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Abstract

The aim of this Master’s Thesis was to build an electronic controller for a
fuel injection engine in a Formula SAE1 race car.

The thesis begins with a short look at history and a basic description of
the fuel injection engine. Then you can read all about how and why a fuel
injection engine works in the chapter about important concepts. After that
the sensors and actuators available today are described in the fuel injection
hardware chapter.

In the conclusion chapter, I choose hardware and strategy for my electronic
controller. The construction, building and software development for my con-
troller prototype are then revealed in the prototype construction chapter,
where I also describe how I proved my prototype controller, with a data
acquisition card (DAC) and National Instrumentst’LabVIEW.

The final result and future possibilities are then described in the result and
future work chapter. Last but not least, you find the source code for my
electronic controller in appendix A.

1http://www.imeche.org.uk/formulastudent/ Last visited 2005-09-06
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Chapter 1

Introduction

Lule̊a University of Technology has participated in the international compe-
tition Formula Student1 held annually in Leicester, England three times as of
today, and are currently preparing a competitive car for the 2005 year event.

In Formula Student, universities from around the world compete in the design
and production of a single-seated race car that complies with the Formula
SAE regulations. Formula Student is organized by the Institution of Mechan-
ical Engineers (IMechE)2, with support of Society of Automotive Engineers
(SAE)3 and the Institution of Electrical Engineers (IEE)4.

Since 2004 students in mechanical engineering, electrical engineering and
economics cooperates in the preparations of the racing car, and this has
proven to be very beneficial. In competition with 85 cars from 19 different
countries during Formula Student 2004 the team won the IEE award for most
innovative use of electronic controls and achieved an honoring 5:th place in
design.

To maintain the top position in the electronic competition the electronics
needs to be developed and a system for electronic fuel injection is a natural
step.

This Master’s thesis is a study of existing technology and an investigation
of the possibilities with electronic fuel injection and the goal is to make a
working prototype that can be proven through measurements. Initial control
algorithms shall be implemented and tested.

1http://www.imeche.org.uk/formulastudent/ Last visited 2005-09-06
2http://www.imeche.org.uk/ Last visited 2005-09-06
3http://www.sae.org/ Last visited 2005-09-06
4http://www.iee.org/ Last visited 2005-09-06
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2 Introduction

Building a complete and thoroughly tested electronic injection that with-
stands industrial environmental conditions with respect to EMC, tempera-
ture, ESD, vibration and so on is beyond the scope of this thesis.

I have produced all figures used in this thesis and the copyright is mine, thus
no references are made.



Chapter 2

History

Engines have not been running on earth forever. In this chapter, you can
read about the beginning and the development of the gasoline engine.

The saga begins in 1763 when James Watt invented the first steam engine,
that used a piston moving back and forth to turn a wheel. Since then, a lot of
engines using different principles to convert chemical energy to useful work
have been developed, and huge efficiency improvements have been made.
Today we have steam engines, gas turbine engines, Sterling engines, Wankel
engines, two stroke engines, four stroke engines and more. New engines are
invented and known engines are developed continuously.

The first useful four stroke internal combustion engine was built 1876 by
Nikolaus Otto. His engine was a great success, and over 30 000 engines were
sold in ten years by his company N.A. Otto & Cie, that still exists today as
Deutz AG.

One major setback for Otto and his company was that the patent on the
four stroke engine was revoked, when it was discovered that Alphonse Beau
de Rochas had published a description of the principle already, in 1862.

The four stroke internal combustion cycle is known as the Otto cycle to
this day. The most important parts in a four stroke spark ignition engine are
shown in figure 2.1 on page 4. The four strokes of the Otto cycle is the intake
stroke, the compression stroke, the power stroke and the exhaust stroke. All
four strokes are completed in two revolutions of the crankshaft.

During the intake stroke, the intake valve, usually a poppet valve, is opened,
so that air and fuel can be sucked into the cylinder by the piston, that is
moving down. When the piston moves up again, during the compression

3



4 History

stroke, the valves are closed, and the gas inside the cylinder is trapped and
compressed.

When the piston reaches the top of the cylinder, and the end of the compres-
sion stroke, the compressed gas is ignited by the spark from the spark plug.
This is the start of combustion, and when the gas burns the temperature and
pressure in the cylinder increases greatly.

The released heat is converted to useful work when the increased pressure
forces the piston downwards during the power stroke[9]. After the power
stroke, the piston moves up again, and the exhaust valve is opened so that
the combusted gas can escape from the cylinder. Then it starts all over again,
with the intake stroke.

Piston

Crankshaft

Camshaft
Camshaft

Connecting rod

Cylinder

Spark plug

ExhaustIntake

Exhaust valveIntake valve

Figure 2.1: The most important engine parts.



Chapter 3

Important concepts

The most important knowledge about why an engine management system
works, and why certain parts are used can be found in this chapter.

3.1 Thermodynamics

So why does the engine start spinning when you turn the key? It is because
the engine converts heat to useful work[9].

This is why thermodynamics is crucial knowledge if you want to under-
stand what goes on in combustion engines. Higher temperature means higher
power.

The heat comes from combustion when fuel burn in the cylinder. Three
conditions have to be fulfilled for any fire to burn. There has to be fuel to
burn, oxygen that the fuel can react with, and enough heat to start and
sustain the reaction.

When the fuel burns in an engine, it is called combustion. In order to ful-
fill the three conditions above, additional conditions that are related to the
combustion engine have to be fulfilled.

The fuel and air must be mixed in the right proportions. There is an optimum
air to fuel ratio, AFR , that makes all the fuel burn using up all the oxygen.
This is called the ideal stoichiometric AFR and it is 15.06[4] for octane1.
Stoichiometric combustion follows the chemical reaction:

1Octane is the eight carbon molecule C8H18
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6 Important concepts

2C8H18 + 25
(
O2 +

79

21
N2

)
→ 16CO2 + 18H2O + 25

79

21
N2 (3.1)

Fortunately, the AFR does not have to be exactly the ideal stoichiometric
value for combustion to take place, but there are limits for what it must be.
Here are some considerations:

� If the AFR is too low, the mixture is too rich, combustion will fail
because the spark is not energetic enough to heat the mixture between
the electrodes to a temperature where it starts burning.

� If the AFR is too high, the mixture is too lean, combustion will fail
because the heat produced when the spark ignites the fuel closest to
the electrodes will not be enough to sustain burning when the spark
collapses.

In a combustion with less than stoichiometric AFR (λ > 1) , all the fuel will
not burn up completely, and there will be carbon monoxide (CO) and carbon
hydrogens (CnHm) in the exhaust gas. The combustion temperature will be
lower if the AFR is low, thus leading to reduced efficiency.

In a combustion with an AFR higher than stoichiometric (λ < 1), the tem-
perature is higher, and this creates more nitrous oxides (NOx) in the exhaust
gas. Higher temperature also puts higher demands on the cooling system.
Too high combustion temperatures can damage different parts of the engine
both by heating them too much, and because higher power means higher
forces on them.

When combustion takes place, both the pressure and the temperature in the
cylinder increases greatly. I have already stated that higher temperature
means more power, but the energy from the fuel is transferred to the piston
by the increased pressure that forces it downwards. This might be a little
confusing. The explanation is that the temperature is dependent of the
pressure. If the temperature goes up, the pressure goes up and vice versa.
The ideal gas law states that:

PV = nR̄T (3.2)

If the combustion gas inside of the cylinder is considered to be ideal for a dis-
crete moment so that n,R̄ and V are constant, it is obvious that temperature
and pressure are dependent.
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Figure 3.1: The ideal otto cycle pressure and volume.

The Otto cycle can be described in a similar way as the Carnot cycle2 If the
engine is considered to be ideal, with no friction losses and no heat transfer
through the cylinder walls, the otto cycle can be described in steps as shown
in figure 3.1 on page 7:

1. The compression stroke can be described as isentropic compression.
Isentropic means it is an adiabatic process which is also reversible.
Adiabatic means that no heat is transferred to or from the process.
The pressure and temperature rises, as the volume is compressed by
the work done on the system by the moving piston.

2. The combustion is considered to take place instantly at TDC3 as heat
added at constant volume. The heat is the energy released from the
burning fuel and it will make the pressure and temperature rise.

3. The expansion stroke, where the useful work is produced, is an isen-
tropic process. As the volume expands, the pressure and temperature

2A hypothetical thermodynamic cycle which would operate at maximum efficiency in
an ideal heat engine.

3Top dead center, TDC, is the crank angle where the piston is in the top of the cylinder.



8 Important concepts

decreases, and work is leaving the system as forces moving the piston.

4. When the piston reaches BDC4, the gas is considered to return to its
initial state by heat leaving with the exhaust gas. This is the end of
the working otto cycle, but as we know, there has to be an exhaust and
an intake stroke to fill the cylinder with a new mixture of fuel and air.

5. Then the exhaust and intake strokes takes place at constant pressure.

That is the idealized version of what is going on. In reality none of the
processes are reversible, there are certainly heat transfer between the system
and the cylinder walls, and the exhaust and intake strokes does not take place
under constant pressure.

Another thing that can be confusing is, that the statement that higher AFR
means higher power seems to contradict the fact that fuel enrichment is used
during acceleration.

The explanation is, that the extra fuel is added during high engine load to
reduce combustion temperatures, and thus allowing for a higher mass of air
in the cylinder that also means higher power. So the power gained by com-
busting more air and fuel is greater than the power lost by enrichment. This
means that some engines can not be run at full throttle and stoichiometric
combustion, because they would be knocking long before then.

3.2 Knocking

Knocking is when the air-fuel mixture self ignites during combustion. This
is very bad for the engine, as it causes a lot of strain on different parts, and
it can damage the engine seriously.

The air-fuel mixture in a spark ignition engine is supposed to start burning
between the electrodes of the spark plug, and then continue burning in a
flame front propagation to all extents of the combustion chamber. This leads
to a controlled pressure and temperature rise, that follows a smooth curve.

If the pressure wave, that travels faster than the flame front, causes the
local temperature somewhere in the combustion chamber to rise beyond the
ignition temperature of the fuel, a new flame front is started. The new flame
front is often started in the opposite end of the combustion chamber than

4Bottom dead center, BDC, is the crank angle where the piston is in the bottom of the
cylinder.



3.2 Knocking 9

Initial flame front Second flame front

Figure 3.2: Knocking - more than one flame front.

the spark plug, as shown in figure 3.2 on page 9. The pressure waves from
the flame fronts then collides, causing damaging vibrations and noise.

To prevent knocking, steps must be taken to make sure the temperature is
not too high anywhere in the combustion chamber, before the flame front
has propagated. As easy as this may sound, there are a lot of design and
control variables that affects the temperature, and for high efficiency the
temperature should be kept as high as possible.

The design variables are not the main concern for me as this thesis is about
engine control, but here is a brief explanation. Knock tendency rises with
higher compression ratios. The combustion chamber should be designed so
that the flame front easily can propagate to all extents, in a short and equal
time. More information about knocking and engine design can be found in
[1] or [4].

The parameters usually used to prevent and control knocking are described in
the following text. When those parameters are controlled to prevent knock-
ing, the power and efficiency of the engine are reduced. Two radically differ-
ent approaches can be used. Either all parameters can be kept within safe
boundaries so that knocking never occurs, or the parameters can be con-
trolled to rise temperature to the knocking limit. The last solutions allows
the highest engine power and efficiency.

