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Abstract

This work is devoted to the design and implementation of an Engine Control Unit (ECU)
for the management of a LPG-Diesel dual-fuel engine. The ECU is implemented by
using a STM32 Nucleo board equipped with the Cortex M4 based (STM32F401) micro-
controller, being able to control the engine, whether it works in conventional diesel mode
or in a dual fuel combustion fashion.

In order to reach this goal a tailored daughter board, attached to the Arduino-compatible
I/O pins available on the STM32 Nucleo, has been designed and built. Its main function
is to act as a driver and a final stage, capable to generate the proper outputs for the engine
under test.

In both operation modes (single and dual fuel combustion) , the embedded system
will be able to sample some relevant parameters such as phase synchronization signal
and crankshaft engine signal and to control, with high degree of flexibility due to the
microcontroller firmware, the time and the shape of injection signals and the amount of
fuel delivered at each cycle.

Finally, the system may work as a standalone application or as a slave element, con-
trolled by a purposely designed software running as a LabVIEW application through a

remote personal computer.






Resumen

Este trabajo se dedica al disefio e implementacion de una Unidad de Control de Mo-
tor (ECU) para el manejo de un motor de doble combustible GLP-Diésel. La ECU esta
implementada empleando la tarjeta de desarrollo STM32 Nucleo equipada con el micro-
controlador STM32F401, basado en Cortex M4, siendo capaz de controlar el motor, tanto
si funciona en modo diésel convencional como en modo doble combustible.

Para alcanzar este objetivo se ha disefiado y construido una tarjeta unida mediante los
pines I/O compatibles con Arduino disponibles en la STM32 Nucleo. Su funcién principal
es actuar como controlador y etapa final, siendo capaz de generar las salidas apropiadas
para el motor sometido a ensayo.

En ambos modos de operacion (combustién simple y dual fuel) el sistema embebido es
capaz de obtener algunos pardmetros relevantes tales como las sefiales de sincronizacién
de fase y del angulo del cigiiefial y controlar, con un alto grado de flexibilidad debido al
firmware del microcontrolador, el tiempo y la forma de las sefiales de inyeccion, ademds
de la cantidad de combustible entregada en cada ciclo.

Finalmente, el sistema puede funcionar como una aplicacién independiente o como un
elemento esclavo, controlado por una aplicacion disefiada con LabVIEW en un ordenador

personal remoto.
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1 Introduction

1.1 Motivations of the proposed work

One of the biggest challenges that progress gives to our contemporary life is to control
the emission of polluting gases from human activities, causing the greenhouse effect and
worsening of health conditions. The main sources of these gases are the burning of fossil
fuels, used mainly in industry and transport, agriculture and livestock sectors.

The diesel is one of the most used fuels due to its versatility and price, but it is also
one of the most harmful for the environment because it is a source of soot (harmful to
the respiratory system and potentially carcinogenic) and oxides of nitrogen, gases behind
global warming. It also generates other corrosive compounds, such as tropospheric ozone.

For these reasons, the use of alternative fuels such as biodiesel, ethanol or liquid
petroleum gas (LPG) is being studied. This project is focused on the latter to develop a

control of a SCCI engine, a dual-fuel LPG-Diesel engine.

1.2 Objectives

The main objective of the present work is to design and implement an Engine Control
Unit, for the management of a dual fuel LPG-Diesel engine, capable to jointly use LPG
and diesel as a fuels. The motivation of this simultaneous use, is to reduce the NOx and

soot emissions characteristics of the conventional combustion process of diesel engines.

13



14 CHAPTER 1. INTRODUCTION

The design of the control unit has been made in two parts: the digital intelligence and
the control circuit.

As digital intelligence it has been used a STM Nucleo board, based on ARM Cortex
M4, specifically the STM32F401 microcontroller. It has been possible to manage the two
desired modes of operations: diesel conventional and dual fuel.

The control circuit has been designed as an interface between the digital logic and the
engine by implementing a card, connected to the Arduino compatible inputs and outputs
of the STM32 Nucleo board. This board drives the injectors and by obtaining certain
relevant parameters, such as the current provided or the speed and angle of the crankshaft,

necessary to calculate the precise moment of the injections.

1.3 Final Report organization

This report is arranged with the following sections:

e In the first one, the theoretical foundations needed for the project are discussed.
Reciprocating Engines and dual-fuel modifications are defined, together with the
basic equipment and processes of these thermal machines, such as the ECU or the
fuel injection system.

e The second part focuses on the used equipment and the elements needed to perform
the digital logic.

e Finally the third chapter describes the power stage design, the microcontroller soft-
ware, the virtual instrument, designed with LabVIEW, and the experimental results

are presented.



2 Theoretical foundations

2.1 Introduction

In this chapter the theoretical foundations of the most common Reciprocating Engines
(Spark and Compression ignition) are presented, and how the dual fuel engine has been

obtained from them. The injection system and its control will be also exposed.

2.2 Fundamentals of Reciprocating Engines

The engines are mechanic systems in charge to transform some type of energy in mechan-
ical energy. Among them, we find the heat engine that uses the chemical energy present
in a combustible material as source of heat. Depending on the place where the combus-
tion takes place, they are classified in external and internal combustion engines, with the

reciprocating engine laying within the second group.

In a reciprocating engines, the pressure of the gases mixture resulting from the com-
bustion process pushes a piston into its cylinder and, through a connecting rod, the crankshaft
is rotated, thus obtaining a rotational movement. They can be classified according to non-
exclusive criteria among them, such as the combustion process, fuel type or air and fuel
introduction systems. In the present project, we classified them according to their com-

bustion process, in spark ignition and compression engine.

15



16 CHAPTER 2. THEORETICAL FOUNDATIONS

2.2.1 Method of operation

The reciprocating engines, whether CI or SI, can be classified in four-stroke or two-stroke

engines depending on the revolutions by cycle of the crankshaft, [6} 10, [12].

Four-stroke operating cycle

The majority of the reciprocating engines use a four-stroke cycle (see Fig. [2.1). This
means that the engine needs two revolutions of the crankshaft for complete the work

sequence.

Inlet  Exhaust Inlet  Exhaust Inlet  Exhaust Inlet  Exhaust

.7/
f..!’;‘l

(e) Intake (b} Compression (c) Expansson (d) Exhaust

Figure 2.1: Working cycle of the 4 stroke engine, [6]]

a. Intake stroke: When the piston is in the Top Dead Center (TDC), it begins to move
towards the Bottom Dead Center (BDC). The volume into the cylinder increase,
absorbing an air-fuel mixture or air only, depending on whether the engine works
with homogeneous or stratified mixture, respectively. When it reaches the BDC,

the inlet valves close.

b. Compression stroke: During the second stroke, the piston moves towards the TDC,

compressing the air or mixture during its travel, thus increasing its temperature.
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Near the TDC, combustion is initiated, rising the internal cylinder pressure.

c. Expansion stroke: The high pressure pushes the piston toward the BDC, forcing the

crankshaft to rotate.

d. Exhaust stroke: Moments before reaching the BDC, the exhaust valves open and,

by inertia, the piston push the burned gases to the outside during its ascent.

2.2.2 Spark ignition engine (SI engine)

The spark ignition engines, also known as Otto engine in honor of its inventor, is an
internal combustion engine where the combustion process is ignited by an external energy
input, like an spark plug. This system allows to choose the ideal moment to start the
combustion for improve the efficiency.

The addition of the fuel can be performed in two ways: indirect or homogeneous,
where the fuel has been mixed with the air before the introduction in the cylinder; and
direct or stratified, where the air is first introduced into the engine and, during the com-

pression stroke, the fuel is added, [10].

Formation of the air-fuel mixture

In SI engines the use of injections systems is common. The injector can be located in both
the inlet manifold and the cylinder. In the first case, the injection is performed during the
intake stroke, giving enough time to prepare a homogeneous mixture. In the second, the
injection can be performed both during the intake and compression stroke, changing the
time available in each case, [[10].

