EGR system in case of EGR sensor failure 

• Trigger of the fan in case of a failure from the coolant temperature sensor 

• Engine stop by shutting down the fuel pump in case of critical sensor failure. Critical 

sensors are speed sensor and throttle sensor. 

• Replacement by default values of faulty signals incoming from temperature sensors 

(coolant and ambient air) 

 

All these functions are implemented in the big “ECU” block that can be seen in the overview 

of the project, Figure 2.1. The inside of this block is in the figure that follows, Figure 4.1. In 

this figure, the inputs signals are represented by green circles, the outputs by magenta 

circles, the fault-tolerant system by the big cyan Stateflow subsystem called “Motor and 

Sensors Status”, the basic fuel calculation by the blue block, the closed-loop control by red 

blocks, and the proportional corrections by the yellow block. 
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 Figure 4.1 ECU overview 
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4.2. Basic Pulsewidth Calculation: the Lookup Table  

In most of the ECU, the most important parameter to know in order to perform the fuel 

metering is the air flow in the engine, which can be obtained either through a MAP or a MAF 

sensor. In this project, however, I have been provided with a three dimensional map, a 

“lookup table” that the ECU will use to determine basic pulse duration for the injection. This 

map is represented on Figure 4.2. 

 

RPM 1260 1530 1910 2530 3030 3530 4010 4680 5030 
20º 5 4,6 4,5 4 4,5 3 3  3  3 
30º 5,5 5,5 5,5 5,4 5,3 5,2 5 5 4,9 
40º 6 6 6 6 5,6 6 6,2 6 6,2 
50º 6,1 6,5 7 6 6,1 6,5 6,8 6,5 6,6 
60º 6,3 7 7 6,5 6,5 6,5 6,8 7 7 
70º 8,1 8,8 9,5 8,5 8,1 8 8,2 8,6 9 
80º 8 9 9,5 8,5 8,2 8 8,5 8,9 9 
90º 8,1 9 9,5 8,5 8,5 8,2 8,5 9 9 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.2 Injection map (duration in milliseconds) 
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As we can see, on this map, the 2-D plane is represented by the throttle angle for the X-

axis, by the speed for the Y-axis, while the pulse duration, in milliseconds, represents the 

depth, Z-axis. So with only two inputs, throttle and speed, the ECU can perform a basic 

calculation. This is done by the blue “Lookup Table Map” block of the model Figure 4.1, 

whose two inputs are the speed and the throttle signals coming from the sensor. This fact 

implies that our ECU cannot operate the engine if one of those two signals is faulty. This will 

be seen later in the control logic part of the ECU represented by the Stateflow subsystem. 

The Simulink “Lookup table” block allows either interpolation of the values between the ones 

given in the table, or a discrete use of this table. Normally, in an ECU, to improve the speed 

of the lookup, no interpolation is done. However, the very little amount of discrete elements 

found in the table I have been provided with makes preferable an interpolation to improve 

accuracy. Consequently, the “lookup method” parameter of the block has been set to 

“Interpolation-Extrapolation” in this model. 

 

4.3. Closed-loop control of the engine: the “Lambda  

Correction” block [6] 

As explained before, the heart of the emission control system is the closed loop fuel 

feedback control system. This feedback is performed by the signal generated by the EGO 

sensor, and basically, with our binary sensor described in part 3.4, the ECU treats the signal 

as follows: 

• EGO signal indicates rich mixture : the ECU commands leaner injection duration 

• EGO signal indicates lean mixture : the ECU commands richer injection duration 

However, the side-effects of the closed loop control can be for example an inability to enrich 

the mixture in particular cases like great acceleration, as this enrichment will immediately be 

corrected by the closed loop control to set the mixture back to its stoichiometric value. That 

is why this control must be disabled under certain conditions like acceleration, deceleration, 

wide open throttle: the system is then working in open loop. The closed loop control can be 

considered as working primarily under idle and cruise operations. 
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The above figure represents the content of the red “lambda correction” block that can be 

seen in the ECU’s overview, Figure 4.1. The input is the EGO sensor’s signal, and the 

output is the correction, positive or negative, to be summed with the basic injection duration 

coming from the lookup table (red “sum” circle on Figure 4.1). We can notice than 

depending on the EGO signal, the ECU will choose between two values: 

• EGO indicates rich mixture : ECU removes 0.15 milliseconds to the pulse duration 

• EGO indicates lean mixture : ECU adds 0.10 milliseconds to the pulse duration 

However, this correction has to be done considering the previous correction made in the 

previous cycles. Indeed, if the mixture appears to be rich at a certain time, and is still rich at 

following ECU cycle, then, at this second cycle, the correction will have to be 2x-0.15=-0.30 

milliseconds. That is why a discrete-time integrator is placed in the system: every sample 

time (which can be set in its parameters), the system will integrate the last calculated 

correction value to the previous corrections made. 