A knock sensor, as described in section 4.1.7 on page 24, is used to know if
knocking is present. If knock itself is used as the control parameter, it means
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some knocking occurs. No sensor exists today that can tell if the knock limit
is close, without knocking occurring.

3.2.1 Ignition timing

The most usual way to deal with knock control, is to use the ignition timing.
This is because ignition timing can be changed very fast, already the next
power stroke following a knock can be affected.

The ignition timing can be changed for each cylinder separately to prevent
knocking. Because of variations in parameters like cylinder wall tempera-
ture or volumetric efficiency that are natural in any multi cylinder engine,
knocking often occurs only in one cylinder. Then it makes no sense to ap-
ply efficiency limiting control on all cylinders, to prevent knocking in one
cylinder.

In many electronic control units the control strategy is to control knock on
individual cylinders, until knock starts occurring on more than one cylinder.
Then counter measurements affecting all cylinders are taken.

To prevent knock the ignition timing is retarded, the spark is delayed. This
delay allows the piston to travel downwards in the power stroke before com-
bustion, and the pressure is therefore lowered, and so is the tendency for
knocking.

3.2.2 Turbo pressure

The pressure in the intake manifold can be raised with a turbo to the extent
where knocking occurs. To prevent knocking the turbo pressure is controlled
with a waste gate, read more about the turbo in section 4.4 on page 31.

Because both building turbo pressure and reducing turbo pressure takes a lot
more time than controlling the ignition, the turbo pressure is rarely used as
a control parameter to stop knocking. Instead the turbo pressure is kept at
a pressure low enough to make sure that the ignition can manage the knock
control at all conditions.

But some engine controllers do use a knock control strategy directly on the
turbo pressure. The knocking is monitored over time and in relation to
load, and then the turbo pressure is changed in small steps until a preferable
amount of knocking occurs. This strategy requires a lot of memory and good
algorithms, and that is the probable cause for its rareness.
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3.2.3 AFR

The AFR can be used to control knocking. A rich mixture is less probable
to knock than a lean mixture. The reason is that the fuel needs more energy
to heat up than the air.

The time constants for changing AFR are often longer than for ignition tim-
ing. The impact on the knock tendency is also less pronounced, than for
ignition timing, and AFR is rarely used to control knocking directly.

3.2.4 Engine rpm

Engine rpm has a big impact on knock tendency. Lower rpm means higher
tendency to knock. This is because the flame front propagation speed is in-
dependent of engine speed, and at higher rpm the piston has traveled further
down the power stroke when the pressure peak is reached. Because the com-
pression pressure falls as the piston travel downwards, the pressure peak is
lower.

In most cases the electronic control unit has no control over the engine speed.
The control strategy is to make the driver change gear. At low engine speed,
knocking is prevented by ignition timing, and if the operator persists (the
driver does not change to a lower gear), the fuel injection may be cut off to
protect the engine, and so the engine stalls.

3.2.5 Fuel

Different fuel has different tendencies to knock. High octane fuel is less knock
sensitive. This means it is very important to use the fuel quality that the
engine was designed for.

A common misconception is that high octane fuel makes a certain engine
produce more power. This is not true, the only difference is the tendency to
knock. However with the lower tendency to knock it is possible to change the
engine design and control parameters, so that higher power can be achieved.

Even though most engine controllers uses knock control, and thus have the
possibility to produce higher power with high octane fuel, most of them does
not produce higher power. This is because the knocking control range is
exceeded before any real power improvements are made. This is a fact both
with systems using ignition timing and turbo pressure to control knocking.
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Stroke

Clearance volume

Swept volume

Figure 3.3: The definition of stroke, swept volume and clearance volume.

But on engine controllers using the correct control algorithms a marginal
power improvement can indeed be made.

The control algorithms are not made to directly improve power, they are
made to prevent knocking. So if you have a friend that likes to brag about
driving on that 120 octane airplane gasoline, unless he really knows what he
is doing in the garage, we can have ourselves a laugh at his expense.

3.3 Volumetric efficiency

The volumetric efficiency, denoted ηv, states how well the engine breathes.
At any given manifold conditions, the volumetric efficiency is the actual mass
charge of air inducted in the combustion chamber, divided by the mass off
air that would fit in the swept volume at those conditions.

The swept volume equals the stroke times the piston area, as shown in figure
3.3 on page 12. The clearance volume is not part of the swept volume.

An ideal volumetric efficiency is 1, and implies that the engine is charged
with the mass of air that equals the swept volume times the air density, at
a given temperature and pressure. This means the volumetric efficiency can
even be slightly larger than 1 if conditions are optimal, and both the swept
volume and the clearance volume are completely filled with air.

The volumetric efficiency is used in the speed density method to calculate the
mass of inducted air. The volumetric efficiency is mapped for all manifold
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conditions. This means there is a certain volumetric efficiency even with
closed throttle, or when the engine is super charged. The volumetric efficiency
is calculated or measured for all air densities, and the results are stored in
a lookup table. The lookup table is then used to control the pulse width to
the fuel injector.

3.4 Control considerations

The goal for the electronic control unit is to control ignition and fuel injection,
so the engine delivers high power with good efficiency, without polluting the
environment. Those demands are hard to reach, and in opposition to each
other.

High power and good efficiency is achieved at stoichiometric combustion.
Running the engine at stoichiometric combustion is called closed loop mode,
because of the feedback used from the exhaust gas oxygen sensor to achieve it.
Closed loop control is demanded for the catalytic converter to work efficiently.

Unfortunately stoichiometric combustion will rise the exhaust temperature
to damaging temperatures at high engine loads. It will also increase the prob-
ability of knocking. When the engine is cold, or when the engine is running
at idle speed, it might hesitate or even stall at stoichiometric combustion.

All this leads to the conclusion that it is not always possible to run at stoi-
chiometric combustion. Most systems handle this problem by using a number
of different driving modes, where the control strategy is altered to deal with
the problem that makes the stoichiometric combustion strategy impossible.
In those cases the efficiency of the engine or the environment, is not the main
concern. The most usual modes are explained in table 3.1.

When the engine is cranked, the mixture is controlled to start the engine as
fast as possible. In this mode more fuel is injected to make the mixture near
the spark plug rich enough for ignition, even with the poor atomization and
evaporation of the fuel when the engine is turned slowly. It is also important
to prevent flooding the cylinders with fuel, making the mixture so rich that
ignition is impossible.

During warm-up, the mixture is controlled for smooth running and so that
the working temperature is reached as fast as possible. When the engine is
cold, the amount of fuel injected to maintain a certain mixture is greater.
The reason is that atomization and evaporation of the fuel does not work
as efficient, and also the cylinder walls get wet from a thin layer of gasoline.



14 Important concepts

The gasoline that gets stuck on the cylinder walls makes the mixture leaner
than expected.

When the working temperature is reached, the closed loop mode might still
be impossible, because the exhaust gas oxygen sensor is not hot enough or
even broken. The exhaust gas oxygen sensor has to reach at least 300◦C
before it works properly. For this reason an open loop mode exists, that
controls the engine to run at stoichiometric combustion without feedback.
The control error is of course larger in open loop than in closed loop.

At high engine loads, when the throttle is opened fully, the amount of fuel
injected is calculated without feedback from the lambda sensor. To prevent
excessive exhaust gas temperatures, and to reduce the knock tendency, extra
fuel is added to cool down the combustion gas. This means the mixture is
rich, and the efficiency of the engine is reduced.

When the engine is running in idle mode, the engine speed is controlled with
a variable air bypass instead of the throttle. It is usually a stepper motor that
gradually opens a bypass channel. The idle speed is kept as low as possible
without stalling.

The goal is to run in the closed loop mode as much as possible. All other
modes exist because conditions make closed loop control impossible for some
reason.

3.5 Engine design considerations

Too high exhaust temperature can damage the exhaust valve, the exhaust
gas oxygen sensor, or the exhaust manifold. If the engine is equipped with
a catalytic converter, it can be damaged by high exhaust gas temperatures.
The same thing applies to the turbo-charger if equipped. High exhaust gas
temperatures also leads to increased formation of nitrous oxides, (NOx), that
are undesirable for the environment.

Design efforts can allow higher exhaust gas temperatures. The catalytic
converter can be placed at a greater distance from the exhaust valve, so that
the exhaust is cooled down before reaching it. Also the exhaust gas oxygen
sensor can be placed at a different distance from the combustion chamber.
But the exhaust gas oxygen sensor requires the exhaust gases to be at least
300◦C to produce accurate data.

If the exhaust gas oxygen sensor is placed far away, to allow high exhaust gas
temperature during acceleration, it will not be hot enough at medium and
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Table 3.1: Different control modes for a electronic fuel injection.
Mode Main goal Why the mode exists

Crank Get the engine started. Some sensor values are useless be-
fore the engine has started.

Warm-up Reach working temperature
fast. Run smooth.

Before the engine has reached its
working temperature it can hesi-
tate or stall if the mixture is too
lean.

Idle Run smooth at low rpm. Engine speed depends on the
mass of inducted air. When the
throttle is not operated, a by-
pass valve is used to control the
amount of air inducted and thus
the engine speed.

Open loop Minimize emissions. The exhaust oxygen sensor is not
sufficiently heated or broken.

Closed loop Minimize emissions and op-
timize catalytic conversion.

Most efficient and best for the en-
vironment.

Acceleration
enrichment

Maximize torque. Closed loop control with stoichio-
metric AFR would cause knock-
ing and/or too hot exhaust gases.

Deceleration
leaning

Minimize emissions. Closed loop would not be more
fuel efficient.

Limp home Run smoothly even though
some sensors are broken.

Something is preventing normal
operation.

Cut off Hinder fuel injection and ig-
nition.

Used before engine is started and
to protect the engine if a serious
problem is detected.
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low engine load. This can be solved by using an electrically heated exhaust
gas oxygen sensor. A big distance also leads to longer time constants in the
closed control loop.

To prevent excessive exhaust temperature, closed loop control is only incor-
porated at conditions known to be safe. Which conditions that are regarded
safe highly depends on the design of the engine, but usually it is at low or
medium engine load, when the engine has reached its working temperature.

Another way to enable closed loop control in a greater range of conditions,
is to add an exhaust gas temperature sensor. Instead of applying closed loop
control only when it is known to be absolutely safe, this sensor allows closed
loop control until the exhaust gas temperature is too high. This sensor also
adds feedback to the control loop at all operation conditions, in contrast
to the exhaust gas oxygen sensor, that is primarily used for feedback at
stoichiometric mixture when the engine is warm. It could also be used in a
water injection system, to control exhaust gas temperatures in a closed loop.

3.6 Torque versus power

Both the maximum power and the maximum torque of an engine are often
given as a hint of the performance. Power and torque presented versus engine
rpm gives a better picture of the performance. The power P [W ] and torque
M [Nm] are dependent through the relation:

P = 2πMn (3.3)

Where n is the engine speed in [rev/s]

Although this simple relationship is very easy to deduce from the basic SI-
units it is worth mentioning because it is very often forgotten. If you want to
perform in an acceleration competition you will loose if you do not understand
this.

To win you shall maximize the torque or the power on the driving wheel
at all speeds. If you maximize the torque, the power is maximized to by
definition. When you accelerate your vehicle you shall not shift before you
get more power5 on the driving wheel when you shift to the next gear. This
often occurs at a higher engine rpm than the maximum power rpm.6 You
have to consider the gear ratio of the different gears to know when that is.