These engines work with a lambda ratio () close to the unit, in other words, close
the stoichiometric or ideal value (14.7 kg of air for 1 kg of fuel), [[12]. The lambda ratio

indicates the deviation of the amount of air introduced with respect to the ideal:
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N air mass introduced 2.1

mass of air required

If the amount of fuel relative to the air is decreased (A > 1), a lean mixture is ob-
tained. Near the stoichiometric value, the specific fuel consumption and the CO emissions
decrease, at the expense of lose power. On the other hand, a rich mixture (A < 1) increase
the power, increasing in turn pollution and consumption. Thus, this last form is only used

to start a cold engine or to make a strong acceleration.

Otto cycle

The Otto cycle is an ideal air standard cycle. This means that is a simplification of the
real cycle, used for predict some parameters like work or efficiency.

This cycle is usually used to explain the operation in spark ignition engines. It consists

of four processes, as shown in Fig. 2.2}

r 3

I/

-
el

Figure 2.2: Ideal air standard Otto cycle in a p, V diagram, [10]
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1-2 Isentropic compression (AS = 0). The pressure inside the cylinder increases while

the volume decrease without a heat exchange.

2-3 Heat addition ((),) at constant volume. The air/fuel mixture burns, increasing the

pressure but keeping volume constant.

3-4 Isentropic expansion (AS = 0). The volume increase while the pressure decrease

without a heat exchange.

4-1 Heat rejection (().) at constant volume, completing the cycle.

2.2.3 Compression ignition engine (CI engine)

The compression ignition engine, also known as diesel engine, in honor of its inventor,
Rudolf Diesel, is the other most common type of reciprocating engine. It produces the
movement due to the autoignition of the mixture formed by fuel and air caused by the high
pressure inside the cylinders. The typical process is the following: the air temperature
rises due to the compression process and, in the maximum pressure/temperature point,
the fuel is introduced, which ignites when makes contact with the air.

The first diesel engines did not have the capacity to compress the fuel, which made
it necessary to use a compressed air to sweep along it into the combustion chamber. The
principal problem of this procedure is that it was not suitable for high loads or speeds,
because this results in local over-enrichments due to a deficient dispersion, causing a
significant increase in the smoke emissions.

The next development was the use of a precombustion chamber interconnected with
the main chamber by small bores. This system eliminated the need to use the air compres-
sor, reducing the weight and size of the engine. This mechanism, which is still used today
in some systems, consists in introducing the whole amount of fuel at high pressure in the

small chamber, about one-fifth the size of the main chamber. Due to the small quantity of
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air present, only little part of it self-ignites, causing an increase in the pressure that forces

the mixture to move to the main chamber, [11].

Nowadays, this last process has been practically replaced in all the engines. The fuel
is now injected directly inside the cylinder, allowing to control both the moment and
the amount of fuel injected, thus improving the efficiency and, consequently, obtaining a

considerable reduction in the emission of polluting gases.

Scale (mm)

I Liquid Fuel [ Fuel-Rich Premixed Combustion
[ Rich Vapor- [l Inilial Sool Formalion

Fuel/Air Mixture s Thermal NO Production Zone
= Diffusion Flame mwm 500t Oxidation Zone

Low I |High
Soot Concentration

Figure 2.3: Conceptual schematic of conventional diesel combustion, showing the con-
tamination regions, [3]

Since the combustion starts while the fuel begins to enter into the chamber, the air-fuel
mixture is very heterogeneous, producing different flame fronts throughout the injection
at those points where the dosage is close to the stoichiometric value. This generates

efficiency losses and increase of the emissions, in the regions that can be observed in Fig.

23l

With the objective to reduce the emissions, in recent years several modifications to
conventional operation have been proposed. One of these modifications is the HCCI
engine (Homogeneous Charge Compression Ignition), and its derivate SCCI (Stratified

Charge Compression Ignition), exposed in section[2.3]
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Formation of the air-fuel mixture

In CI engines that utilize direct injection, the fuel is always injected, in one or several
times, at high pressure when the piston is near the Top Dead Center, creating the mixture
inside the cylinder. The injection system has to be able to spread the fuel and mix it
quickly with the air.

These engines work with a lambda ratio (\) superior to the unit, in other words, they
work with more air than required. The stoichiometric or ideal value is 14.5 for a diesel
fuel (14.5 kg of air for 1 kg of fuel), [11]. The lambda ratio indicates the deviation of the

amount of air introduced with respect to the ideal:

- air mass introduced 2.2)

mass of air required

The lambda ratio for turbocharged diesel engines is A > 10 under no-load conditions

and between 1.15 and 2 at full load, [11]].

Sabathé cycle

The Sabathé cycle (also known as Seiliger cycle) is the air standard cycle that best rep-
resents the combustion process in the compression ignition engines. It is, like the Otto
cycle, a simplification of the real cycle, used for predict some parameters like work or
efficiency.

With this cycle we can to explain the operation in compression ignition engines, that

consists of five processes, as shown in Fig. 2.4}

1-2 Isentropic compression (AS = 0). The pressure inside the cylinder increases while

the volume decrease without a heat exchange.

2-3 Heat addition ((),) at constant volume. The air/fuel mixture starts to burn, increas-

ing the pressure but keeping volume constant.
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3-3’ Heat addition ((),) at constant pressure. The piston starts to move, keeping the

pressure constant. The mixture is still burning.

3’-4 Isentropic expansion (AS = (). The combustion is complete. The volume in-

creases while the pressure decreases without a heat exchange.

4-1 Heat rejection (().) at constant volume, completing the cycle.

P
=1
3 G 3’
Oa
=D
2
4. 0,
>
1
£ V
|28
o >

Figure 2.4: The Sabathé cycle in a p, V diagram, [10]

2.2.4 Differences between Compression Ignition and Spark Ignition
Engines
Summarizing the sections[2.2.2]and[2.2.3] the main difference between the two engines, as

can be deduced from the names, is their ignition process, that dependents on the mixture

characteristics.
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The Compression Ignition engines require high temperature inside the cylinders for
their proper functioning. Because of this, the air fuel mixture cannot be introduced until
the right time in order to avoid an anticipated spontaneous ignition.

In the Spark Ignition engines the situation is the opposite: the air fuel mixture is
introduced at the beginning of the admission stroke. This is because a homogeneous
mixture is needed to make a correct combustion. As the combustible is within the chamber
during the compression stroke, the working temperature must be below the autoignition
point of the mixture to avoid premature detonations, which generate noise, performance

losses and even an engine breakdown.
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2.3 LPG-Diesel Fuel Engine

As mentioned in the Sec. [2.2.3] in order to reduce the problems of performance losses and
pollution in the engines that work with a very heterogeneous or stratified mixture, some
modifications have been applied in the air and fuel intake processes. But first, to better
explain the modifications made in the engine, we are going to explain the reasons why the

use of a stratified mixture causes a high contaminating gases emissions.

6
" |
g 4 iCon_ventf nal |
'ﬁ Diesel Combustion
x
T o 3
[S NS ]
L LTC
w 2 i
>
'S
g 10—
HCCI

1400 1800 2200 ‘ 2600 3000
Local Temperature K

Figure 2.5: Formation regions of NOx and soot in a ¢ - T diagram, [9]

As shown in the Fig. [2.5] the nitrogen oxides generation, principally monoxides and
dioxides (NO and NO, respectively), are caused by the high temperature inside the cylin-
ders, by favoring the oxidation of the molecular nitrogen.

On the other hand, in order to avoid the formation of soot, it is necessary to reduce the
local fuel/air ratio (¢), to approximately a maximum of twice the stoichiometric value.

Thus, any strategy adopted with the objective of reduce the contamination must seek

to avoid both regions of generation of pollutants.
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One of the strategies to obtain a poor local mixture is by premixing the fuel with
air before the start of combustion. This requires to extend the self-ignition delay time.
One way to obtain this extension is acting on the properties of the gas introduced in the

combustion chamber.

2.3.1 HCCI Engine

The HCCI (Homogeneous Charge Compression Ignition) engine is an ideal engine model
that, as its name indicates, works by exploting a compression ignition of a homogeneous
mixture of fuel and air, [5]. This model considers that the mixture simultaneously ignites
in the whole volume of the cylinder, without a flame front.