But it has been explained that in some cases, the engine has to work in open loop mode, 

and therefore this correction has to be disabled. This is done by the “Enable” block, on top 

of Figure 4.3, which receives a signal from the control logic Stateflow system. If the control 

logic determines that the closed loop control should be disabled, then this signal will be set 

to zero: the block is disabled, its output is zero, and the integrator is also reset to avoid 

further corrections to be based on pre-disable corrections which were concerning a 

completely different state of the engine. 

 

 

Figure 4.3 Content of the “Lambda Correction” block 
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4.4. Corrections of pulsewidth based on coolant and  air 

temperatures [7] 

Correction for intake air temperature  

The density of intake air varies with temperature. The colder the air is, the denser it 

becomes, and so an enrichment of the mixture will be required. For this reason, a correction 

coefficient is used for changes in the air temperature. 

 

 

 

 

 

 

 

 

 

 

Referring to the above coefficient graph (provided by Toyota), we can note that a standard 

temperature of 20°C is used. At this temperature, t he correction factor is 1.0. This correction 

factor is used to modify proportionally the injection duration from the basic calculation. For 

example, a coefficient of 1.1 means that injection duration is being increased by a factor of 

10%. As the Toyota is willingly incomplete, we have completed it by adding a value : for an 

air temperature of 10°C, the coefficient will be 1. 05. We obtain the corresponding equation: 

1.1005.0 +−= airTCoeff  

 

 

 

Figure 4.4 Correction function of intake air temperature 
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Correction for coolant temperature 

When the engine is cold, fuel vaporization is relatively poor until the intake manifold warms 

up. To prevent lean drivability problems associated with this condition, the ECU enriches the 

air/fuel ratio accordingly based on engine coolant temperature. This works exactly the same 

way it does with the air temperature. The reference value is 70°C, for which the coefficient is 

1, and another point is a coefficient of 1.1 for a temperature of 50°C. With those to points 

we consider a linear evolution, whose equation is: 35.1005.0 +−= coolantTCoeff  

These corrections are implemented in the block called “Correction temperatures”, in the 

lower part of Figure 4.1. The content of this block can be seen in the following figure. 

 

 

 

 

 

 

 

 

We can see that for each input, the coolant temperature and the air temperature, the 

corresponding equation is applied to the signal to obtain the correction coefficient. In the 

overview, Figure 4.1, we can see that the two temperature signals coming from the sensors 

are summed to other signals coming from the control logic Stateflow block. This is to do the 

replacement of a faulty signal by a default value before the computation of the correction 

coefficients. 

 

 

 

 

Figure 4.5 Content of the “Temperatures Correction” block 
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4.5. The Control Logic System: Stateflow subsystem 

4.5.1. Introduction to the control logic system 

As explained before, the ECU has to adapt the engine’s behavior in function of various 

parameters. This requires a control logic system, based on simple logic operators and state 

transitions, whose heart in the project is the Stateflow subsystem called “Motor and Sensor 

Status”. Stateflow is a powerful tool to implement quickly a control logic based on finite state 

machine theory. Basically, this is allowed, with a graphical interface, by designing states and 

their transitions in a diagram. 

With the control logic, we can easily handle “if” based events and reactions, such as 

failures, trigger of system. This is the role of the “Motor and Sensor Status” whose content 

can be seen in the following overview, Figure 4.6. Concretely, this Stateflow diagram will 

handle every failure, every replacement of faulty signal, every cut off of the injection system, 

and every trigger of peripheral systems such as the evaporative emission control or the fan. 