5Or torque.
6Or the maximum torque rpm.
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In table 3.2 you can see the gear ratios for the YR6 motorcycle[3]. You can
either look at the torque or the power at the output shaft from the gearbox
to know when to shift. I choose to explain power.

Table 3.2: Gearing for the YR6.

Gear Ratio
1 2.846:1
2 1.947:1
3 1.556:1

Figure 3.4 shows a Matlab simulation of the power on the gear output shaft
at different gears. For this simulation the gearbox adds no power loss. The
power at the output shaft from the gearbox is the same as the power at the
engine output shaft but at a different speed. The crankshaft power output
is included for speed reference.

As the help lines imply the optimum engine speed to shift from gear 1 to
gear 2 is 14900rpm and to shift from gear 2 to gear 3 it is 14200rpm. The
optimum engine speed continues to drop as higher gears are engaged. So in
order to accelerate optimally both the engine power versus rpm7 and the gear
ratios has to be considered.

3.7 Conclusion

In this chapter we have looked at some concepts encountered in a gasoline
engine in order to gain a better understanding of what makes an engine
more efficient. As we have seen, some of those conditions are contradicting,
or changes with load condition. In the next chapter we will sort out how
different sensors and actuators can help address these concepts in order to
improve the performance of a gasoline engine.

7Or the torque versus rpm.
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Chapter 4

Fuel injection hardware

The most important sensors and actuators that are used in engine manage-
ment systems are presented in this chapter. We begin with the sensors used
to measure what is happening, and continue with the actuators that influence
the process. We briefly discuss the electronic control unit (ECU), and finish
the chapter with the (optional) turbocharger.

4.1 Sensors

To control the combustion, a number of factors have to be known, and to
know them a number of sensors are needed. It is not always possible to
measure a certain factor directly, such a sensor might not exist, or more
important, may not be economically feasible for production. In those cases
the factor can be calculated from other measured factors.

Some factors and relationships can be measured in a laboratory environment,
and stored in a memory map for use in the production unit. In this case the
prize of the sensors is not important, as only one sensor is required.

In this section you find a description of the most usual sensors, and an ex-
planation of what they are for.

To calculate the amount of fuel needed for a certain AFR1, the amount of air
in the combustion chamber has to be known. Both the amount of air and the
amount of fuel are usually measured in mass, because mass indicates the real
amount of the substance, while the volume does not, because of variations in
density caused by temperature or pressure changes.

1Air to Fuel Ratio, explained in section 3.1 on page 6
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Several different principles to calculate the mass of inducted air are possible,
the most usual ones are explained in the following sections.

4.1.1 The hot wire sensor

The hot wire sensor is used in the Bosch LH Jetronic system[8] and in the
Mazda EGI system[5]. The hot wire or hot film sensor measures the mass
air flow directly.

The wire or the film is part of a Wheatstone bridge as shown in figure 4.1. An
differential amplifier measures if the bridge is balanced. If not, the differential
amplifier will raise the voltage to balance the bridge. The voltage is controlled
so that the resistance in the hot wire is constant. The resistance in the hot
wire is temperature dependent. When the hot wire is cooled by the air
flow, a higher voltage is required to maintain the temperature, and thus the
resistance. The voltage required to maintain balance is measured and passed
on to the electronic control unit.

The relationship between mass air flow and output voltage is nonlinear, but
this is easy to compensate for in the electronic control unit.

-  +

Hot wireTemperature sensor

Output

R

R R

Figure 4.1: The hot wire air mass meter layout.
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The ambient temperature affects the amount of heat dissipated from the hot
wire. To compensate a temperature sensor is placed close to the hot wire
and incorporated in the Wheatstone bridge.

The hot wire or hot film sensor is not affected by the ambient air pressure,
so no altitude compensation is needed. Or in other words, a hot wire or a
hot film sensor automatically compensates for altitude changes.

The hot wire sensor is affected by the air humidity, but no compensation is
made.

Engine wear does not affect the measurement, but wear and dirt on the sensor
itself can affect the measurement.

4.1.2 The speed density method

A manifold absolute pressure sensor can be used together with a temperature
sensor in the manifold, to calculate a good estimate of the air density in the
manifold. The air density (ρa) is calculated relative to a standard condition
with the relationship shown in equation (4.1), where p is the manifold abso-
lute pressure and Ti is the manifold air temperature. ρ0, p0 and T0 are the
standard condition density, pressure and temperature. These parameters are
constants for air used globally [6].

ρa = ρ0

(
p

p0

)(
T0

Ti

)
[6] (4.1)

The volumetric efficiency2 , the engine speed(rpm), the swept volume3 and
the air density are then used to calculate the mass of inducted air. This is
known as the speed density method[6].

A map of volumetric efficiency for different engine speeds (rpm) is required.
The volumetric efficiency, denoted ηv, states how well the engine breathes.
At any given manifold conditions the volumetric efficiency is the actual mass
charge of air inducted in the combustion chamber divided by the mass off air
that would fit in the swept volume at those conditions. An ideal volumetric
efficiency is 1, and implies that the engine is charged with the mass of air
that equals the swept volume times the air density, at a given temperature
and pressure.

2Explained in section 3.3 on page 12
3The swept volume equals the bore area times the stroke.
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The mass of inducted air mi equals the current volumetric efficiency ηv times
the swept volume Vsv times the current air density ρa, as shown in equation
(4.2).

mi = ηvVsvρa (4.2)

Because the absolute pressure is used, the speed density method is not sen-
sitive to ambient pressure or ambient temperature. Air humidity does not
affect the temperature or the pressure measurement, but it might affect the
volumetric efficiency. I have however not found any evidence that anybody
compensates for that. Engine wear can affect the volumetric efficiency.

4.1.3 The throttle angle sensor method

The Bosh Mono-Jetronic fuel injection system[8] uses a throttle angle sensor
as the main input. The mass of inducted air is calculated from throttle angle
and engine speed with an algorithm.

This requires close tolerances in the throttle-valve housing, and a good map-
ping of the air charge as a result of engine speed and throttle angle. Some
good methods for correction of factors are also used.

The intake air temperature is measured at the intake of the central injection
unit, to compensate for ambient temperature changes.

Changes in ambient air pressure, air humidity and changes from engine wear
are handled with adaptive algorithms in the ECU that corrects the calcula-
tions with the feedback from the exhaust gas oxygen sensor4.

The method works as good as any other in closed loop control. The disadvan-
tages from less accurate mass off air calculation, and the need for adaptive
algorithms that needs feedback, are a concern in open loop mode.

4.1.4 The air flow sensor

The updraft air flow sensor used in Bosh KE-Jetronic[8] and the Bosh L-
Jetronic air flow sensor[8] both works with a sensor plate in a funnel. The
plate is affected by the intake air stream. The shape of the funnel is designed
so that the plate opens more with higher air flow. The angular position of
the sensor flap is measured, typically with a potentiometer.

4Explained in section 4.1.6 on page 23
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The ECU can calculate the mass of inducted air from the angular position
of the sensor flap, and thus calculate the required amount of fuel.

The mass inertia of the flap is a concern when the air flow is pulsating.

4.1.5 The Engine temperature sensor

The engine temperature sensor typically measures the engine coolant tem-
perature. This is useful for adjusting the air-fuel ratio for warm up and
to monitor the performance of the cooling system. A negative coefficient
thermistor sensor is the most common type.

If the engine is too cold, the fuel will not evaporate well enough and some
fuel will adhere to the cylinder walls, and thus the efficiency is degraded. If
the engine is too hot, the coolant pressure will be too high, and when the
safety valve opens, the coolant will evaporate.

4.1.6 The exhaust gas oxygen sensor

The exhaust gas oxygen sensor is called lambda sensor in Europe, because
it indirectly measures the equivalence ratio denoted lambda (λ) that shows
how close to stoichiometric AFR5 the combustion is.

The equivalence ratio, as shown in equation (4.3), equals 1 if the combustion
takes place at stoichiometric air to fuel ratio.

λ > 1 indicates a lean mixture and λ < 1 indicates a rich mixture. The
sensor is designed to make a big change in output around λ = 1.

λ =
(air/fuel)

(air/fuel at stoichiometry)
(4.3)

The exhaust gas oxygen sensor uses heated zirconium dioxide ZrO2 to attract
oxygen ions from the exhaust gas on one side, and from the surrounding air
on the other side. The difference in attraction of oxygen ions produces an
electric field that can be measured. The voltage is corrected to represent the
lambda equivalence ratio (λ).

As the exhaust gas oxygen sensor measures the difference in oxygen between
the exhaust and the surrounding air, an accurate measurement requires good
knowledge of the oxygen level in the surrounding air.

5Explained in section 3.1 on page 6
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At temperatures below 300◦C the zirconium dioxide ZrO2 does not attract
oxygen ions well enough for the sensor to work, so the sensor is either heated
electrically or by the exhaust gas. A sensor heated by the exhaust gases has
to be mounted at a distance from the exhaust valves so that it is hot enough
in most conditions without ever overheating.

The sensor value is used to control the amount of fuel injected so that stoi-
chiometric combustion (λ = 1) is achieved. This is called closed loop control.

The WBO2 sensor6 works in the same way as the ordinary exhaust gas oxygen
sensor, but the relationship between oxygen level and output voltage is much
more linear. This means it can be used for control purposes also when the
aim is not stoichiometric combustion (λ 6= 1), for example during engine
warmup or acceleration enrichment.

4.1.7 Knock sensor

When knocking occurs, so do loud noise and vibrations. No sensor exists
today that can tell if the knock limit is close without knocking occurring.

The knock sensor is a piezoelectric sensor or an accelerometer that is mounted
on the engine block. A signal processing circuit7 recognizes knocking from the
normal noises of combustion and friction. The time window, the frequency
range and the noise level in the signal processing circuit are programmable
from the electronic control unit.

Because it is known which cylinder that is performing the power stroke it
is possible to tell in which cylinder knocking occurred at a certain time.
Adjustments to prevent knocking can then be carried out for that individual
cylinder.

Engines with v-shaped or boxer cylinder formation and engines with many
cylinders requires more than one knock sensor. Read more about knocking
and counter measure in section 3.2 on page 8.

4.1.8 Engine position sensor

Timing is everything when it comes to control of a spark ignition engine.
To know when to inject fuel or release a spark with the ignition system the
electronic control unit needs information about the position of the piston

6Wide Band O2
7The HIP9010/11 is such a signal processing circuit.
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and what stroke the piston is performing. This information can be deduced
in a number of different ways. One thing is common for most of them, the
hall-effect switch.

The hall-effect switch senses if metal is present in front of it or not8. When
a toothed wheel is put in front of it and turned each tooth can be detected
and the time saved in the electronic control unit. The number of teeth on
the wheel is known, and the relative position, relative stroke and speed of
every piston can be calculated in the electronic control unit. To know the
absolute position and stroke a starting point is needed. Some engines have a
TDC9 sensor at one cylinder to know this starting point.

Another solution is to have one tooth missing on the toothed wheel, then
the starting point can be read. If the toothed wheel is connected to the
camshaft, the hall effect switch is called a camshaft sensor. If the tooted
wheel is connected to the crankshaft it is called a crankshaft sensor or a
flywheel sensor.

A crankshaft sensor alone does not give enough information to control the
engine, because it gives only the position of the pistons, and does not tell
what stroke the cylinder is on.

Some engines have a combination of the sensors described giving multiple
ways of calculating the piston positions. This adds redundancy and diagnos-
tics, meaning that the engine can continue to work, at least in a limp home
mode, even with some sensors broken.