This type of engine has an important challenges in order to be really useful for a mass
production, barriers like the combustion phase control, due to the absence of a direct
control to the ignition start; or the limited range of operation, influenced mainly by the
fuel autoignition properties [2].

As a possible solution to these problems, a variant has been proposed, which can be

considered the union of compression and spark ignition technologies.

2.3.2 SCCI Engine

The Stratified Charge Compression Ignition engine is a modification of the HCCI idea,
with the intention of solve these problems. It consists in the union of the two types of
conventional engines. To properly operate, an external injection to the cylinder of a high
resistance autoignition fuel (like in the SI engines) is combined with a direct injection
of diesel or another fuel with low octane rating, which is responsible for initiating the
combustion. For this reason it is also known as a mixed injection engine [10].

With the external injector the large part of the used fuel is preloaded in order to obtain

a mixture as homogeneous as possible. In order to avoid an uncontrolled autoignition,



26 CHAPTER 2. THEORETICAL FOUNDATIONS

high octane fuels are used, such as gasoline, natural gas or liquid petroleum gas. The last
two combustibles are used in this project.

As a result of the above, the mixture cannot ignite for itself, it is necessary therefore
produce or introduce a detonator. In this case the detonator is a little part of diesel, in-
jected near the Top Dead Center. It will ignite due to the high pressure and temperature
conditions of the chamber, spreading the fire to the other fuel previously injected. De-
spite that, part of the homogeneity is lost, the local fuel/air ratio remains poor enough
to avoid the soot formation region. Besides, the absence of a flame front causes that the
temperature inside the engine to be low enough to reduce de formation of NOx.

The air standard cycle that represents this type of combustion is the Sabathé cycle, the

same as in the CI engines, shown in the section [2.2.3]
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2.4 Fuel Injection System

The fuel injection is the process that replace the use of the carburetor in the reciprocating
engines. In this process, the fuel is injected using electronically controlled injectors, that
atomize the fuel inside the combustion chamber in the CI engines, in this or in the intake

manifold in the SI engines, or both in the SCCI engines, [10]].

2.4.1 Fuel injector for intake-manifold injection

The fuel gas (LPG or natural gas) is injected in the intake-manifold instead of inside the
cylinder. The ECU calculates the amount of fuel required, at up of 450 kPa, and control
the injectors, [12].

The electromagnetic fuel injectors, as the Figure [2.6] spray the fuel in the precise

amount required.

12
13

Figure 2.6: Intake Manifold Electromagnetic Fuel Injector, [12]

The injection operation is the following:
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a. When the injector isn’t activated, the spring presses the needle and valve ball against

the injection-orifice.

b. At the moment that the injection is activated, the current that goes through the
solenoid begin to rise, attracting the needle. In this moment, the fuel starts to be

sprayed.
c. When the needle reaches the top of the injector, the circulating current is maximum.

d. The injection finishes after the dropout time has elapsed, when the current is turned

off.

Activation
—_—
o

Current I
—_—

Valve lift
—_—

o

fpk Idr

/ d

Time t—

quantity —=
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SMK2056E

Figure 2.7: Injection-duration correction according to the battery voltage, [12]

The quantity of fuel injected is proportional to the time (Figure [2.7/d). The time
elapsing between the activation signal and the start of the injection depends on the battery

voltage. This time can be correct following the Figure [2.8]
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Figure 2.8: Injection-duration correction according to the battery voltage, [12]

2.4.2 Common-rail system

The common-rail system is a fuel injection system for the CI engines that generates the
necessary fuel pressure for all injectors.

Through this system the fuel can be injected to the desired pressure, usually between
200 and 1.800bar. It also allows to change the injection instant or to realize multiple
injections per cycle too.

The main components can be classified into three groups:
e Low pressure: fuel supply system.

e High pressure: pump, common-rail and injectors.

e Electronic control: EDC, sensors and actuators.

The figure 2.9 shows the basic diagram of the common-rail systems. We can observe
how the fuel increase its pressure in the high-pressure pump (Fig[2.9]1) before depositing
it in the rail, who acts as buffer.

The pressure control is performed by the ECU. It compares the measured value by a

sensor with the preset value. If the pressure is below that the desired, the pump is activated
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Electronic diesel control (EDC): engine management, sensors, interface

A A A A

Y v

Fuel supply system Air-intake and
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High-pressure section 4mm Dicsel fuel %
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Figure 2.9: Diagram of the common-rail system,

until it reaches it. If the pressure is above, the fuel returns to the tank through the pressure-
relief valve, present in the rail. Thanks to this, the fuel pressure doesn’t depend on either

the amount of fuel injected or engine’s speed.
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2.4.2.1 Common-rail diesel injectors

In the common-rail systems the injectors, responsible to introduce the desired amount of

fuel into the cylinders, are directly connected to the rail.

Figure 2.10: Diagram of the common-rail system, [11]]

Their operation, illustrated in the Figure is as follows:

a. Injector closed (Fig[2.10ja): When the injector isn’t activated, remains in the resting
position, where the spring (11) press the ball on the outlet restrictor. The pressure
on both sides of the needle is the same, therefore the spring (7) is able to keep the

injector closed.

b. Start of injection (Fig[2.10]b): In the moment that a high current starts to go through
the solenoid (2) this, helped by the spring (3), attract the rod (4) and, with it, the

ball that close the outlet restrictor. The pressure on the back of the needle decreases,
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creating a difference that is able to overcome the spring resistance (7) and pushes

upwards the needle, leaving the injector orifice open.

. End of injection (Fig2.10[c): When the current is switched off, the solenoid re-

leases the rod and the spring (11) pushes it. The outlet restrictor closes and, thus,

the pressure on both sides be equated, allowing the spring (7) to stop the injector.
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2.5 Engine Control Unit

The antipollution regulations of the different countries force the improvement of the ef-
ficiency of the engines, forcing to improve the control of the combustion processes. Be-
cause of this, the control of current internal combustion engines is carried out using elec-
tronic systems based on microcontrollers, replacing the previous electromechanical sys-
tems. In Figure [2.11] the basic control diagram is presented, including sensors, actuators

and the engine control unit (ECU).

Sensors and setpoint generators ECU Actuators
Accelerator-pedal
sensor N
Injectors
Air-mass sensor L‘ lil \‘ ADC B & B !
Rail-pressure sensor_ = l ' '
Boost-pressure senscA .—I— J'l_ Function
Temperature sensors—sis—I [Pliees o .
(air and coolant) Intake-duct switchoff
Lambda oxygen  j;um i Boost-pressure actuator

Exhaust-gas recirculation
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Wheel-speed sensors RAM - actuator

(crankshgﬁl, g}’; l .

camshaft) f > Flash : rottle-valve actuator

Brake switch _\I EPROM \‘ A/C.t_:ompres_sor

Clutch switch ~ — EEPROM| ® _I—ELV\ Auxiiary heating
=—t

- Radiator fan

Ignition switch = :

Glow-plug control Mon- :l—D—Z Rail-pressure control valve
unit i * <> itoring X Electronic shutoff valve
mode )

Fault diagnosis

———) Diagnosis lamp

Figure 2.11: Main components of EDC, [11]

The sensors are the devices responsible for measuring the different variables of the
operation of the engine, like injection pressure, position of accelerator pedal, the current
of the injectors, among others.

On the other hand, the actuators are the devices responsible to carry out the work,
such as fuel injectors or air and fuel pumps.

The ECU concentrates its digital intelligence in the microcontroller with its ADCs
and the firmware, while the power stages and signal conditioners of the sensors allow the
interaction with the engine.

The main systems controlled by the ECU are the gas circulation, the engine tempera-

ture and the injection system. This project is focused in this last system.






3 Specifications and Technologies

required

3.1 Introduction

In this chapter, the required elements for the control of the dual fuel engine are exposed.
Firstly, the characteristics of the engine used in this work, which in this case is a con-
ventional diesel engine. This engine features an injection system, including the original
diesel injectors and the added gas needed to perform the dual fuel mode.

Secondly, the instruments needed to create the digital intelligence are exposed. This
tools are the STM32 NUCLEO-F401RE Development Board, in charge to control the
whole system; the softwares STM32Cube and System Workbench for STM32, neces-
saries to create the code; and the LabVIEW, as interface between the computer and the
engine.