Each of those functions will be detailed in this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 32  Project 

 

 

Figure 4.6 Stateflow complete diagram 
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4.5.2. Injection hold: Cutoffs [8] 

Throttle: strong negative variation 

Under certain circumstances, fuel injection is not necessary or desirable. To prevent 

excessive emissions and improve fuel economy, the ECU can decide not to open the 

injectors for a certain amount of time. We have decided that, in case of quick throttle 

release, if a negative variation of the throttle plate angle should exceed a threshold of 

20°/second, then a cutoff would be applied as long as the variation did not go below this 

threshold. To do this, we use the derivative of the throttle angle value to get its variation with 

respect to time. This is done by the derivative block placed on the left of the Stateflow block. 

The resulting value is taken as input by the Stateflow diagram, and compared to the 

threshold of -20. The corresponding part of the diagram, which can be seen in the following 

Figure 4.7, then switches between a cutoff case and a non-cutoff case. 

 

 

 

 

 

 

 

 

 

We can here notice than this part of the diagram is initiated to the non-cutoff case. Then 

depending on the condition explained previously, will switch to a cutoff case. When it enters 

in one of those statuses, an event, called “Inc_CutOff” or “Dec_CutOff”, is generated. This is 

due to the logic handle of the various cutoff reasons, as shown in the following diagram. 

 

 

Figure 4.7 Zoom on deceleration cutoff diagram 
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As we can see in this diagram, which handles all the cutoff statuses, the trigger of the 

Inc_CutOff brings a transition from the current block to the next on the right, while the 

trigger of the Dec_CutOff falls back to the block on the left. This diagram is actually a logic 

counter of the number of active cutoffs. When the number of active cutoff is superior to 1, 

then the “cut_off” output of the Stateflow block is set to 0, and if this number is 0, then the 

“cut_off” output is set to 1. As we can see in the ECU overview, Figure 4.1, this output 

signal is then multiplied, in the yellow block, with the injection duration, which makes the 

cutoff effective (if the signal is 0, then the injection duration is 0). 

Over-speed cutoff  

To prevent damage to the engine, the ECU can limit the speed of the engine by closing the 

injectors if this speed exceeds a threshold. I have decided to set this threshold to 5030 

RPM, as this is the maximum value of the lookup table. The corresponding part in the 

diagram is in the following figure. The logic is exactly the same as with the previous cutoff, 

as the logic counter of above Figure 4.8 is used. 

 

 

 

 

 

 

 

 

Figure 4.8 Cutoff counter diagram 

Figure 4.9 Zoom on overspeed cutoff diagram 
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Gear and brake pedals cutoff 

Stepping on one of those two pedals implies than no power from the engine is required at 

this moment. Based on this fact, it has been chosen that a cutoff would be applied 

whenever one of those pedals is stepped on, and the engine speed superior to 900 RPM. 

The logic diagram representing these cutoffs is shown below. They work exactly as the 

others, incrementing or decrementing the logic counter of Figure 4.8. The input signals used 

are the two trigger signals from both pedals, and the value of the engine speed signal. 

 

4.5.3. Evaporative emission control (EVAP) and enri chment of mixture [9] 

According to a Toyota document, approximately 20% of all hydrocarbon emissions from the 

automobile originate from evaporative sources. The Evaporative Emission Control (EVAP) 

system is designed to store and dispose of fuel vapors normally created in the fuel system; 

thereby, preventing its escape to the atmosphere. The EVAP system delivers these vapors 

to the intake manifold to be burned with the normal air/fuel mixture. 

The EVAP system (shown on Figure 4.11) is a fully closed system designed to maintain 

stable fuel tank pressures without allowing fuel vapors to escape to the atmosphere. Fuel 

vapor is normally created in the fuel tank as a result of evaporation. It is then transferred to 

the EVAP system charcoal canister when tank vapor pressures become excessive. 

 

 

 

 

Figure 4.10 Zoom on gearing and braking cutoff diagrams 
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When operating conditions can tolerate additional enrichment, these stored fuel vapors are 

purged into the intake manifold and added to the incoming air/fuel mixture. The ECU 

controls the opening of the vacuum switching valve, shown on the above figure. 

In the design of the model of this project, it has been decided that: 

• The EVAP system should be purged when the throttle is being opened at a speed 

superior to 20 deg/sec 

• The injection duration should be increased by a factor of 25 % when the throttle is 

being opened at a speed superior to 20 deg/sec 

The goal of these two operations being to increase engine power under strong acceleration 

by enriching the fuel/air mixture of the engine. This is performed by the following parts of the 

Stateflow diagram: 

 

 

Figure 4.11 Overview of the Evaporative Emission Control System 
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We can see that both the EVAP canister system and the enrichment depend on the 

derivative of the throttle with respect to time. When this value reaches the threshold, the 

canister is opened (a simple binary output signal takes the value 1 instead of 0), and the 

enrichment coefficient (another output signal of the Stateflow diagram) takes the value 1.25. 