4.1.9 Spark plug ion sensing

The spark plug can be used as a sensor in the time between sparks. During
combustion a number of chemical reactions takes place that form ions. The
concentration of ions in the cylinder gases can be measured by determining
how easy the gas conducts electric current. With 400V applied between the
electrodes of the spark plug a small current can be measured. This current
contains information about the amount of ions in the gas and about the
pressure in the cylinder. This information can be used to identify a number
of things that is usually measured with other sensors.

The peak pressure position can be measured and used for closed loop control
of the ignition. By controlling the spark advance the peak pressure position
can be maintained at or close to optimum, a big improvement compared to

8This means the Hall-effect switch works even when the engine is not turning.
9Top Dead Center.
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the traditional open loop control with its safety margins10. Optimum peak
pressure position is known to vary close to 15◦ after TDC for all driving
conditions[2].

Miss-fire can be detected because the ions are mainly formed by combustion.
Knocking in individual cylinders can also be detected.

So the spark plug used as an ion sensing device can replace a number of
traditional sensors and because the actual combustion is measured the infor-
mation can be used for feedback control. The technology is both cheaper and
better than the traditional sensors. The drawback is that it requires more
computing power but that is solved by the progress in electronic science.

Mecel AB and SAAB Automobile AB has been pioneers in the area and filed a
patent on a method of measuring ionization current in 1984. The technology
was used in a production SAAB for the first time in 1987.

4.2 Actuators

4.2.1 The fuel supply system

The fuel pump is used to feed the fuel from the fuel tank to the engine and
to pressurize the fuel at all times. The fuel filter keeps the fuel system free
from contamination and particles that might be present in the fuel tank. The
fuel rail distributes the fuel to the fuel injectors and also works as storage to
minimize pulses and level out the pressure so that all injectors are subjected
to the same fuel pressure. The pressure regulator has the very important
task of controlling the fuel pressure to exactly the predetermined value. The
basic principle of the pressure regulator and a typical fuel system layout is
sketched in figure 4.2 on page 27.

4.2.2 The fuel injector

The fuel injector is a valve that either sprays fuel in a fine mist or is closed
depending on a current through the injector coil. The fuel injector consists
of a needle valve that is closed with a spring when at rest. When the injector
current is on, a solenoid lifts the needle by some 0.1mm from the valve seat
so that the pressurized fuel can pass. It takes approximately 1 − 1.5ms to

10As discussed in chapter 3 on page 9
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Figure 4.2: A typical fuel system layout.

open or close the valve. The nozzle of the injector is designed to atomize the
fuel as much as possible.

To know the amount of fuel that is inducted the injectors are measured
and calibrated in a laboratory environment. The other factors affecting the
amount of fuel like fuel pressure and coil current are controlled or monitored
by the ECU.

The amount of fuel injected is regarded as a function of pulse width to the
injector solenoid, or in other words the time the injector is opened, plus a
correction factor for the amount of fuel injected during opening and closing
of the valve.

The injectors are fitted in a heat insulating material to protect them from
the engine heat. Without this insulation vapor bubbles could form in the
fuel injection lines and make the engine hard to start when hot.

There are two main types of electronic characteristics used in injectors, the
low resistance injector that have a 2−3Ω coil, and the high resistance injector
that have a 14− 16Ω coil.

The low resistance coil features thicker wires and can handle larger currents
which makes them open faster. They need current controlled circuitry, often
called peak-hold circuitry, to limit the current after the injector has opened.
The peak-hold circuitry also reduces power consumption and is unsensitive
to variations in the supply voltage. The conclusion is that low resistance
injectors has far better performance than high resistance injectors.
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The high resistance coil does not need the peak-hold circuitry, the current
is limited by the resistance. This makes the driver circuitry very simple and
the fact that it opens slowly also means it wears slower. For most injection
systems the high resistance coil is fast enough to deliver the desired amount
of fuel, and the variations inherited from the supply voltage can be handled
within the control algorithm. Low resistance injectors are sometimes used as
high resistance injectors simply by adding a series resistance.

Deciding wether to use low or high resistance injectors comes down to trading
performance for money. The high resistance injectors are more economical
and in most cases good enough.

When the injectors suffer wear and contamination it affects the amount of
fuel injected and the level of atomization.

Independent of how good performance and tolerances the injectors have,
there are still small biases and variations in the injected amount of fuel. This
is off course true for all parts of the injection system and can be handled
by the control algorithms if there is feedback. Most injection systems only
have one source of information about what happens after the fuel has been
injected and that is the exhaust gas oxygen sensor. As discussed in section
4.1.6 on page 23, in most systems the sensor values are not useful all the
time, but with an adaptive correction of the inducted air calculations this
feedback can be useful to reduce biases and variations. Off course this makes
the air calculations somewhat erogenous in absolute terms, but remember
that the important factor is AFR11.

4.2.3 Ignition

Conventional coil ignition CI

The coil ignition has been conventional in automobile engines until the late
1980:s, and that is why it is most commonly explained in literature.

The spark is produced by the voltage rise in a coil due to the sudden interrup-
tion of the current flowing through it. Breaking the circuit with the points
interrupts the current, and the spark energy stored in the coil is released over
the spark plug.

The points are protected from the voltage rise by the capacitor so that no
spark occurs between the points. Without the capacitor sparks between the
points would destroy them very fast.

11Explained in section 3.1 on page 6
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The ignition coil is really a transformer with the primary winding connected
to the points and the capacitor. The secondary winding with more windings
and thus reaching higher voltages is connected to the spark plug. So when
the points open the primary winding is discharged through the capacitor and
the secondary winding is discharged by the spark.

Multi cylinder engines require a distributor to distribute the spark to the
different spark plugs.

This type of ignition requires a sufficient current trough the primary winding
to work and this is a power consumption issue. The points has to be closed
long enough to form this current and this reduces the number of sparks the
ignition can produce in a certain time, thus it could reduce engine speed.

The time that the points are closed is known as the dwell time. Because the
dwell time is decreased with engine speed, so is the voltage produced in the
secondary winding, and this means the spark gets weaker.

Because the points are mechanical, they are sensitive to dirt, moist and wear.
The ignition timing can be mechanically advanced or retarded, but this does
not suit a micro controlled system.

Several solutions with transistorized CI systems exist that reduces or elimi-
nates the drawbacks mentioned above, but the power consumption issue and
the weak spark at high engine speed remains.

Capacitor-discharge ignition (CDI)

In a CDI system, the energy for the spark is stored in a capacitor instead
of a coil. Transistors are used to connect the capacitor to the ignition coil,
to produce the spark at the right time. The voltage in the capacitor is
transformed by the ignition coil to a high voltage suitable for sparks.

The word ignition coil is unfortunately misleading for this part of a CDI
system, as it is actually a transformer. You can not use a CDI-coil in a CI
system or the contrary.

Transistors are much faster at closing a circuit than breaking a circuit, thus
it is hard to replace the points in a coil ignition system with a transistor. In
a CDI system the circuit is closed to produce a spark, and it is thus much
better suited to be transistor controlled than the coil ignition system.

The sparks from the CDI system does not weaken with higher rpm, and are
less sensitive to spark plug contamination. No constant current is required
to keep the energy stored in the capacitor between sparks as is the case with
the energy in the coil of a CI system.
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The drawback is that the spark duration, typically 0.1− 0.3ms[7], is shorter
than the coil ignition spark duration. This fact reduces the probability for
combustion in cold or rich12 conditions.

Multiple sparks for easy starting

One way of solving the problem with to short spark duration is to produce
a number of sparks at the time for ignition. This is possible because of the
short dwell time for a CDI system. The dwell time is only dependent of how
fast the store capacitor can be recharged, typically 1ms or less.

When cold starting an engine the time window to ignite the air-fuel mixture
is around13 10ms. This time is sufficient to create 10 sparks.

The circuit that charges the capacitor can be designed to make the dwell
times so short that two or more consecutive sparks can be considered as one
spark. With such circuitry the spark duration time can be controlled from
the electronic control unit.

4.3 Electronic control unit

The Electronic control unit is the brain of the fuel injection system. It typi-
cally consists of sensor electronics, actuator electronics and a micro controller.

The sensor electronics consists of anti aliasing filters , voltage dividing resis-
tors, analog to digital converters, Schmidt-triggers and operational amplifiers
that converts each sensor input to a digital value suitable for the micro con-
troller. The sensor connectors are also usually designed to withstand short
circuit to ground and accidental power peaks.

There are a huge variety of micro controllers used in fuel injection systems.
The main differences are the speed, the amount of memory, the number of
I/O:s and, if any, the number of Analog to Digital converters. Common for
most micro controllers are the EEPROM memory that holds a lookup table of
engine constants. Today (2005) there are many inexpensive micro controllers
available that has the computational power required, so the micro controller
is an inexpensive part of the fuel injection system.

The actuator electronics are drivers, and most of then drives a coil with
one or more field effect transistors. The connectors are usually designed to

12The mixture as explained in section 3.1 on page 6
13Engine speed 2000rpm, ignition window 40◦ of crank.
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withstand short circuit to ground and accidental power peaks. Problems
with ringing14 is common and the high current peaks can cause disturbance
in surrounding systems and within the actuator circuitry. That is why the
circuit board design is of great importance.

This thesis is about building such an ECU, and the prototype built and tested
is described in chapter 6. Most of the rest of the thesis is used to explain the
design of the hardware and software.

4.4 Turbo/super charger.

If the mass of air and fuel in the combustion chamber is increased, the power
from the engine is also increased. In an engine without super- or turbo
charging, the air is sucked into the cylinder by the piston on the intake
stroke. This typically leads to an inlet manifold pressure 1 bar less than the
surrounding air pressure, if the throttle is closed. Even with the throttle
opened fully, the inlet manifold air pressure is lower than the surrounding air
pressure.

With a super or turbocharger, the pressure in the inlet manifold can be
increased to the surrounding air pressure, or even beyond.

So increasing the inlet manifold air pressure means increasing the mass of
air induced in the combustion chamber, and thus increasing the power. But
there are several things limiting how high the inlet manifold air pressure can
be allowed to be. The most important limiting factors are the contribution to
knocking, the increase in heating with power and in some cases, the amount
of fuel that the fuel system can deliver.

The supercharger consists of an air compressor that is mechanically driven
by the engine. The turbocharger consists of a turbine, that uses the energy of
the expanding exhaust gases to drive a compressor wheel as shown in figure
4.3 on page 32. Because the turbocharger makes use of the energy in the
exhaust gases, it can be used to improve the efficiency of the engine.

4.4.1 Waste gate

The waste gate is a valve that can let the exhaust gas bypass the turbine,
and thus hinder it from driving the compressor, and from increasing the inlet
manifold air pressure. Because the exhaust gases are hot, and because work

14The system becomes unstable and makes undesired outputs.
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Figure 4.3: The air flow through a turbo charged engine.

is done on the waste gate when it is half-opened, it has to be dimensioned to
withstand a lot of heat.

Most waste gates are pneumatic. A spring loaded membrane with ambient
pressure on one side, and inlet manifold air pressure on the other side, moves
the valve.

When an engine is supercharged, the mass of air trapped in the cylinder is
increased. This leads to higher temperatures in the cylinder due to compres-
sion. If the temperature in the combustion chamber is too high knocking15

will occur.

To avoid knocking the waste gate is controlled to open, so that the pressure in
the inlet manifold is kept at an optimum. What the highest possible pressure
in the inlet manifold without knocking is depends on a number of things. The
most important ones are compression ratio, the temperature of the air in the
inlet manifold and the properties of the fuel.