And finally, the Injection Control System is explained with the sequence to perform

the diesel injection and the boost converter necessary to follow it.

35
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3.2 KOHLER Diesel KDI 1903 TCR Engine

The engine used in this project is the model KDI 1903 TCR, manufactured by KOHLER.
It is a three-cylinder engine of 42kW (56 HP), turbocharged and with direct injection

using a common-rail system.

3.2.1 Engine specifications

The main technical characteristics are reported in its user manual [7] and a summarized

version is shown in the following table:

Construction and operating specifications

Strokes 4
Cylinders 3
Bore 88 mm
Stroke 102 mm
Displacement 1861 cm?
Compression Ratio 17.4/1
Valves per cylinder 4
Injection Direct — Common Rail
Dry Weight 233 kg
Cooling Liquid

In the Fig. [3.1] we can see the performance curves of the KOHLER engine. The
maximum torque (225 Nm) is located at 1500 rpm, while its maximum speed is 2600 rpm,

with a power rating of 42 kW or 56 HP.
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Figure 3.1: KDI 1903 TCR Performance Curves, [7]]

3.2.2 Fuel Injection System

The original fuel injector system is formed by three diesel injectors joined to a variable
pressure Common Rail, up to 2000 bar.

As it is a 4-stroke engine, the combustion in each cylinder is produced every two turns
of the crankshaft (720°), then a combustion will occur every 240°. The trigger reference
signal is given by square wave, that has the rising edge 4° before the TDC of the first
cylinder, and the falling edge 364° before it.

In order to use the engine in a dual fuel fashion, we need to introduce a gas injector
other than the diesel one and the resistance and inductance values of both types of injectors

are shown in the following table:

Injector Resistance ({2) | Inductance (mH)
Diesel injector 0.41 0.19
Gas injector 8.6 10.06
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3.3 Digital intelligence

3.3.1 STM32 NUCLEO-F401RE Development Board

The board used for the management of the engine injection system is the STM32 NUCLEO-
F401RE development board (Fig. [3.2)), manufactured by STMicroelectronics. It is based
on the STM32F401RE 32-bit ARM microcontroller.

ARM '
mbed

enabled

=

Figure 3.2: STM32 NUCLEO-F401RE development board, [18]

The STM32 Nucleo board provides high ease of expansion due to its compatibility
with peripherals developed for the Arduino Uno V3 and the connectors ST Morpho. Also,
its on-board ST-LINK/V2-1 debugger and programmer allows to link the board directly,
via USB, to the host computer without additional hardware.

The main features of the NUCLEO-F401RE are the following:

e ARM 32-bit Cortex-M4 STM32F401RE microcontroller, with a frequency up to
84 MHz in LQFP64 package.

e Two types of expansion connectors:
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— Arduino™ Uno V3.

— ST Morpho, with full access to all I/Os pins.
On-board ST-LINK/V2 debugger and programmer.
Possible supply voltages: 3.3V, 5V or 7-12 V.
Three LEDs:

— LDI: USB Communication.

— LD2: Programmable.

— LD3: Supply.

One reset button and one programmable.

The STM32F401RE microcontroller, present in the STM32 Nucleo board, is part of
the STM32F401xD/xE microcontrollers family. They are devices based on 32-bit ARM

Cortex-M4 core and RISC architecture. This family operates at a frequency up to 84 MHz

and the Instruction set also performs DSP instructions, which allow to achieve mathemat-

ical operations at very high speed.

Some of the main features of the STM32F401RE microcontroller are the following:

32-bit ARM Cortex-M4
1.25 DMIPS/MHz (millions of instructions per second at 1 MHz, according to Dhry-
stone 2.1 benchmark).
DSP instructions.
Frequency up to 84 MHz.
Memories:
— 512 Kbytes of flash memory.
— 96 Kbytes of SRAM memory.
16-channel 12-bit resolution ADC at 2.4 MSPS (millions of samples per second).
11 general-purpose timers.
12 communication interfaces:

- 3I°C
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— 3 USARTSs
— 4 SPIs
- 1USB2.0

e 81 GPIO ports with interrupt capability, 78 of them with a maximum frequency of
42 MHz. All of them are 5V tolerant.

These characteristics are summarized in Fig. [3.3]and, in Fig. [3.4] the existing periph-
erals being clearly visible in the block diagram.
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96-Kbyte SRAM Control
R
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Cortex-M4 CPU 1x 16-bit motor control
84 MHz PWM synchrenized
AC timer

Floating Point Unit | 2x32bittimer
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ART Accelerator™

System

Power supply
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PORIPDRIPVDVBOR
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Figure 3.3: Summary of the main features of the STM32F401xD/XxE microcontrollers,

3.3.1.1 General-purpose I/Os (GPIOs)

The general-purpose input/outputs of the STM32F4 microcontrollers provide an interface
between the CPU and the environment. They provide a bidirectional channel. Each GPIO
can be independently configured as output (push-pull or open-drain) or input, both with
or without pull-up or pull-down resistors.

Most of the 81 GPIO pins are shared with some other peripherals, whether for analog

or digital functions.
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Figure 3.4: Block diagram of the STM32F401xD/xE microcontrollers, [[16]

The I/Os are grouped into five 16-pin ports, named in alphabetical order, from GPIOA

to GPIOE, plus a single pin named GPIOH. All these ports, as shown in Fig. [3.4] are

directly connected to the AHB1 bus, allowing operate each pin at a frequency of up to

84 MHz.
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3.3.1.2 Timers and counters

The STM32F401xD/XE microcontrollers are equipped with 11 timer/counters, 10 general-

purpose (TIM2-6, 9-11) and one advance-control (TIM1). Them main characteristics are

reported in Fig. [3.5]

DMA | Capturel o, [
Timer Ti Counter | Counter | Prescaler P Complementary | interface | timer
imer 5 request | compare
type resolution| type factor eneration | channsls output clock | clock
9 (MHz) | (MHz)
Any
Up, integer
Advanced-| 4 | 46t | Down, |between1| Yes 4 Yes 84 84
control
Up/down and
65536
Any
TIvM2 Up, integer
A5 32-bit Down, |between1 Yes 4 No 42 84
TIMS
Up/down and
65536
Any
TIV3 Up, integer
: 16-bit Down, |between1 Yes 4 No 42 84
TiM4
Up/down and
General 65536
purpose Any
integer
TIM9 16-bit Up between1 No 2 No 84 84
and
65536
Any
TiM1 integer
0, 16-bit Up between1 No 1 No 84 84
TIM11 and
65536

Figure 3.5: Features of STM32F401RE timers, [16]

The timers are a series of peripherals formed by synchronous circuits. Their functions
consist on counting of pulses. Depending on the origin of these pulses we can find two
types of peripherals: timers if the origin of pulses is an oscillator at constant frequency;
or counter if the pulse source is another external signal.

In the microcontroller, its peripheral timers can be classified into two groups according

to some of its functionalities:

e General-purpose timers (TIM2-5,9-11): The general-purpose timers are used in a
large number of applications where it is necessary to count the time between two
events, generate a delay or obtain the frequency of a signal external pulses. There

are seven general-purpose timers in the STM32F401xD/xE microcontrollers. Four
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of them, TIM2-5, are equipped with four independent channels, while the TIM9
has two, and the TIM10 and 11 only one each one. The resolution of the counters
and their counting mode can be observed in Figure [3.5] with the following modes

of operation, [17]:

— Input capture mode: Obtain the frequency from an external signal.

— Output compare mode: It is used to generate a pulse signal or to indicate when
a preset time period has elapsed.

— PWM mode: Mode to generate a PWM signal.

— One pulse mode: It is a combination of the first two modes, generating a pulse

with a certain delay as a response to a stimulus.

Timers TIM2-5 can work independently or together, while TIM9-11 can be syn-
chronized to them, or simply be used as a time base.

e Advanced-control timer (TIM1): This timer differs from the previous ones by its
ability to generate three complementary PWM, with a programmable dead time

between them. It can also work jointly with the others timers.