In our model, the canister’s opening is represented by a simple light bulb which can be seen 

on the global overview Figure 2.1. 

 

4.5.4. Exhaust Gas Recirculation (EGR) System [10] 

The Exhaust Gas Recirculation system is designed to reduce the amount of Oxides of 

Nitrogen (NOx) created by the engine during operating periods that usually result in high 

combustion temperatures. NOx is formed in high concentrations whenever combustion 

temperatures exceed 1300°C. 

The EGR system reduces NOx production by recirculating small amounts of exhaust gases 

into the intake manifold where it mixes with the incoming air/fuel charge. By diluting the 

air/fuel mixture under these conditions, peak combustion temperatures and pressures are 

reduces, resulting in an overall reduction of NOx output. 

In our model, we have decided to activate the EGR system, with a fixed frequency of 300Hz 

for the valve opening, whenever the engine exceeds the speed of 3500 RPM and the 

coolant temperature exceeds 70°C. The generation of  the corresponding EGR pulse is done 

by the “EGR Pulse Generator” block which can be seen in the ECU overview Figure 4.1. 

This block receives a signal from the Stateflow control logic block, which enables or disables 

it. The logic of enabling the EGR pulse in the Stateflow block is represented in the following 

diagram. 

Figure 4.12 Zoom on canister and acceleration enrichment diagrams 
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We can see the two possible statuses of the EGR system, on and off, depending on the 

values of engine speed and coolant temperature. The third state corresponds to a failure of 

the EGR sensor. 

4.5.5. EGO System 

It has already been explained that in some cases it can be useful to deactivate the closed 

loop control by feedback from the EGO sensor. In our case, it has been decided to 

deactivate the closed loop system whenever the variation of the injection duration from the 

lookup would exceed 0.1 millisecond per second. This would mean that the engine is 

currently in a transitory state, and therefore should be controlled in open-loop. The Stateflow 

diagram then sets its “lambda” output to 0, which will disable the “Lambda correction” red 

block. The corresponding diagram follows. The third status corresponds to a failure and will 

be considered later. 

 

Figure 4.13 Zoom on EGR diagram 

Figure 4.14 Zoom on lambda correction diagram 
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4.5.6. Fault-tolerant control system 

As exposed before, a modern ECU is depending on many different peripherals, and must 

therefore be able to handle failures from those peripheral with the security of the user and 

the preservation of the engine’s integrity as main objectives. Those failures can be divided 

in two categories. The first category concerns the non-critical failures, which are failures that 

do not need an immediate stop of the engine. The second category, the critical failures, 

requires shut down of the engine in order to prevent engine damage. 

In this Simulink model, the user has the ability to simulate various failures by introducing 

faulty signals sensors. This is done by activating the manual red switches in the main 

project frame. 

4.5.6.1. Non-critical failures 

In this part, we are going to see how the ECU handles some failures without stopping the 

engine, using some replacements of the faulty signals, or deactivating some of the engine’s 

features. 

Temperature sensors failure 

The temperature sensors provide information to ECU for non-critical corrections of injection 

time. Consequently, in case of failure of one of these sensors, the faulty signal just has to 

be replaced by a default value. These default values are 70°C for coolant temperature, and 

20°C for air temperature. Also, in case of failure of the coolant temperature sensor, the 

engine fan, normally switched on for temperatures above 90°C, is turned on by security. 

The diagrams controlling this logic are drawn below. 

We can see that for each sensor, a correction value is set to 0 when the sensor is working, 

and to the corresponding default value in case of failure. Furthermore, the Stateflow model 

contains a variable, a vector, called “fail”. Each index of this vector corresponds to a 

possible failure. Each peripheral has a specific index inside this vector. For example, the air 

temperature sensor has the index F_AIR, a local variable which has the value 1 (see 

Figure 4.15 Zoom on temperatures diagrams 
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Tools�Explore). So the line “entry: fail[F_AIR]=1” means that the index 1 of the “fail” vector 

will be set to 1, in case of failure. This vector is an output of the Stateflow diagram and is 

used to turn on warning light bulbs. Also, we can notice that the fan is activated when the 

coolant temperature signal is faulty (=0) or reaches 91°C. 