15Explained in section 3.2 on page 8
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4.4.2 Blow off valve

To have optimum acceleration of a vehicle, it is important to shift gears as
fast as possible. Because the torque from the engine is reduced when shifting
gears, to prevent damaging the gearbox, the time between reducing torque
to the time when the torque is increased again is the important factor.

In a spark ignition engine this reduction of torque is (almost always) achieved
by closing the throttle valve. This makes the air in the compressor stop
flowing and therefore brakes the compressor down to a low rpm. When the
gear is shifted and the throttle is opened again to increase the torque, the
turbo has to accelerate both the compressor and the air again before optimum
pressure in the inlet manifold is achieved.

This problem can be reduced by opening a blow off valve to a bypass, that
lets the air continue to flow through the compressor when the throttle is
closed, thus not breaking the spin of the compressor, nor the mass of air
flowing. The same valve is also known as the dump valve.

Another benefit with this is that it saves the turbo from the strain of rapid
changes in speed, and thus reduces wear.

The valve either let the air blow out in the open, or recirculates the air back
into the system at a point before the compressor. Both solutions gives the
mentioned benefits, but the recirculation solution does not confuse the air
flow sensor, if there is one, and should give slightly better response as it
delivers air to the intake that has already passed the resistance from the air
cleaner.

Nevertheless many times the blow off to open air solution is chosen because
of the louder characteristic sound when the valve opens. You may have heard
this sounds when rally cars shift gears. This sound, noise to some of us but
music to others, is so desired that you can actually buy a loudspeaker sound
system to hide under the hood that replicates it!

4.4.3 Turbo compound

The turbo compound consist of a turbine that uses the energy of the exhaust-
gas to spin, just like the turbo charger. Instead of driving a compressor, this
energy is used to help the crankshaft spinning. This is achieved by reducing
the high rpm spin of the turbine to a lower rpm, close to the crankshaft
rpm, with a gearbox. The final adjustment in rpm is achieved with a viscous
coupling. The result is that some torque is added to the crankshaft, and thus
contributing to the engine efficiency.
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This solution has been tried on airplanes in the 1940:s but have not been
used much since then because of the complicated mechanics and bulkiness of
the gearbox and viscous coupling.

4.4.4 Intercooler

When the inlet air is compressed by the turbo it is also heated. The inter-
cooler passes the heated inlet air through a radiator, that is cooled by the
surrounding air. It is located between the turbo compressor and the inlet
manifold and cools down the inlet air.

There are two benefits with cold air. Air density increases when the tem-
perature decreases, and higher mass of air (and thus fuel) in the combustion
chamber means higher power. Lower inlet air temperature also means lower
combustion temperature and less risk of knocking and formation of nitrous
oxides (NOx). The combustion temperature reappears in most sections of
this thesis as it is of fundamental importance.

4.5 conclusion

In this chapter we have reviewed the components within the engine and now
we turn our attention to selecting and developing an algorithm for our fuel
injection electronic control unit (FIECU).



Chapter 5

Strategy selection

With knowledge about the parts, systems, phenomenons and ideas explained
in previous chapters some conclusions about design strategies for the injec-
tion system and control strategies can be made. In this chapter I decide
which sensors and strategies is used in the prototype, and then a fuel al-
gorithm is deduced. Some ideas and conclusions about VE-correction and
water injection are also presented.

5.1 Sensor electronics

No control algorithm can be expected to work without accurate sensor input.

I strongly recommend that the sensors used are manufactured for the purpose.
Sensors used in a production unit by Bosch or another big manufacturer
should be suitable. Even with this limitation, a wide range of sensors are
available for all variables I can think of. The most economical approach is to
use the sensors that are already mounted on the engine, and this should be
a good solution in most cases.

Construction of good analog to digital circuitry is essential. Different cir-
cuitry is required for different sensors. For some sensors, like the knock sen-
sor specialized integrated circuits are available and should be used to prevent
insurmountable construction workload.

I also recommend the use of integrated analog to digital converters because
they can be placed close to the sensor to reduce disturbances. They are also
very accurate and inexpensive, thus it makes no sense to build yet another
AD converter from scratch.
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As in any construction of analog to digital circuits, the Nyquist criterion must
be remembered, and appropriate filter used. If integrated circuits are used,
decoupling capacitors should always be placed close to them, to suppress
noise in the power supply lines. As analog and digital circuits are probably
mixed on the same PCB1, it is preferable to use separate ground and power
layers for the analog and the digital circuitry.

5.1.1 Air mass strategy

To control the fuel injection the amount of air that goes into the cylinder has
to be known. As described earlier, there are a lot of different sensors used for
this purpose. I can identify two main strategies for determining the amount
of air. One is the speed density method2, and the other is to determine the
air volume flow into the manifold.

A decision on one of those strategies must be made before effort is put into
the circuitry design, as the sensors used are quite different. I believe the
speed density method is preferable for speed and accuracy, but the different
sensors used to determine volume flow is probably easier to use, and demand
less of the analog circuitry.

In my prototype, the speed density method is used. Then the sensors required
are a Manifold Air Pressure sensor, and a Manifold Air Temperature sensor.

Those are the sensors and the strategy used on the Yamaha R6 engine. It also
has an atmospheric pressure sensor and that implies that the MAP sensor is
not measuring the absolute air pressure, but the air pressure relative to the
atmosphere.

For the ignition timing and injection timing, sensors that reveals the work
cycle of the different cylinders are required. There are different ways to do
this that are equal, so my recommendation is that whatever system that is
already fitted to the engine in question is used. On the Yamaha R6 this sys-
tem consists of one crankshaft position sensor and one cylinder identification
sensor.

To adapt the different discussed control strategies, some additional sensors
are required. The Yamaha R6 has a throttle position sensor that can be
used to determine idle and full throttle conditions. It also has a coolant
temperature sensor and an oil level sensor. Those sensors should be made
available to the ECU even if no decision is made to use them, as they add

1Printed Circuit Board
2Explained in section 4.1.2 on page 21
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Figure 5.1: Overview of my control strategy.

information with very little extra work. I believe that even the neutral switch
and the speed sensor could add interesting information to the ECU.

5.2 Control strategy

My control strategy uses the speed density method, to find out the mass of
inducted air. Then I use lookup tables and the algorithm described in section
5.2.1, to calculate the mass of fuel needed for stoichiometric combustion.
Different modes are used to enrich or lean the calculated mixture, to adapt
to the current driving mode. In closed loop mode, the feedback from the
exhaust gas oxygen sensor is used to make the mixture richer or leaner, to
reach stoichiometric combustion (λ = 1).

The manifold air pressure (PMAP ) sensor and manifold air temperature (PMAT )
sensors are connected to an AD converter with as close connections as possi-
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ble, and with the appropriate filtering. The digital values are then converted
so that the represent the absolute manifold air pressure and the absolute
manifold air temperature. However good the AD converter is, the conversion
from analog voltage levels to digital values will add uncertainty. The reso-
lution should be maximized by making sure that the voltage swing of the
sensor is evenly spread over the input voltage swing of the AD-converter.

In my control software, only integers are used, because this allows high com-
putation speed. To preserve resolution when using the digital values in my
algorithm, they may have to be resized. If they are too small, resolution is
lost in division, and if they are too big, the result of a multiplication will be
an overflow error. This must be kept in mind all the time when encoding the
software.

5.2.1 Fuel algorithm

In my algorithm, I use the perfect gas law as an approximate relation between
the air density, the air pressure and the air temperature. The perfect gas law,
shown in equation (5.1), states that the air pressure (P) times the volume (V)
equals the amount of the gas in moles (n) times the universal gas constant
(R) times the air temperature (T).

As shown in equation (5.2), the air density (ρ) equals the amount of moles
per volume. From equation (5.1) and equation (5.2) we deduce equation
(5.3) that states that, the air density is proportional to absolute pressure
and inversely proportional to absolute temperature.

PV = nRT (5.1)

ρ =
n

V
(5.2)

ρ =
P

RT
(5.3)

The air density can be calculated relative to a standard condition as in equa-
tion (5.4), where the values of ρ0, P0 and T0 are known with great precision.

ρair = ρ0

(
PMAP

P0

)(
T0

TMAT

)
(5.4)
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The mass of air (mair) that is inducted in the cylinder equals the density of
the air times the swept volume (Vsvept) times the volumetric efficiency (ηv)
as shown in equation (5.5).

mair = ρair · Vsvept · ηv (5.5)

The mass of fuel needed for a desired combustion equals the mass of inducted
air divided by the AFR as shown in equation (5.6).

mfuel =
mair

AFR
(5.6)

To inject this mass of fuel into each cylinder of an engine, the time that the
injectors are opened is controlled. Different engines have different number of
cylinders and different number of injectors. This and the mass flow of the
injectors has to be accounted for as shown in equation (5.7), where the time
the injectors are open (Tinj) equals the desired mass of fuel (mfuel) times
the number of cylinders (Ncyl), divided by the volume flow of the injector
(Injflow) times the number of injectors (Ninj).

tinj =
mfuel ·Ncyl

Injflow ·Ninj

(5.7)

Now we replace mfuel in equation (5.7) with the result of equation (5.6), and
the time to hold the injector opened equals Tinj in equation (5.8):

tinj =
ρ0

(
PMAP

P0

)(
T0

TMAT

)
Vsvept · ηv · ·Ncyl

AFR · Injflow ·Ninj

(5.8)

Most variables in equation (5.8) are constant for a certain engine, and to
simplify the calculation that has to be repeated they can all be combined to
one constant K which gives equations (5.9) and (5.10).

Depending on how the temperature compensation and the enrichments are
taken care of, TMAT and AFR can also be moved into the constant K.

K = Vsvept · ρ0

(
T0

P0

)(
Ncyl

Injflow ·Ninj

)
(5.9)

tinj =
K · ηv

AFR

(
PMAP

TMAT

)
(5.10)
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To calculate the injector pulse width, a few more things has to be considered.
The injector flow behavior can be seen in figure 5.2. It takes time for the
injector to fully open, and meet the fuel flow specification. This time must
be added to the pulse width. This implicates that a small amount of fuel
can be injected during this time, and also during the time the injector is
closing. It is not a big problem to account for, as this leakage is constant and
measurable.

As described in section 3.4, enrichment is needed in different conditions. This
can be solved in more than one way.

What it means is that different air to fuel ratios are needed for different
conditions, but rather than having an extra lookup table for the AFR, the
enrichments are often embedded in the volumetric efficiency lookup table.
This means that the volumetric efficiency table is not constituted of true
values, but this matters little, because as shown in equation (5.10) the AFR
and the ηv are multiplied. This solution only works for changes in AFR driven
by PMAP and rpm.

Other changes in preferred AFR like cold start enrichment, must also be taken
care of, and this calls for another term in the control algorithm E, that has
an algorithm of its own. Then the required pulse width algorithm is the
injector open time tinj times the enrichment term E plus the added time for
opening the injector as shown in equation (5.11)

Control signal 

Injector flow 

Fuel amount 

Time(t) 

Figure 5.2: The injector flow behavior.
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PW = tinj · E + Injopen =
K · ηv

AFR

(
PMAP

TMAT

)
(5.11)

5.2.2 Feedback for correction of VE table

When the values of PMAP and PMAT are used to calculate ρair relative to
standard conditions, as shown in equation (5.4) on page 38, the error will
propagate, and the error in ρair will thus always be bigger than the error in
PMAP and PMAT .