3.3.1.3 ST-LINK/V2 debugger and programmer

The ST-LINK/V?2 circuit is a debug/programmer circuit present in the NUCLEO-F401RE
used in this project. This circuit is communicates with the microcontroller through the
SWD (Serial Wire Debugging) interface.

Communication with the PC is via the high-speed USB interface.

3.3.1.4 Analog-to-digital converter

An analog-to-digital converter is a peripheral present in most microcontrollers. Its func-
tion is to convert an analog input signal, such as the output of a sensor, into a digital signal.
The STM32F401xD/xE microcontrollers are equipped with a 12-bit A/D converter, mul-

tiplexed into 16 channels.
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Its operating modes are as follows, [15]:

e Single-channel, single conversion mode: It is the simplest mode of operation. It
performs one measurement only and it ends after conversion.

e Multichannel (scan), single conversion mode: This mode is used to measure several
channels sequentially. Each one can have different sampling times.

e Single-channel continuous conversion mode: This mode samples a single channel
continuously in the background, without any intervention from the CPU.

e Multichannel (scan) continuous conversion mode: This mode differs from the pre-
vious multichannel in that when the sample of the last channel ends, the peripheral
does not stop, but starts again with the first one.

e Injected conversion mode: This mode has priority over all previous ones. When
the peripherals receives a pulse by software or by an external event, it interrupts
any current measure to carry out a higher priority conversion. When it ends, the

interrupted measure resumes.

Analog-to-digital converter features

The electrical and time characteristics in the general operating conditions are described
hereafter.

With a supply voltage between 2.4 and 3.6 V, the converter frequency clock can span
between 0.6 and 36 MHz, being 30 MHz the typical frequency. The frequency used for
the peripheral is the maximum.

The sampling time is obtained by the following equation:

n® of samples

te = 3.1
s Tane G-1)

Being 3 the minimal number of samples and 480 the maximum, the sampling time is
between 83.3 ns and 13.3 us.

The conversion time is calculated by the following equation:
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i resolution bits (3.2)
fapc

Thus, the conversion time to 36 MHz is between 166.67 and 333.33 ns, for 6 and 12
bits respectively.

The time inverval necessary to obtain a measure, with a sampling time of 3 cycles at

36 MHz and 12 bits of resolution, is 0.25 ps.

The following table shows in detail the time to 30 MHz for different resolutions:

Symbol Parameter Conditions Min Typ Max Unit
e Injection trigger conversion fapc = 30 MHz - - 0100 Hs
lat latency ~ R 3 1fapc
1@ Regular trigger conversion fapc = 30 MHz i = 0.067 HS
b latency £ 2 28 | 1ifape
X fape = 30 MHz 0.100 - 16 us
ts® | Sampling time ARG
3 - 480 1fapc
ts—;_;\EfZ) Power-up time - 2 3 ys
fapc = 30 MHz
= 0.50 - 16.40
12-bit reselution B2
fapc = 30 MHz
10-bit resolution 043 ) hice ks
y | Total conversion time (including f =30 MHz
@) ADC ~
CONV™ | sampling time) 8-bit resolution Lo il -
fapc = 30 MHz
0.30 - 16.20
6-bit resolution £
9 to 492 (tg for sampling +n-bit resolution for successive 15
approximation) ADC

Figure 3.6: Characteristic times of the ADC converter.

3.3.2 STM32Cube

STM32Cube is a platform created by STMicroelectronics with the aim of facilitating the
code development for the microcontrollers of the same company.
It consists of two parts: the STM32CubeMX initialization code generation and a set

of supporting libraries.
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The STM32CubeMX software is a tool that allows to generate the initialization code
using a Graphic User Interface assistant. The process needed to generate the project can

be seen in Figure[3.7]
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Figure 3.7: Overview of STM32CubeMX C code generation flow, [20]

The main characteristics are as follows, [20]:

e Project management. The STM32CubeMX allows to create and modify them. It
also allows importing previously projects to create new ones.

e Easy microcontroller and board selection using a tailored wizard.

e Selection of peripherals using the visual interface or from drop down list, both
visible in the main window, shown in Figure[3.8]

e Generation of the project, with all the necessary libraries and source files. It also
allows to execute changes in these files, adding or removing information of certain
sections dedicated in the code.

e [t allows to visualize and modify the configuration of the microcontroller’s clocks

and each peripheral, allowing to avoid possible conflicts.
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Figure 3.8: STM32CubeMX main window

This software also includes a set of support libraries, which are STMCube HAL and
Low-Layer (LL) APIs, [19]

The STMCube HAL is an abstraction layer, composed of a set of APIs (Application
Programming Interface). Its purpose is to help create applications without to need to
know in depth the microcontroller used, also allowing the portability among different
microcontrollers of STM32 family [21]].

They are divided in two categories: generic APIs, with the common functions for all
STM32 microcontrollers; and extension APIs, with specific functions for each family.

The Low-Layer API is closer to the hardware than the HAL. Therefore, it is lighter
and better optimized, both performance and runtime.

Both APIs can work together, taking into account some restrictions.

3.3.3 System Workbench for STM32 (SW4STM32)

Programming of the STM32 board has been done using the System Workbench for STM32
tool. This Integrated Development Environment (IDE) is provided by AC6 (Assistance
Conseil Systemes) and supports most of the STM32 microcontrollers.

The main characteristics are as follows, [[14]:
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Support for STM32 devices, whether microcontrollers or development boards.
C/C++ compiler based on GCC.
GCB based debugger.

ST-Link/V2 support.

No code size limitation.

3.3.4 System development environment NI LabVIEW

LabVIEW, acronym of Laboratory Virtual Instrument Engineering, is a development en-
vironment for a visual programming language, developed by National Instruments. This
environment has simplified the application programming by replacing the typical pro-
gramming languages by graphical objects and functions.

Since the software was initially focused on the realization of electronic instrumenta-
tion control applications, each application created with this software is called as VI or
Virtual Instrument. Currently, the software functions have been extended beyond the con-
trol of electronic equipment and is also used in areas such as communications, embedded

programming or automation systems.

3.3.4.1 Execution structures

The execution structures allow the control of the code located inside. The structures used

in the project are described below.

e While Loop: The While Loop cycle has the function to repeat the code inside until
a specific condition occurs. It has an Iteration Terminal, that provides the number
of completed iterations, which will be one at least. It also performs a Conditional
Terminal, which can stop the loop if some predetermined boolean values or error

signals are met.
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|

Figure 3.9: While Loop

e Case Structure: This structure has the function of executing one of the internal sub-
diagrams, similarly to the if-else or switch statements in the classical programming

languages. The selection condition can be an integer or boolean value, or a string.

[ n : [

Figure 3.10: Case Structure

3.3.4.2 VISA Functions

The VISA functions are preprogrammed VIs and functions that facilitate the control of
instruments or the use of a standard interface, such as GPIO, USB or serial, among others.

The main functions used in the project are described bellow.

e VISA Configure Serial Port: This function is responsible to initialize the serial port
specified by VISA resource name identifier. In particular it the type of termination

char, baud rate, parity or stop bits, among others, are specified.

e VISA Write: The function of this object is to send data from the instrument to the

opened communication channel.

e VISA Read: Its function is to collect the information transmitted by the instrument

stored in a designed memory buffer.
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Enable Termination Char [T] =
termination char {d:h = "n...
timeouk {10sec)

WISA resource name

baud rate (9600)

data hits (&)

patity (D:none)

artar in {no error)

skop bits (10: 1 bit)

Flows control {0:none)

YISA resource name out

error ouk

Figure 3.11: VISA Configure Serial Port Diagram

¥ISA resource name bf-'I;S'-ﬂ WISA resource name ouk
write buffer ; rekrn count
errar in (o error) ==E error ouk

Figure 3.12: VISA Write Function Diagram

YISA resource name ] WISA resource name ouk
byte count - ab read buffer
errar in (no error) = B rekurn count
error aut

Figure 3.13: VISA Read Function Diagram

e VISA Close: Using this object, we can close the communication channel with the

instrument.

¥ISA resource name A=A

&rror in {no errar) Qﬁ error ouk

Figure 3.14: VISA Close Function Diagram
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3.4 Injection system control

3.4.1 Control sequence of diesel injectors

The fuel injectors, as explained in the Section [2.4.2] are the electromagnetic devices re-

sponsible to introduce the necessary amount of fuel into the combustion chambers.