EOBD Signals failure 

EOBD means European On-Board Diagnostic. It gathers the signals that concern the 

engine emissions. In our cases, those signals are EGO and EGR. Any failure in those 

signals requires the deactivation of the corresponding system, as well as a specific warning. 

This is why a logic counter, similar to the one concerning the cut-offs, has been used. The 3 

logic diagrams corresponding to EOBD failure are shown in the following drawing : 

 

These diagrams show that in case of failure, the EGR pulse generator or the closed loop 

control will be disabled. Also, the counter on the left permits to turn on the “EOBD Failure” 

light bulb (explained in the next chapter) when one of those signals is faulty. 

 

Figure 4.16 Zoom on EOBD diagrams 
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4.5.6.2. Critical Failures 

The basic calculation of injection duration, the lookup table, needs two input signals to be 

operating: the engine speed, and the throttle plate angle. Consequently, it is impossible for 

the ECU to operate the engine if one of those signals is missing. That is why, in case of 

faulty speed or throttle signals, the ECU is programmed to shut the fuel pump down: the 

engine will remain without power and stop by itself. These failures are handled buy the 

diagrams that follow. 

 

4.6. The ignition system 

The ECU also has to command the ignition timing and a very important parameter: the 

spark advance. However, although this problem has been studied when working on the 

project, the ignition system could not be well implemented, as explained in the next chapter. 

In the current model, the crankshaft signal is simply delayed of a constant value called 

“Spark Advance”, and sent to the spark plugs. 

 

Figure 4.17 Zoom on critical failure diagrams 
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5. Program documentation, monitoring, model 

validation, and program limitations 

5.1. Using the program 

Using this program is quite simple, because the user has very few direct inputs. Once the 

simulation is started, all the user can, at run time: 

• Change in real time the throttle angle. This is done by simply sliding the red line in 

the ActiveX control. 

• Change the resistant torque on the bench, by double clicking the block and entering 

a new value (within reason) 

• Trigger the brake and the gear by clicking on the corresponding light bulbs on the 

left of the ECU 

• Change the temperatures, by modifying the value of the blocks 

• Simulate failures by double-clicking on the red manual switches in the main frame. 

Furthermore, as for every program of this type, important parameters are not hard coded. 

These are external variables stored in a Matlab file called “data_project.mat”, loaded when 

the project is opened (see File�Model Properties�Callbacks). It contains for example the 

lookup table, and most of the threshold values used in the control logic system. 

5.2. Monitoring the model 

The use of very visual software’s like Simulink and its add-on Stateflow allows good 

monitoring capabilities of the model, which have been even more improved by the use of 

ActiveX controls. These ActiveX controls are used to display the most important engine 

parameters and system status: 

• In the main frame, an angular gauge displays in real time the speed of the engine 

• Also in the main frame, various light bulbs indicate the status of some of the 

engine’s component. The “Fuel Pump” LED, if green, indicates that the pump is 

working, and is red if it is stopped. The “Canister” LED, if green, indicates that the 
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EVAP control valve is open. The “Coolant fan” LED indicates, if green, that the fan of 

the engine is currently turning. The “Injecting (Cut-Off)” indicates, if red, that a cutoff 

is currently being applied to the injector. 

The light bulbs are also used to monitor failures: 

• In the main frame, if the “Failure” LED is in bright red, this means that at least one 

failure has been detected. 

• The detail of all the failures can be seen inside the “Failure Indicators” block. Here, 

every potential failure has a corresponding LED. 

Warning: due to an issue with the ActiveX controls, the “Failure Indicators” block has to be 

opened before the simulation is launched, otherwise they will not work. 

Furthermore, many important values can be monitored and even drawn on a graph. These 

important values are: 

• In the main frame : the MAP value, the fuel flow, the air flow, as well as the EGR 

pulse and the injection pulse 

• In the “Lambda Sensor Simulation” block, the value of the ratio 
StoichAFR

AFR
 of the 

current mixture can be monitored. 