The error propagates as ρair is in turn used in calculating mair, and further
down the line in calculating the correct pulse width for the injectors. The
conclusion is that regardless of the supremacy of the electronics, the algo-
rithms and the mechanics, there will always be an error in the achieved AFR.
Minimizing this error is the drive in all efforts to improve the system, and a
measurement of this error surpasses the estimate.

Feedback is the key word. Any measurement of what happens after the
combustion can be used as feedback. The information obtained from the
feedback aims at reducing the total error.

The best possible feedback that comes to mind is information about cylinder
pressure from an ion sensing system, because of the short delays. Second
best, and easier to implement, is the use of a wide band exhaust oxygen
sensor. This feedback can be used to calculate the actual AFR, that is the
result of what the control algorithm did a short time ago.

If the intended AFR, with consideration taken to enrichments and transient
time leakage of the injectors, is calculated and time-synchronized, an error
function is achieved. If properly used, this error function can be used to
correct the volumetric efficiency lookup table. This will of course make the
volumetric efficiency lookup table somewhat incorrect, but that matters little,
as the control algorithm works better and more accurate.

The adaptive correction algorithm would have to save data about used in-
jection pulse widths, and the resulting lambda value, and make a statistic
evaluation before changing the value in a position in the lookup table. So
maybe this algorithm is something to use together with data logging and ex-
ternal calculations, rather than an adaptive algorithm in the ECU itself. It
all depends on how much memory and calculation power the microprocessor
used has.

One problem is that the output characteristics of the exhaust gas oxygen
sensor only gives a real hint when lambda is close to one λ ≈ 1. This is best
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solved by using a wide band oxygen sensor. If only an ordinary exhaust gas
oxygen sensor is available the algorithm can be used to some extent anyway,
by only using the correction algorithm when λ ≈ 1. Over time, most positions
in the lookup table should have been active when λ ≈ 1 and then I will have
a very accurate lookup table.

5.3 Water injection

Engine efficiency is achieved with stoichiometric combustion, but stoichio-
metric combustion makes the exhaust gas temperature rise to damaging lev-
els at high engine loads. One way to solve the problem with high exhaust gas
temperatures in a better way than enriching the mixture and thus reducing
the efficiency can be water injection. Gasoline is expensive, so it would be
very good if all of it could be used to produce useful work. To use part of
the gasoline to cool down the exhaust gases is a waste of money. Instead
water can be injected in the combustion chamber to achieve lower exhaust
gas temperatures.

Water also reduces the temperature in the combustion chamber and thus
reduces the knock tendency. The goal is to keep the exhaust gas at a high
but safe temperature at all times. A lookup table can be used to store the
required amount of water for all conditions. An even better way would be to
use an exhaust gas temperature sensor as feedback for a closed loop control
system.

The possible benefits from a water injection system are higher efficiency and
higher power output. Water injection allows the engine to run at stoichio-
metric AFR during acceleration, which leads to improved efficiency. The
reduced tendency to knock allows a higher power output from the engine.

As maximum engine power is only used during acceleration this means that
a smaller engine that uses less fuel during cruising can be used to propel the
same car. That is if you are thinking about the environment.

So why are not all spark ignition engines equipped with water injection, you
ask? Water injection requires a whole extra injection system. This injection
system has to be protected from contamination, corrosion and ice. So most
probably ordinary drinking water is not pure enough to be used.

To protect from corrosion expensive materials has to be used in the injection
system or additives has to be put in the water.

To hinder the water from freezing the whole system has to be heated or
alcohol has to be added. The alcohol idea seams better, but alcohol would
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burn in the combustion chamber and maybe affect the exhaust gas oxygen
levels.

In addition to fill the car with fuel, water has to be filled in a container that
steals space in the car, and adds weight to it.

And if you ever run out of water a double set of control modes has to be
present to run the engine without water injection. This makes the ECU
more expensive and complicated.

The conclusion is that it is too expensive to be economically feasible. Not
only does it bring big development costs, it also makes the production price of
the engine higher. The consumers would have to pay for the extra equipment.

Would you be prepared to pay, lets guess, 2000 ¿ more for the car and buy
water at the gas station, cheaper than gasoline off course, every time you
refuel your car?

If we dare to dream that everybody already had water injection systems
installed in the cars, the water fueling part surely could be integrated in the
nozzle of the fuel pump.
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Chapter 6

Prototype construction

In this chapter the prototype is presented. I start with a description of how
the hardware was developed, and continues with the software development.
Finally i describe how both the hardware and software were tested and veri-
fied with a data acquisition card and LabVIEW.

6.1 Hardware

I have built and tested my theory in this thesis on a prototype electronic
control unit. During this work a number of decisions has been made, to clear
out conditions needed for the construction. Those conditions are:

� The speed density method is used.

� All injectors are fired as a bank and once every engine cycle.

� The M16 Mainboard is used as the main platform in the ECU.

� The low-pass filters on the A/D ports have cut frequency of 1kHz.

� Manifold air pressure range is 20Pa-100kPa.

� Manifold air temperature range is 246K-373K

� Engine speed range is 0rpm-20 000rpm.
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6.1.1 M16 Mainboard

I have used a Mitshubishi M16C microprocessor to make the calculations in
my electronic control unit. The choice is natural because I have worked with
the M16 before, and that allows me to reuse both knowledge and designs.

The M16 Mainboard is a 4 layer PCB, designed to power and drive the M16C
microprocessor, and make the features available and the pins connectable
with additional electronics. The main features of the M16 Mainboard that
is beneficial for my electronic injection are:

� 8 A/D converter pins equipped with low-pass filters and ESD protection
and available at a connector.

� 1 digital port (8 pins) is ESD protected and available at a connector.

� 32kbyte extra RAM memory.

� 2 x CAN-bus with driver.

� 2 x RS232 ports with driver.

� 5V 600mA Switched power supply from 6V-24V input voltage.

� 3 diagnostic LEDs.

� Programmable via RS232.

� Separate ground and power planes for analog converters.

� 10 bit A/D conversion.

� Hardware interrupts.

� PWM output ports.

The construction of the main circuit board was done with aid of Orcad Cap-
ture1, where a schematic and wiring diagram was made. Orcad Capture is a
CAD program for making schematics, including wiring diagrams of electronic
circuits. The schematics can then be used to simulate the circuits in Orcad
Pspice, and to make circuit board layouts in Orcad Layout.

1Cadence Design Systems, Inc.
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6.1.2 Power supply

Because the Mitshubishi M16C microprocessor uses a supply voltage of 5V,
a power supply circuit is used to convert the vehicle power of 12-14V to 5V.

A switch regulator is chosen because it has very good efficiency (more than
95%) compared to a conventional linear voltage regulator (less than 50%).

The circuit is mainly taken from the data sheet of the Maxim MAX1776. The
Maxim MAX1776 was chosen because it is affordable, efficient and surface
mounted. The circuit supplies 5V and max 600mA in the chosen set up. The
coil L3 in figure 6.1, is dimensioned to handle this current. The choke WB
ferrite was added to make the power even more stable and noise free.

Acceptable input voltage to the switch regulator, and thus the main circuit
board, is in the range 5.5V to 24V. The input voltage comes from the CAN-
bus connector.

In the circuit board layout, the components of the power supply are placed
so that the tracks is as short as possible for the ground, to avoid noise. The
ground of the power supply circuit is connected to the ground plane at one
point only, so that no ground loop is made. However, because the vias are
small, two vias are used to connect the ground to the ground plane. The
power plane is also connected only at one location.

The output ripple voltage was unacceptably high because the capacitors used
had to high ESR2. Replacing them with ultra low ESR capacitors reduced
the ripple considerably. Even lower output ripple voltage can be achieved by
adjusting component values to the actual current. The output ripple voltage
is reduced with higher impedance in the coil L3, and with relatively high
current.
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6.1.3 CAN-bus drivers

Two CAN-bus drivers were added to enable two parallel CAN-busses. The
driver is an interface between the CAN-controller integrated in the M16 and
the physical CAN-bus. PCA 82C250/251 from Philips was chosen for the job,
and it works perfectly. To prevent reflection, a termination resistor is needed
at every end node of a CAN-bus, and this was made possible by adding a
jumper and a resistor. The CAN-drivers are optional, if they are not needed
they are not assembled.

6.1.4 Extended memory

A 32k-byte extended memory was added as a precaution. The M16 has 10k-
byte onboard RAM memory and that might be enough, but remember that
once upon a time someone thought that 640k-byte of RAM memory was more
than anyone could ever need for a PC 3. The extended memory is optional, if
it is not needed it is not assembled. Two resistors and a transistor were added
to the design to make the hold pin change from pulled up to pulled down,
when the program enable jumper is attached. The write, read and chip select
pins has to be connected to the processor. 8 data pins form the data bus and
15 address pins forms the address bus also has to be connected. One thing
that made routing easier, was that the data bus pins are interchangeable.
This is also true for the address bus pins.

6.1.5 Analog inputs

Eight analog inputs from the M16 were wired to the 12-pin connector CON12.
Resistors were added to make voltage division possible if needed. A first order
low pass filter is achieved by fitting a capacitor between the input and ground,
to make sure the Nyqvist criterion is met.

To minimize the noise from digital current peaks, a part of the circuit board
is reserved for the analogue input ports. This part is separated from the rest
of the circuit board in the ground and power planes. A choke WB-ferrite
and capacitors was added, to make a good and clean analogue power. The
analogue ground a power plane is only connected at one point each to the rest

3Bill Gates is supposed to have said this in the early days when there was a 640 KB
limit the PC memory. Even if it is not true that Bill Gates said so, it is a known statement.
And whoever implemented the 640 KB limit obviously created annoyance for PC users.
There were a lot of tricks for getting a few more bytes of RAM
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of the circuit. The analog voltage reference pin on the M16 is connected to
the analogue power plane. This minimizes the disturbances from the voltage
ripple on the resistive sensors. Because the analog sensors most probably
would be outside the casing for the circuit board, it was necessary to protect
it from ESD. Adding Maxim MAX3204 ESD protectors to the circuit solved
this. The Maxim MAX3204 ESD protector was chosen because it is small,
fairly cheap, and protects four ports per capsule.

When the PCB4 was tested it was discovered that the footprints for the
Maxim MAX3204 ESD protectors were wrong. This error has been corrected,
but for the PCB:s already manufactured this means ESD protection is not
present.

6.1.6 Digital ports

Digital inputs and outputs are needed in different ways in the solutions of
the project, therefore it was natural to ESD protect and make 8 digital ports
easily available. Resistors were added to make voltage division possible if
needed.

6.1.7 RS232

The M16 is programmed via the UART5. To make programming easy a RS232
driver circuit was added. A programming cable using the COM-port of a PC
can then easily be made. The RS232 interface can also be used for serial
communication with a lot of different units. ST 202E from ST Microelec-
tronics is ESD-protected and contains two RS232 drivers. Uart 0 and 1 are
connected to the driver circuit. The driver circuit is optional, if it is not
needed it is not assembled.

6.1.8 Light emitting diodes

Three Light emitting diodes were added to make some amount of debugging
possible. Nothing fancy, just three LED:s connected directly to three outputs
of the M16 with a series resistance.

4Printed Circuit Board
5Universal Asynchronous Receiver/Transmitter
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6.1.9 Reset circuit

A reset circuit is needed to make the processor behave in the same way every
time the power is turned on. It also takes care of the contact bounce from
the reset button. DS1813R from Dallas is used.