Solenoid-valve
current Iy, T

Solenoid-valve
needle lift /iy, T

Injected fuel
quantity 0 ?

Figure 3.15: Diesel fuel injection sequence, [11]

The aperture control process of the injectors, as shown in Figure [3.15] is as follows:

a. Opening phase: The first step in the fuel injection consists in a quick injector open-
ing. With the objective to reach a high levels of reproducibility, the aperture is
performed by a high current flank, up to 20 A, significantly higher than its nom-
inal value. In order to obtain a rapid rise of the current, it is necessary to use a
boost converter, that provides 50 V (calculated in the section [3.4.2)), staring from

the available 12 V of a standard engine battery.

b. Pickup-current phase (optional): Once the maximum current is reached, this is
maintained by exchanging the boost with the battery. Even if this stage has been

taken into consideration, it wasn’t used in the current project.
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c. Transition to holding current phase: With the injector fully open, the required main-
tenance current is a lower value, around 9 A in our case. The excess energy from

the solenoid is driven to the boost capacitor.

d. Holding-current phase: The holding-current is supplied by the battery, by using a

current control at 9 A.

e. Switch-off: The injector is disconnected from the battery, forcing the accumulated
energy going towards the boost converter. Due to its mechanical nature, and there-
fore being significantly slower than electronics driving, the injector takes several

microseconds to stop the fuel injection.

f. Recharging of the capacitor of the boost converter: Due to the process described,
the converter has lost some of its charge. Therefore, the time between injections is

used to recharge it to the desired voltage.

3.4.2 Boost converter Voltage

As discussed in the previous section, to obtain a rapid increase of the current, it is neces-
sary to use a step-up converter. To obtain a correct response, the inductance must be able
to reach the maximum current in around 100 us [4].

Using the following equation the current response curves of the injector solenoid are

obtained:

=5 (1 — e BU/Ly (3.3)

By using this simple equation and the typical electric values of the diesel injector
(0.41 2 of resistance and 0.19 mH of inductance), Figure shows the obtained charg-
ing times.

In the paper [4] the use of 70 V was recommended but, as we can see in the Figure

[3.16] it is enough a 50 V value, as recommended by Bosch [[11]], to obtain a good response.
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Figure 3.16: Injector currents at different voltages

3.4.3 Boost Converter

The DC-to-DC converters are power circuits dedicated to convert a DC voltage levels in
other different values.

The most used type of regulator is the switching converter. This type of converter
usually has a main transistor that functions as a switch, activating or deactivating it com-
pletely (saturation and cutoff in MOSFET transistors). They are very efficient devices,
being widely used in power applications.

The topology used is the step-up or boost converter. They can obtain an output voltage
higher than the input one.

The basic diagram of the boost circuit is shown in Figure As a switch, a MOS-
FET or IGBT transistor is normally used.

The boost converter operates in two different states, closed switch and open switch.

When the switch is closed (Figure [3.18)), the diode is inversely polarized. This makes
the voltage between the inductance terminals is equal to the input voltage minus the tran-

sistor voltage drop in conduction (V;, — Vpson)), then causing the growth of the charge
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11
D1
Vin e /e S
@ @

Figure 3.17: Boost Converter diagram

in the inductor. If the load is connected, it is fed by the capacitor.

» & &

+ e

vin Vout

AY
/e

& > L

Figure 3.18: Equivalent circuit with the switch closed (MOSFET ON)

When the switch is opened instead, (Figure [3.19), the diode starts to conduct the
current from the power supply to the load. During this stage, both the source and the
inductance transfer energy to the load and to the capacitor.

In the steady state, considering that the converted is formed by ideal components, the

average voltage is zero, satisfying the following equation:
‘/mDT‘{'(V;n_‘/out)(l_D)T:O (34)

Clearing the voltages the transfer function of the converter is obtained:

‘/out _ 1
V. 1-D 3.5
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Figure 3.19: Equivalent circuit with the switch open (MOSFET OFF)

Where D is the duty cycle of the ON state of the transistor. But in a converter with

real components the equation is more complex and it appears as follows:
(‘/zn - VDS(ON) i Izn) -D-T = (‘/out + VF + 7L Izn - ‘/m) ' (1 - D) -T (36)

Being V- the direct voltage drop, r;, the inductor resistance and R the load resistance,

clearing the input voltages the following transfer function is obtained:

. D (1 —
1 (VDS(ON) n Ve - (1 D))
Lout

Vi Vin

Vin (1—D)'(1+m>

Since Vpson) and VF values are very small with respect to the input voltage, they can be

3.7

neglected, thus leaving the resulting transfer function:

Vou 1
t (3.8)

Vi (1_D).(1+(1_£ﬁ>







4 Experimental results

4.1 Introduction

This last chapter describes the designed Power Stage, the virtual instrument created with
the LabVIEW software, the code implemented and executed within the microcontroller

and the results obtained so far.

4.2 Power Stage Design

The Engine Control Unit, as defined in the section[2.5] is the device responsible to control

the operation of an engine.

i
> » Gas Injectors |« =
! D ==
Signal O 12V
> oL > CPU > P Diesel Injectors [ ¢——O—
Conditioning 50 V-
! .
Boost Converter
50V

ADC [¢——Measured current

Figure 4.1: Conceptual diagram of the injector system

The conceptual diagram of the injector system can be seen in Figure 4.1l We can

observe the ECU, with two input signals (crankshaft position and the current of the diesel

57
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injectors) and the control signals of both types of injectors.

4.2.1 General Electrical Schematic of the injection system

Figure 4.2] shows the general electrical schematic of the power stages of both type of

injectors.

LPGINJECTORS DIESEL INJECTORS

1 IRF7343P

=
s

°72
|| IRF7343p

]

LLPG 1 o

L_LPG oost
10mog, 1omde_p 12 -HPE_3P1 - %L_Dieseu éL_Diesel_Z éL_Diesel_} 50V
0600MM-30 060MmM-30  H10n06 0.49m 0.19m 019 o ;L
R M30 o7 L
[ MBR20100CT
LAl

Jye
e

@
2
32

I
<

D6
N

WBRZ6700CT
M3 - m4
M8 M9

-
J nr J J J><» mz J J
IRF7401 IRFT401 IRF7401 1—IRF2805 IRF2805 IRF2805
R23
10m

Figure 4.2: General Electrical Schematic of the injection system

4.2.2 Diagram of the gas injection system

Figure shows the electrical schematic of the gas injectors. The selection of the injec-
tors is performed by the MOSFET transistor located on the low side. In these injectors, the
addition of the fuel starts as soon as the transistor closes. When the transistor is opened,
the inductance is discharged through the flyback diode. The MOSFET driver is explained
in sectiond.2.4
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Figure 4.3: Gas Injection Schematic

4.2.3 Diesel injection system

The schematic of the diesel injection system, shown in Figure {.4] is a bit more complex
than the gas injection system. This is because this system needs to work at two different

voltages levels, as explained in Section [3.4.2]

PMOS
M5

D1

V_Bat s Pz v_BOOST

%)
22u MBR20100CT

RFN30TS6D 2

0.010
Jc1 0% L1 L2 L3
Battery
2200 merad100CT g Jo19m p7 Jorem pg Jo-19m
42 V_B00ST] V_BOOST] V_BOOST]
MBR20100CT MBR2010pCT MBR2010DC T
M3 ma

— J : J J
IRF2805 IRF2805 IRF2805
M6
BSC105N10LSF

R_Shunt_Boost1
0.03

Figure 4.4: Diesel Injection Schematic
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4.2.3.1 Control design of the Boost Converter

The 50 V power supply is provided by a boost converter (Section [3.4.3).

L1 D1

V_Battery T —F ’ B2 B2 LOAD
€3 22p MER20100CT 1N53656 1N53698

V_Batt 100n
C Vin = :ssu :asu

- [ComeT—|INTVee Run 204

T -
Mode Sense [
iT w

ith Gate |=f‘“"| BSC105N10L 5

Ri R_Shunt_Bookt
003

Figure 4.5: Boost Converter Circuit

The step-up converter has been designed to charge the capacitor that usually works
to eliminate the ripple. In this case, this capacitor is responsible of the energy transfer
toward the load, when it is connected by means of a MOSFET transistor.