• In the “ECU” block, the basic injection duration time from the lookup table, as well as 

the evolution of the closed-loop correction (graph “Correction Delta Ti”) can be 

monitored 

 

5.3. Model Validation 

5.3.1. Closed Loop and Open Loop Control 

One of the principal function our model as to fill, is to be able to operate the engine under 

closed loop control, with feedback from the EGO, and in open loop control. To verify this, we 

will first run the simulation in open loop control by manually simulating a failure in the EGO 

sensor. We set the resistant torque of the bench at 20 N.m, the throttle at 50°, coolant 

temperature at 75°C and air temperature at 20°C. Th e simulation is then launched, a 

stationary state awaited. The throttle is then put at 70°, and, once another stationary state is 
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reached, rolled back at 50°. We monitor this thrott le angle, the fuel flow and the 

stoichiometry of the mixture and obtain the following graph: 

We can observe that, excepted a little latency due to the response time of the system, the 

fuel flow, in open loop, is proportional to the throttle angle, and remains constant as long as 

the throttle is not touched. Also, the mixture ratio is constant when the system reaches a 

stationary state, but is different from 1. This confirms that the system is correctly functioning 

in open loop control: the ECU does not adjust the mixture to reach stoichiometry. 

 

 

Figure 5.1 Fuel Flow and Stoichiometry function of Throttle 
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Now if we reactivate the EGO signal, we will be able to test the system in closed loop control 

situation. We realize exactly the same test, with the same parameters and the same throttle 

variation: 50° - 70° - 50°, always waiting for a st ationary state. Monitoring the fuel flow, the 

correction calculated by the ECU based on EGO feedback, and the mixture ratio, we obtain: 

 There are many things that we can notice on this graph: 

• When a stationary state is reached, the mixture ratio is oscillating around 

stoichiometry value: the closed loop control succeeds in obtaining the desired 

mixture ratio. 

Figure 5.2 Closed Loop Control 
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• When the throttle angle changes (at times 8 and 29), the value of the closed loop 

correction drops to zero, and starts to vary again once the fuel flow is a bit more 

stabilized. This confirms that the ECU is able to deactivate closed loop control when 

desirable, specifically during important variation of the throttle command. 

• Every value, even in a stationary state, is oscillating. This is due to the type of the 

EGO sensor simulated: binary. The EGO sensor sends either a “too rich” or “too 

lean” signal, but never a “stoichiometric mixture” signal. Therefore, the correction is 

always oscillating to maintain the mixture ratio around stoichiometry. 

As explained before, the closed loop correction is based on a discrete-time integrator. By 

zooming on the correction signal, we can then observe the discrete integration of the 

corrections performed by the system: 

 

 

We can notice that the “up” steps are smaller than the “down” steps, due to the fact that 

negative corrections have 0.15 msec increment, while positive corrections have 0.10 msec. 

Figure 5.3 Lambda correction in milliseconds 
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5.3.2. Physical behavior 

Having included a basic physical model of an engine in the simulation, it is worth testing if its 

behavior is satisfying, respecting on its inputs. We will now test if the Manifold Absolute 

Pressure value, the speed and the lambda correction evolve realistically. 

The MAP is depending on the flow mass of air vacuumed by the engine, and therefore is a 

good indicator of the engine’s load. We are going to test how the MAP evolves by changing 

the value of the resistant torque, with a constant throttle of 60°. The torque will be lowered 

from 20 N.m to 15 N.m. We obtain the following result: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Engine Speed and MAP function on resistant torque 
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We can observe than when the torque is lowered, the speed increases linearly, until the 

engine torque and the resistant torque are equal. Also, we can notice that, the throttle 

remaining constant, the MAP decreases when the speed increases: this confirms that the 

model is correct, because for a same throttle angle, the engine vacuums more air, faster, 

when its speed is high, creating a depression in the intake manifold. 

Although the MAP is not used by the ECU in this project, it is used internally by the physical 

simulation, that is why it is important to check if the values are acceptable. 

Concerning the closed loop correction, it is interesting to see how the correction evolves 

depending on the throttle. To do this, we simply change the value of the throttle from 60° to 

30°, and monitor the value of the lambda correction . 

We can notice that under heavy solicitation, corresponding to the 60° position, the closed 

loop control increases the injection duration of about 1.4 msec. This is normal as the engine 

requires, under heavy load, an enrichment of its mixture to maintain stoichiometry. The 

opposite phenomenon can be observed under low load: the injection duration is decreased 

(about -0.5 msec), because the engine needs a leaner mixture to perform its low-load 

operation without wasting fuel. Consequently, the gas dynamics model is validated. 