6.1.10 36-pin connector

A connector with all the left over ports from the processor to make it possible
to use those pins if needed.

6.1.11 PCB design

Figure 6.2: Upper layer of the PCB

Using Orcad Capture to make schematics of the different circuits is fairly easy.
The big workload is to place the components and do the routing with Orcad
Layout. There is a lot of time to save if as much of the work as possible is
done already in Orcad Capture. For example all footprints can be assigned
and all components can be arranged in groups in Orcad Capture to make
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the work in Orcad Layout faster and easier. Orcad Layout has features for
automatic component placing and automatic routing, but this requires the
user to set up a huge amount of rules for the program to follow if the result
should be acceptable. So manual placing and routing was used and a lot of
hours spent. The result is a really neat 4-layer PCB with high component
density.

6.1.12 Assembly

The PCB6 was manufactured by a company called Elprint and they did a
very good job. The components were soldered to the PCB and then the PCB
was tested.

I used solder paste that we dispensed by hand with a needle on the pads.
Then I placed the components by hand with tweezers and heated the PCB in
a soldering oven. Because the PCB has two component sides the components
on the bottom side is hanging only by surface tension the second time it goes
in the oven. This is a very fast way of assembly for the trained operator.

The M16 mainboard works very well and is very versatile. The board makes
it easy to use all features of the M16 micro controller. The solution to make
a common circuit board for a lot of tasks in the system has been time and
effort saving. Hopefully anyone that needs to develop a solution with the
M16 including CAN will find this circuit board useful.

6.1.13 Inputs and outputs

The prototype is built to use a negative temperature coefficient (NTC) re-
sistor as a manifold air temperature sensor. The resistor is connected to one
of the A/D converter pins with a pull up resistor and a low pass filter. The
value of the pull up resistor is high, so that the current, and thus the internal
heating of the sensor is minimized. With higher temperatures, the resistance
in the NTC resistor drops, and the A/D voltage also drops.

The manifold air pressure sensor is a Motorola MPX5100AP. This sensor
has integrated electronics that converts the pressure to an output voltage
between 0V − 5V . The sensor output is low pass filtered and connected to
one of the A/D converter pins.

The engine speed and timing is determined by sensing when the ignition
ECU fires a spark. The digital signal from the ignition ECU is connected to

6Printed Circuit Board
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the timer hardware interrupt pin (TAi in). The engine speed is determined
by measuring the time between two consecutive sparks, and the injection is
timed to fire on the rising edge of this signal.

The injector driver stage LM1949 is controlled with one of the PWM output
pins (TAi out). This circuit takes a square wave input and opens the injector
for the duration of the pulse by pulse width modelling the transistor, so that
the current to the injector is initially to open the injector rapidly. When the
injector is opened the current is reduced to conserve power. The LM1949
has short circuit protection

To develop this ECU from a prototype to a fully functional fuel injection
system some additional hardware must be added. A throttle positions sensor
and an engine coolant temperature sensor is demanded, and an exhaust gas
oxygen sensor would add valuable information. None of those sensors are
hard to implement, as there are 6 free A/D converter pins, the only reason
it is not yet done is lack of time. To withstand the rough environment in an
engine compartment, casing and connectors are also a concern.

6.2 Software

The software is programmed in C and compiled with a programmed called
IAR embedded workbench. The compiled code is then programmed in the
M16C EEPROM memory via RS232 with a flasher program called M16C-
Flasher. The source code is attached to this thesis in appendix ??

All information about settings and options for the M16 micro controller are
found in the hardware manual [10].

The main structure of the program, as seen in figure 6.3 on page 53, is an
initializing part where all variables are defined and all ports are set to their
initial states, a calculation loop where the required pulse width is determined
and a number of interrupts and functions.

After the suitable .h files are included the variables are defined. I am only
using integers. Most of them are 16-bit integers (int) but some 32-bit integers
(long) are needed to avoid loosing accuracy when multiplying integers. The
volumetric efficiency lookup table is defined as an array of integers.

The functions are defined as a part of the initialization. The function called
Lookup table position()is used to calculate the lookup table index from the
real values of rpm and MAP. By dividing the real values with a suitable
number and storing the result in an integer variable it is transformed to
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Initialize:
Define variables
Define functions
Set registers
Setup timers

Boot

Interrupt: 
IRQ_Timer_ten_milisecond
Read A/D

Interrupt: IRQ_ignition
Fire injector timer
Count microsecond since last 
ignition

Interrupt: IRQ_timer
Count overflowsMain loop:

Convert A/D register values to "real" 
values
Calculate lookup table position
Calculate required pulse width
Set timer pulse width 

Program flow chart

Figure 6.3: An overview of the C-code structure.

equal the lookup table index (0-9). A working interval for the variable must
be chosen and considered.

The function Average function takes an array of integers as input and returns
the average value.

The functions init AD 10bit(), ad start() and ad stop() are defined in file
ad 10bit.c and included with ad 10bit.h. They do what the names imply:
sets up, starts and stops the 10-bit A/D conversion.

The hardware driven interrupts makes the program execution halt immedi-
ately and execute the code within the interrupt instead. When the interrupt
is executed the execution continues where it stopped before the interrupt
happened. If another interrupt occurs during the execution of an interrupt,
it is executed after the current interrupt if the priority is lower, or imme-
diately if the priority is higher. This means the interrupt with the highest
priority is always executed first.

There are hardware interrupts when a timer overflows or underflows, and
when an interrupt input port detects a rising or falling edge, depending on
setup.

The injection timing is done with the PWM timer circuit TMRA1. The
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timer is set to the one shot timer mode. When a rising edge is detected on
pin TA1 in the output pin TA1 out goes high until the timer has counted
to the number in register TA1, and then it goes low again until a new rising
edge is detected on pin TA1 in. This eliminates the possibility of accidental
injections due to a locked program.

The timer circuit is independent of the program execution, so the timing and
duration of the pulse is very precise and independent execution efficiency.

When the rising edge is detected the timing circuit also sets of a hardware
interrupt that is taken care of in the code. This interrupt is used to determine
the time between two consecutive ignition pulses and thus the engine speed.
The time is measured with another timer, (TMRA0), and the accuracy is
±0.5µs.

Timer TMRA3 is used to make an interrupt every 10ms. This interrupt is
used to read and store the values in the A/D conversion registers, and thus
the sample frequency is 100Hz.

The main loop of the program converts the A/D register values, that ranges
from 0-1023 for input voltages of 0-5V, to real values of air pressure and tem-
perature. In this prototype the conversion is kept simple, but it is possible to
use more advanced conversion algorithms without execution time problems.

The temperature sensor voltage is converted to an absolute temperature
equivalent. Because the temperature interval is decided to be 246K-373K,
and the temperature sensor voltage ranges from 0-1023, and the sensor re-
sponse is assumed to be perfectly linear, the conversion algorithm becomes:

PMAT = 373− Temperature sensor voltage

8
(6.1)

The pressure sensor voltage is converted to an absolute pressure equivalent
in the same way, and becomes:

PMAP =
Pressure sensor voltage ∗ 100

1023
(6.2)

With the manifold air pressure and engine speed known, the Lookup table position()
function gives the corresponding lookup table position. Then the required
pulse width for the injector driver is calculated with the fuel algorithm, equa-
tion (5.10) on page 39 explained in section 5.2.1.

Because only integers are used in the calculation it has to be divided in two
steps to avoid overflow. All constants are combined to one precalculated
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engine constant, as it would be a waste of resources to do the exact same
calculation every loop.

The result of the calculation is the required pulse width in microseconds.
This is very handy, as it gives a preferably big integer, so that accuracy is
maintained. And because the timer counts in steps of 0.5µs, the result is
only multiplied with two to suit the timer.

The whole program is kept simple and efficient, and the total loop execution
time is measured to approximately 100µs. In order to be part of a fully
functional injection system, more calculations are required by the program,
but as the highest allowable execution time is 6ms, that will not cause any
problems.

The accuracy of the calculated pulse width is affected by errors from sensors,
A/D conversion and from integer calculations. Some errors has propagated
through several calculation steps.

It would require some time to calculate a good approximation of the total
error, and I have not done that. But with support from the measurements I
have made with the oscilloscope and in LabVIEW, I approximate the total
error to be less than 5µs. That is less than 0.5% for most pulse widths, and
I am satisfied with that.

6.3 Verification with LabVIEW

To verify the prototype I used LabVIEW form National Instruments, and
a data acquisition card (DAC) to stimulate the prototype and measure the
resulting pulse width.

LabView is a software that uses a program language called G-programming.
It means that the program is built with graphic building blocks, icons,
that represents different tasks. The icons are connected to each other with
wires, that represents data variables of different types. Frames represent IF,
WHILE, CASE or defines that the command boxes should be executed in a
certain order. A program is called a Virtual Instrument (VI), and it also has
a front panel, that is used to present data and graphics during execution.

I have made a VI called Engine.vi, that is used to verify the correct operation
of the injection ECU. The program structure can be seen in figure 6.4 on page
56. The program takes the manifold air pressure, manifold air temperature
and engine speed as input from the user during execution. Then the DAC
is used to stimulate the injection ECU, with the voltages that would be
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Figure 6.4: The LabVIEW VI block diagram.
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 Student Edition 
Engine.vi
D:\Users\David Kjellqvist\Engine.vi
Last modified on 2005-03-23 at 15:25
Printed on 2005-03-23 at 15:26

Page 1

Front Panel

Engine controller is working when 
green needle covers red needle.

RPM out Parameters
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20000200 10000
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Engine controller

ms ms

ms

In

ms

ms

Figure 6.5: The LabVIEW VI front panel.

produced by the temperature and pressure sensors. The engine speed is
represented by a square wave that stimulates the injection ECU.

Besides stimulation of the injection ECU, the program performs the same
calculations of pulse width that is performed in the injection ECU. The only
difference is that float variables are used in LabVIEW.

The DAC is then used to measure the pulse width and the timing of the
pulse from the injection ECU. The result of the calculations in LabVIEW
are presented on the front panel of the VI, with red needles on the gauges
for Engine rpm and injector time. The measurements of the injection ECU
are presented on the same gauges with blue needles. The front panel of the
VI can be seen in figure 6.5 on page 57.

So if the injection ECU is working as anticipated, the blue needles are cov-
ering the red needles, and the digital numbers in the gauges show virtually
the same value.

I have tested the VI and the injection ECU with a big variety of pressures,
temperatures and engine speeds, and the needles are in perfect alignment as
far as the eye can see. A remark is that the accuracy of the injection ECU
is far better than the accuracy of the DAC and the LabVIEW VI, so any
detectable difference between the values are most likely induced by the VI.
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Chapter 7

Result and future work

7.1 Result

During the work with this thesis I have learned a lot about electronic fuel
injection and gasoline engines and the reader of this thesis should be able
to reach the same level of knowledge. The extensive background research
was essential to make the correct choices in the design of the fuel injection
hardware and software.

Throughout the thesis I have proven my skills in thermodynamics, mechanics,
math, chemistry, economics, electronics, physics, and programming, skills
that reflects the broadness of my education.

I have built a prototype fuel injection ECU that is working as anticipated. I
have chosen good components for my hardware, and I have made schematics
that makes use of the full potential of the components. I have also made a
PCB layout that follows good practice.

I have made software, and the c-code is efficient enough, and the microcon-
troller is fast enough to control each individual injection with good accuracy
and speeed.

Within the software I have deduced a control algorithm and made a lookup
table.