To control the converter, the LTC1871-7 component, manufactured by Linear Tech-
nology, has been chosen. The design of the elevator converter has been performed by the
following calculations:

The chosen operation frequency is 100 kHz, which allows to choose a relatively small
sizes inductance. For this reason and according to Figure a 294 k(2 resistance was

placed between Freq pin and ground.
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Figure 4.6: Timing Resistor (Ry) Value, [§]]

The desired output voltage was chosen by a voltage divider between the output voltage

and the FB pin. The resistance values are calculated by the following equation:

R, Ry, 50
V,=123- (1+=2) — 2= — —1=139.65 4.1
( * Rl) R, 123 @1

By choosing 6.8 k(2 as R; and 270 k2 as R, the following voltage was obtained:

270k
V, =123 <1 -+ %) =50.07V =50V 4.2)

The maximum attainable duty cycle is calculated by the following equation:

D = 80.33 4.3

V,+ Vp 50 + 0.85 % .3

The resistor used to sense the current is calculated as follows:

1 - Dmax
Rsense < ‘/sense(max) : X (44)
1 _> : Io max
( Ty (maz)
1—0.8033

Reense = 0.8-0.115 - = 0.0302 = 30 mQ2 4.5

0.4
1+-—]-05
(%)
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Figure 4.7: Maximum SENSE Threshold Voltage vs Duty Cycle, [8]]

So a 30 mS). resistance was chosen.

4.2.3.2 Supply voltage selection
Boost converter selection (50 V)

As a switch to connect the 50 V from the boost converter to the injectors it has been de-
cided to employ the P-Channel MOSFET transistor IRFP9140N. This MOSFET, together
BJT 2N2218 that drive it, is shown in the Figure [4.§]
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Boost DC/DC
Converter

Load

Q2
IRFP9140N

2\
(J.AJ.
R1
100Q

from pC Q1
2N2218A

Figure 4.8: High Side Mosfet Driver

The voltage difference between gate and source of the MOSFET must be a maximum
of 20V, thus preventing the complete switching of the BJT. Therefore, the BJT must work
in the active region, without going into saturation.

A voltage difference of 10 V between source and gate was chosen. Placing a resistance
of 1002 between both terminals, the current going through the resistor and therefore
entering in the BJT’s collector is:

—(—Vgs) 10V
Ras 1009

Ip=1c= =0.1A=100mA (4.6)

Considering a gain hpg (5) of 100, the current at the base of the BJT is:

Ic  100mA
_e _100mA (4.7)

I
B= 3 100

Since the input voltage from the microcontroller is 3.3V, the resistance placed be-
tween the 1/O driving pin and the base of transistor is:
Ve 33V

= = 3.3kQ (4.8)

Ry = — 227
B s T 1mA

With a collector current of 100 mA and a voltage drop between collector and emitter

of 40V, the losses in the BJT 2N2218N are:
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Primaey = Ve I+ Ve - Ic = 0.7V - 1mA+40V - 100mA = 4W 4.9)

The maximum time that the transistor is used in each injection is 200 us. If we use it
three times per engine cycle, even at maximum rotation regime (2600 rpm), the minimum

period is 46.2 ms and the average dissipated power is:

3 tmj(mam) —4. 3 - 200 HUs

—— =0.052W 4.10
Teyele 46.2 ms ( )

PT(med) - PT(maa:) ’
As the transistor can dissipate a power of up to 0.8 W, this transistor is appropriate to

control the IRFP9140N MOSFET.

Cursl1 Pos
34.0¢

Curs2 Pos

Figure 4.9: Voltage difference between Source and Gate on the IRFP9140N transistor

As seen in Figure .9 the voltage difference between source and gate is 10.4 'V, ap-
proximately equal to the desired 10V, and far from the maximum voltage that this MOS-
FET supports (20 V).
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Battery selection

During the maintenance period at the nominal current, the energy is directly supplied
from the battery. For the 50V selection, the used MOSFET is the IRF9140N model (P
channel). This transistor has an antiparallel diode, as it is typical in the MOSFETs. In
this work, this diode is a problem, since this can conduct the high voltage through it and
then towards the battery. For this reason it has been necessary place another diode directly
polarized between the transistor and the load.

In this case, by working always with a voltage less than 20 V between the source and
the gate, the BJT 2N5551 that drives the MOSFET can enter in the saturation region.

For fast switching, it is necessary to quickly charge the gate capacitance. To this end

the resistance between source and gate is 50 (2.

4.2.3.3 Current reading of the diesel injectors

The current is measured by a resistance located between the voltage selection transistors
and the loads. The voltage between terminals is amplified by the use of the AD8027
difference amplifier.

As a shunt is used a 10 mS2 resistor and the amplifier references tied to ground (Figure
4.10). When 20 A goes through the shunt, the voltage difference between its terminals is
200 mV. Being a 20 V/V gain, the output voltage of the amplified is 4 V. As the maximum
input voltage of the microcontroller is 3.3V, the voltage is then divided to the half by a

voltage divider.
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Figure 4.10: AD8207 Schematic. Ground Referenced Output Mode, V+ =5V, [l]

4.2.4 Selection of the injectors

The selection of the injectors is made by using a N-Channel MOSFET transistor, placed
between the load and the ground. Here we meet the the problem that the output voltage of
the microcontroller STM32 is 3.3 V and the current output up to 25 mA, that is too low to
drive the MOSFET. For this reason it has been necessary to use a BJT transistor between
the microcontroller and the MOSFET’s gate. The schematic is shown in the Figure 4.11]
As already seen in the supply voltage selection, in order to obtain a fast switching, it
is necessary to quick charge the gate capacitance, then a 100 €2 resistance between source

and gate was used.
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Figure 4.11: Low Side MOSFET driver

4.2.5 Acquisition of the trigger signal

All digital inputs of the STM32F401RE microcontroller are 5V tolerant, which means
that the input voltage can range between 0 and 5V. The logic levels are defined by the
range from 0 to 0.1 - Vpp + 0.1V for the low state, and from 0.17 - Vpp + 0.7to 5V for
the high state.

From 5.5 V upward the microcontroller is usually brought to a reset condition, while
with higher values can also be broken. To avoid this, a two-level clipper circuit was placed
between the motor signal and the microcontroller input pin, shown in Figure 4.12]

With this circuit, if the voltage exceeds 3.7V, diode D1 is directly polarized, starting
to drive and cutting the voltage signal. Similarly, if its value falls below -0.7 V, the diode

D2 goes in conduction.
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Figure 4.12: Conditioning of Trigger Signal

4.3 Microcontroller program

The control of the engine has been made by the generation of a series of signals to control
the transistors that manage the injections and the charge of the boost converter according

to the speed and position of the crankshaft and the current of diesel injectors.

The control sequence of diesel injection is as follows (Figure 4.14): when the timer
indicates that the injection must to start, the selected injector’s MOSFET closes. After
this time the high voltage supply is selected. When the read current exceeds the preset
value, the selector MOSFET opens, returning part of the energy to the converter. When

the current arrives to the preset holding current, the current control starts.

The current control (Figure is performed by acting both high and low side. In
both sides, the current is controlled by a hysteresis controller. This control opens the
MOSFETs when the current exceeds the preset value more a predefined gap, and closes

them when the current decrease to the same preset value minus the gap.
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Diesel Injection
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Figure 4.13: Main Flow Diagram

4.3.1 Calculation of the injection position
LPG-Diesel Mode

The calculation of the instant when fuel starts to be injected is performed once per cycle,

just after detecting the falling edge of the trigger signal.
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Figure 4.14: Diesel Injection Diagram

Firstly, the variation between the preset speed (2000 rpm) and the existing speed is

calculated:
Engine Period Real

Time Relation = 4.11
Hme fretation Engine Period Preset (60 ms) 1D
Then the end of the first injections at 2000 rpm are calculated:
Falling Edge (°) — Ant. LPG Inj. (°
LPGpinay — 9 Boe O = Ant LPC g )y (4.12)

Engine Speed (rpm) - 50
s

Falling Edge (°) — Ant. Diesel Inj. (°) — 240°
360°
60 s

Diesels(pinar) = +1-10°  (4.13)

Engine Speed (rpm) -
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Figure 4.15: Current Control Diagram

Now the start time of the first gas injection is calculated with respect to the real engine

speed:

LPG1(1nity = LPG1(Fina)y - Time Relation — LPG Time 4.14)
And the times between the remaining injections:
Diesely ag3(1mit) = (Dieselg(pinal) — LPG(Finay)) - Time Relation — Diesel Time

(4.15)

Engine Period

LPGog3(rniry = 3

— LPG Time — Diesely ag3(mmit) — Diesel Time
(4.16)
These values are placed in the Autoreload Register of the timer each time that its

interruption occurs.