Figure 5.5 Lambda correction function of throttle angle 
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5.3.3. Cutoffs 

As seen, the ECU can under certain circumstances decide to hold the injection. We are not 

going to expose here all the tests of the cutoff handling, and just take as example the “over-

speed” cutoff. This cutoff is supposed to stop injection when the engine speed is above a 

threshold of 5030 RPM. To do this, we use a constant throttle position of 60°, and change 

the resistant torque value from 20 to 10 N.m, and then back to 20. We obtain: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the resistant torque is changed to 10 N.m, the speed increases, but is suddenly 

limited to the value of 5030. The fuel flow becomes very irregular, due to the intermittent 

cutoff, but the function is successful: the engine does not exceed its over-speed. 

 

Figure 5.6 Engine speed and fuel flow function of resistant torque 



Simulation of the ECU of an Internal Combustion Engine  Page 51 

 

5.4. Program limitations 

This program was originally meant to be “plugged” to real hardware, on a real engine. 

Consequently, it is not very interesting to consider the quality of the numerical values that 

can be obtained from this model: the physical simulation is very extrapolated and simplified, 

as the main goal was to simulate a behavior that could make the ECU react and have a 

feedback. 

However, the lack of mathematical models for many systems of the engine made 

impossible (on this project and with the amount of time available) to generate a feedback on 

some of the parameters, such as temperatures, EGR effects… But then again, the interest 

of simulating the temperature of an engine in a goal of designing a virtual ECU to be tested 

on a real engine, with real sensors, is very limited. That is why some of the parameters, like 

the temperatures, have to be entered manually, while some others, like the EGR, do not 

have any effect on the physical simulation. 

This constitutes an agreement about the project since the beginning. 

A most disturbing limitation is the absence of strategy on spark advance. But this would 

have needed some more material such as a map for a lookup table dedicated to the ignition 

timing, and a good mathematical model of phenomenon like engine detonation (knock 

sensor). But even with this material in my possession, I think that strategy on spark advance 

is such a big subject that another project could be dedicated to it. 

At last, the program in its current state is probably not ready to be used in a real-time 

simulation. Simulink models usually need some attention and modifications in order to 

operate in real-time conditions. Dedicated tools, such as Realtime Workshop, provided by 

Mathworks, can help reaching this objective. At the present time, all the variable pulse 

generators build in the program are not update every millisecond as they should be, to avoid 

dramatically slow down of the program.  

5.5. Environment 

This program could be used to control an engine and test different changing of parameters 

on its control unit. These parameters include the closed-loop control with feedback from the 

EGO sensor, and some other parameters of enrichment of the mixture. 

That is why this program could be used in the frame of a sustainable development strategy 

in order to quickly develop and test the influence of various parameters of control on the gas 
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emissions of the engine with the appropriate equipment (emissions analyzers…) in a 

laboratory. 

5.6. Financial aspect 

 

Working time financial cost 
    Notes 

Beginning Date   20/08/2006 
Ending Date   31/01/2007 

Number of days 164 Total days in the above period 
Work days 117 Working 5/7 days 

Working time 292,5 2 and a half hours a day 
Price per hour 10 €   

      
Subtotal 2 925 € Working time cost 

Software Costs 
Matlab License 2 200 €   

Simulink License 3 200 €   
StateFlow License 600 €   

Subtotal 6 000 €   
Global Cost 

Subtotal 8 925 €   
Taxes 1 428 € 16 % taxes 

      
Total 10 353 €   
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Conclusion 

This project has taken advantage of the great improvement in computer simulation tools 

during the last years. The development of computer-based models such as this one can be 

very time and cost effective in the engineering of engines. 

It can be considered that this model succeeds in his function of simulating an ECU, to 

control the fuel metering of an injection engine. It is therefore a solid basis that can be easily 

modified and improved once used on a real engine. 

These improvements should concern the management of a good spark advance strategy, 

which is a very important function of a modern ECU. This project therefore remains open to 

any kind of improvement. 

All the input signal of this ECU being generated by simulation, a future use of this program 

would be to replace those signals with real electrical signals coming from a test bench in 

laboratory, captured with the help of software tools like LabView 8.2. 
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