All of this is tested and proven with Texas Instrumentst’ LabVIEW, and a
data acquisition card.

59
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7.2 Future work

If time and resources were unlimited, I would off course have continued the
development of this fuel injection system. The next few steps would be the
following:

� Finish with real sensors and injectors. The M16 Mainboard already
has the necessary protection and filters for most sensors. Additional
construction of injector drivers and some programming is necessary.

� Develop an enrichment algorithm.

� Test the system on a real engine.

� Add throttle position sensor to increase enrichment performance.

� Develop condition driven control modes to take care of the modes in
table 3.1 on page 15.

� Ad an exhaust gas oxygen sensor to make closed loop mode possible.

� Make algorithm for closed loop mode.

� Make algorithm for VE correction that uses the feedback from a exhaust
gas oxygen sensor as discussed in section 5.2.2.

� Develop the LabVIEW VI to the extent of its performance. LabVIEW
and the data acquisition card is a very powerful tool for testing and
verification of the system.
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Appendix A

Source code

A.1 Injection.c

#include <intrinsics.h>

#include <stdlib.h>

#include"iom16c6n.h"

#include "ad_10bit.h"

#include "Uart0_TR.h"

#include"lookup.h"

#define redLED P6_bit.P6_5//ful

//----------------------- Variables -----------------------------------------------------

unsigned int Engine_speed;

unsigned int Manifold_absolute_air_temperature;

unsigned int Manifold_absolute_air_pressure;

unsigned int Pressure_sensor_voltage[5];

unsigned int Temperature_sensor_voltage[5];

unsigned int Pressure_sensor_voltage_average;

unsigned int AD_index;

unsigned int Average;

unsigned int a;

unsigned int Lookup_table_position_y=0;

unsigned int Lookup_table_position_x=0;

unsigned int Time;

unsigned int Time_overflow=0;

unsigned int Enrichment=100;

unsigned int Injector_open_time=500;//us

//------------------ long needed -------------------------------------------------

unsigned long Pulse_width; // long is 32 bit

unsigned long Step_one;

unsigned long Revtime;

// -----------------------------------------------------------------------------------------

// The Precalculated_engine_constan holds information about:

// Swept_volume = 150e-6;% [m^3]

// rho_0 = 1.299; % [kg/m^3]

// T_0 = 288; % [K]

// P_0 = 101.3; % [kpa]
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// Number_of_cylinders = 4;

// Injector_flow_rate = 0.02; % [kg/s]

// Number_of_injectors = 1;

// Air_to_fuel_ratio = 14.7;

//

// Precalculated_engine_constant = Swept_volume * rho_0 * T_0 * Number_of_cylinders /

// ( Air_to_fuel_ratio * P_0 * Injector_flow_rate * Number_of_injectors )

//

unsigned int Precalculated_engine_constant=754; // 0.007537 * 100000

//

//--------------------------------------------------------------------------------------------

//

// Pelle is garbage...

unsigned int pelle;

char test[8] ="test"; // test is garbage too...

// ------------------------- Functions predefinition: otherwise compiler complains... --------

void Lookup_table_position();

int Average_function(int Average_object[4]);

//----------------------- Main program ------------------------------------------------------

void main()

{

PRCR_bit.PRC0 = 1; /*Unlock CM0*/

CM0 = 0x18; /*Start oscillating sub clock*/

PRCR_bit.PRC0 = 0; /*Relock CM0*/

PD6 = 0xff; // output

// ----------------- Initiate and start AD-conversion --------------------------------

// Ad converter is 10 bit

// Produces integers 0-1023

//

init_AD_10bit();

ad_start();

//ad_stop();

// -----------------------------------------------------------------------------------

redLED=1;

P6_bit.P6_1=0;

Uart0_init();// Initiate serial comunication

__enable_interrupt();

//---------------------- Start timer -------------------------------------------------

TABSR_bit.TA0S = 1;

TABSR_bit.TA1S = 1;

TABSR_bit.TA2S = 1;

TABSR_bit.TA3S = 1;

TABSR_bit.TA4S = 1;

while(1)

{

P6_bit.P6_1^=1; //Blinka lilla utgång där...

// Temperature_sensor_voltage must be converted to an absolute pressure equivalent

// Temperature sensor is NTC resistor pulled up at port and grounded at other end. =>
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// 0v = very hot and 5v = very cold A preferrable working intervall is 246K < T < 373K

// This project will not focus att the temperature deviation at this time

// Therefore the temperature is assumed to be: T = 373 - Temperature_voltage/2

Manifold_absolute_air_temperature = 373 - Average_function(Temperature_sensor_voltage)/8;

// Pressure_sensor_voltage must be converted to an absolute pressure equivalent

// Pressure sensor Motorola MPX5100AP is asumed, available at www.elfa.se

// Working intervall near 0 < MAP < 100kpa => Not suitable for supercharged engines

// 0v = vaccum, 5v = 100kpa, the output is very linear, here it is assumed to be totaly linear and thus

// MAP = Pressure_sensor_voltage *100 / 1023 [kpa]

Manifold_absolute_air_pressure = (((long)Average_function(Pressure_sensor_voltage) *100) / 1023);//[kpa]

// Calculate lookup table index from "real" values of rpm and MAP

Lookup_table_position();

//------------------- This is the main calculation of the pulsewidth

//--- Volumetric_efficiency_table[][] = Pick VE-value from the lookup table stored in lookup.h

// To use integers att variables are 100 times bigger.

// Have to keep in mind that the product must be < 4.29e9 (2^32) if long is used

// That is why calculation is done in 2 steps.

//

// ALL VARIABLES USED IN LONG CALCULATIONS MUST BE CASTED LONG!

//

// Step_one

Step_one = (long)Precalculated_engine_constant * (long)Enrichment *

(long)Volumetric_efficiency_table[Lookup_table_position_x][Lookup_table_position_y]/(long)1000;

// Step_two

Pulse_width = (long)Step_one * (long)Manifold_absolute_air_pressure /

(long)Manifold_absolute_air_temperature + Injector_open_time; // [us]

//Pulse_width = (long)Step_one * (long)100 /(long)288;// + Injector_open_time;

TA1 = (int)Pulse_width*2; // Should be TA1 = Pulse width

}

}

//----------------------- Interrupts ------------------------------------------------------

#pragma vector = TMRA0

__interrupt void IRQ_timer(void)

{ // Counts until owerflow, then interrrupts

// overflows if it takes more than 131070us between pulses

Time_overflow++;

}

#pragma vector = TMRA1

__interrupt void abc(void) // this interrupt takes 10us

{// Counts how many milisecond since last ignition.

TABSR_bit.TA0S = 0; // stop timer A0

Time = TA0; // read time

TA0 = 0xffff; // reset timer



66 Source code

TABSR_bit.TA0S = 1; // start timer

Revtime=(0xffff -Time)*2 + Time_overflow * 131070;

// 65535*2/1000 equals 131070us, each time overflow adds 131070us

Time_overflow=0;

// Now Revtime holds the time between two ignitions in [ms] +/- 1ms

// I see no benefit in making an average value at this time

}

#pragma vector = TMRA2

__interrupt void IRQ_timer_milisecond(void)

{ // Interrupts every milisecond

}

#pragma vector = TMRA3

__interrupt void IRQ_Timer_ten_milisecond(void)

{ // Interrupts every 10 milisecond

// AD sample rate = 100Hz

__disable_interrupt();

Pressure_sensor_voltage[AD_index] = AD2;

Temperature_sensor_voltage[AD_index] = AD3;

__enable_interrupt();

AD_index++;

if (AD_index > 4)

{

AD_index = 0;

}

}

#pragma vector = TMRA4

__interrupt void IRQ_Timer_250_milisecond(void)

{ // Interrupts every 250 milisecond

//TA2 = Step_one;

__disable_interrupt();

int2string(test,Manifold_absolute_air_pressure); //

Uart0_TX_string(test);// Skriver till serieporten

__enable_interrupt();

// String är teckensträng

}

//----------------------- Funktioner ------------------------------------------------------

void Lookup_table_position() // 15us

// Calculate lookup table index from "real" values of rpm and MAP

// By dividing and storing in integer the variable is cut into intervals

// that equals the lookup table index (0-9)

// A working intervall must be chosen

//
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// Working intervall for engine speed: 0 < Engine_speed < 20 000 rpm

// =>

// It would be nice to use a power of 2... Lets have 2048

//

{

Engine_speed = 120000000/Revtime;

Lookup_table_position_x = Engine_speed/2048;

// This makes the limits 2048rpm,4096rpm,...,18432rpm

// Lets not have an index to large...

if (Lookup_table_position_x > 9)

{

Lookup_table_position_x = 9;

}

// Now the same thing should be made for the pressure

//

Lookup_table_position_y = Manifold_absolute_air_pressure/10;

// Makes the limits 10kpa, 20kpa,...,100kpa

if (Lookup_table_position_y > 9)

{

Lookup_table_position_y = 9;

}

}

int Average_function(int Average_object[4]) //10us

{

//-------------------- Make an average...

// Remember: int is 16bits. index times max_variable_value must not exceed 2^16

// Is such case use long!

//

Average = 0;

for(a = 0; a < 4; a++)

{

Average = Average + Average_object[a];

}

Average = Average / 4;

return Average;

}

unsigned char __low_level_init(void) //funktion

{

PRCR = 0x03; /* Protect off */

PM0 = 0x00; /* Single chip mode */

PM1 = 0x08; /* Expand internal memory */

CM0 = 0x08; /* Divide by 1, System clock 16 MHz*/

CM1 = 0x20; /* Drive capacity High */

PRCR = 0x00; /* Protect on */

CPSRF = 0x80; /* clock prescaler reset */

// Timer A0 setup -----------------------------------------------------------

// 131ms, timer mode, f32

TA0MR = 0x80;

TA0 = 0xffff;

TA0IC = 3;

// ---------------------------------------------------------------------------
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// Timer A1 setup ---------------------------------------------------------

// This timer sets the duration of the injector opened pulse

// Interrupt every "ignition pulse" = when rising edge on pin TA1_in

// The interrupt makes pin TA1_out go high until counter TA1 reaches zero

// The software interrupt measures the time since last time interrupted

//

//

// 0x5E 01011110 One shot timer, f8 = 2MHz

// 0x1E 00011110 One shot timer, f2 = 8MHz

TA1MR = 0x5E;

TA1 = 2000;

TA1IC = 2;

// --------------------------------------------------------------------------

// Timer A2 setup -----------------------------------------------------------

// 1ms, timer mode, f8

// 0x00 = 00000000

TA2MR = 0x40;

TA2 = 8000;

TA2IC = 0;

// ---------------------------------------------------------------------------

// Timer A3 setup -----------------------------------------------------------

// 10ms, timer mode, f8

TA3MR = 0x40;

TA3 = 10000;

TA3IC = 4;

// ---------------------------------------------------------------------------

// Timer A4 setup -----------------------------------------------------------

// 250ms, timer mode, fc32

TA4MR = 0xC0;

TA4 = 256;

TA4IC = 1;

// ---------------------------------------------------------------------------

return 1;

}
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A.2 Lookup.h

#ifndef lookup_h

#define lookup_h

#define row 10

#define col 10

float Volumetric_efficiency_table[row][col] = {

// MAP

// ^

// |

// |

// |

// |

// |

// |---------->rpm

// 8x8 matrix with volumetric efficiency

//

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

{100,100,100,100,100,100,100,100,100,100},

};

#endif