72 CHAPTER 4. EXPERIMENTAL RESULTS

Conventional Diesel Mode

In this mode the steps are more or less the same, changing the LPG injections by the
Diesel pre-injections:
Firstly, the variation between the preset speed and the existing is calculated. Then the

ends of the first injections at 2000 rpm are calculated:

Falling Edge (°) — Ant. Pre. Diesel (°) — 240°
360°
60 s

Pre. Diesely(pinaly = :1-10° (4.17)

Engine Speed (rpm) -

Falling Edge (°) — Ant. Nom. Diesel (°) — 240°
360°
60 s

Diesel Noms(pinal) = -1-10°

Engine Speed (rpm) -

(4.18)
Now the start time of the first pre-injection diesel is calculated with respect to the real

engine speed:
Pre. Diesely(inir) = Pre. Dieselypinay - Ttme Relation — Pre. Diesel Time (4.19)

And the times between the remaining injections:

Nom. Diesely 2g3(1nit) = (Nom. Diesel3(pinar) — Pre. Diesell(Fmal>) - Time Relation — Diesel Time  (4.20)

Engine Period

Pre. Dieselag3(rnit) = 3

— Pre. Diesel Time — Nom. Diesely sg3(1nit) — Diesel Time  (4.21)

These values are placed in the Autoreload Register of the timer each time that its

interruption occurs.
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4.3.2 Communication with the PC

The communication with the PC is performed through the UART peripheral. The opera-
tion is as follows, shown in Figure .16} The computer sends a string consisted in a letter
(which selects the internal variable of the microcontroller to be modified) and a number
(the value to modify). When a byte is received the execution is interrupted by the Rx Call-
back. Then the byte is saved in a char array. The last character received from the computer
in each communication is the line feed (LF or \n). In this moment the string saved in the
char array is decoded, placing the number received in the corresponding variable, as can

be the injection time or the current level.
Rx Complete
Callback Interrupt

Save Rx Byte

String Finished

Yes

A 4

Decode String N

RET

Figure 4.16: Communication Diagram
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4.4 Virtual Instrument (LabVIEW)

The communication with the microcontroller was performed using the LabVIEW soft-
ware. Within the VI program the dual-fuel or conventional combustion process can be
chosen. Moreover changes in the current levels of the diesel injectors, or the time and

position of each injection, can also be performed.

Diesel Nominal (°)
Diesel Preinjection Time (us) ‘ Diesel Nominal Time (us) ‘ Diesel Preinjection (%)
| LPG Before TDC (%) ‘ Diesel Before TDC (%) ENGINE VISA resource name

START e T
Peak Current (4] | Diesel Time (us) | LPG Time (us) STOP i L =

Control Range
Nominal Current (4)

1 12 5
s N P A 0 Combustion Mo o
dis | ombustion Mode

8. " ‘s

3

7- 16

6 -7 Send Pesk Current
5- s (O w

e 10

20

LPG/DIESEL

LGP DIESEL MODE

stop bits (10: 1 bit)
1o

flow control (0:none)
o

ETT—

Tab Control

Figure 4.17: Front Panel of the Virtual Instrument

The communication parameters with the microcontroller are configured as follows:

e Baud rate: It is the data transfer speed measured in baud. The default value is
115200 baud (bit/s).

e Data bits: It is the number of bits sent. The default value is 8.

e Parity: It is used to verify errors in data transmission. By default it is not used.

e Stop bits: They are used to indicate the end of the transmission. They are necessary
because each device has its own clock and they could not be synchronized. So these
bits give a tolerance. By default only one bit is used.

e Flow control: It sets the type of control used in the transmission. Unused.

e Termination char: The read operation finishes when the termination char (LF by

defect) is read.
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4.5 Experimental measurements

In this last section will be exposed the time and current measurements of the injectors in
both modes of operation (conventional diesel and dual fuel) obtained and dispayed with

the digital oscilloscope.

4.5.1 Conventional Diesel Fuel Injection

In conventional diesel mode, two injections per cycle are performed: an anticipated pre-
injection of approximately 400 s, employed to establish the ideal conditions for the nor-
mal injection, of approximately 600 ys. These times have been measured with the engine
running at 1000 rpm.

In the Figure .18| the current that circulates through one of the engine injectors under

the control of its original ECU can be observed.

Figure 4.18: Solenoid-valve current (100 mV/A)

The measurements on the engine were obtained by a current clamp, with a output

sensitivity of 100 mV/A. The peak current is 16 A and the holding current is 8.75 A
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4.5.1.1 Diesel injection controlled by the designed ECU

In the conventional diesel mode of operation it is required to be able to change the final
fuel injection position and its duration with respect to the engine speed.
The following graphics have been obtained using a trigger signal, with 60 ms of pe-

riod, by reference, equivalent to an engine operation at 2000 rpm.

Rec Length

25000

Duration

2.0ms

Resolut

80.0ns

80 Onsdat

Figure 4.19: Solenoid current controlled by designed ECU (100 mV/A)

The waveforms show the current that goes through an inductive load of 22y 180 xH,
well simulating the real injector together the wires resistance, and reaching a current of
8A.

The Figure shows the pre-injection, which finishes 15.5° before the TDC, and
the normal injection, which is anticipated only 0.4°. In the Figure the pre-injection
and the injection are anticipated 20 and 10° respectively, with the same duration as in
the previous figure. The current is obtained by amplifying of the voltage drop in a shunt

resistor.
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Figure 4.20: Solenoid-valve current (100 mV/A)

4.5.2 LPG-Diesel Fuel Injection

In the LPG-Diesel combustion mode, the gas fuel is injected at the start of the exhaust
stroke in the inlet manifold, 270° before the TDC. It corresponds to 7.83 ms, at 2000 rpm
and with the falling edge anticipated 364°. Since the gas injectors have not a current
sensor, the voltage in the drain terminal has been considered in order to represent the
injection.

The diesel injection in the same cylinder is done near the TDC in the Compression
Stroke. In the Figure [4.22] the end of the injection is anticipated 15°.

In the Figure the separation of 240° (20 ms at 2000 rpm) of crankshaft rotation
between two consecutive injections of diesel is visible.

And in the Figure 4.24] it can be observed the current that goes through one of the
diesel engine injector, injection anticipated 10°. Due to the resistance of the wires the

system does not need to control the current.
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Figure 4.21: LPG injection at 2000 rpm
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Figure 4.22: Diesel injection at 2000 rpm
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Figure 4.23: Separation between diesel injections (2000 rpm)
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Figure 4.24: Solenoid-valve current controlled by designed ECU (100 mV/A)
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5 Conclusion

Throughout this work an Engine Control Unit for the management of a LPG-Diesel dual-
fuel engine has been designed and implemented, capable of work with diesel only or a
combination of diesel and gas.

The ECU has been made using the STM32 NUCLEO-F401RE development board
which, attached to a designed and built tailored daughter board which acts as final stage,
is capable to sample the crankshaft engine signal and the current that goes through the
diesel injectors to control the time and shape of the injection signals, generating the proper
outputs to control the engine under test.

By the use of the virtual instrument running as LabVIEW application through a per-
sonal computer is able to choose between the two different operation modes, diesel only
and dual fuel, being able to change the position and time of each injection.

Therefore, thanks to the work accomplished, a system able to control the engine in

both operating modes has been created.
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