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Engine synchronous sensor processing in the transmission control unit
Aparna Ram Suresh Saritha Kumari
Elizabeth Swathika Azariah
Department of Computer Science and Engineering
Chalmers University of Technology

Abstract
The electronic control units (ECUs) of the modern-day vehicle have evolved sig-
nificantly over the years, with the increasing range of sensors used. Some of the
sensors in the transmission ECU of a conventional diesel truck, such as the incli-
nation sensor and the clutch position sensor, are affected by the vibrations caused
by engine rotation, which can result in noisy sensor measurements. The purpose of
this master thesis project is to collect sensor information synchronous to the engine
rotation in the transmission ECU, in order to filter out the engine vibration from
the raw sensor measurements, resulting in better vehicle control. We evaluate the
possibility of engine-synchronous sensor acquisition by developing a proof of concept
method to communicate the engine-synchronous signal from the engine ECU to the
transmission ECU. The two communication methods identified and explored are,
first, the dedicated direct-line communication method and, second, the controller
area network (CAN) communication method which were implemented in a test-rig
setup. An engine-synchronous signal transmitted using the direct-line communica-
tion was then used to schedule the filtering software at the transmission control unit
for an inclination sensor to filter the vibration noise from the raw inclination sensor
values using a simple moving average filter. The developed the synchronous filtering
was also implemented and tested on a moving truck and the results were analysed.
We were able to transmit a signal engine-synchronously from the engine ECU to the
transmission ECU by using the direct-line communication method. This signal was
used to engine-synchronously filter the sensor noise using a simple moving average
filter in the transmission control unit.
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Denotation Declaration

ALU Arithmetic Logic Unit
ARU Advanced Router Unit
CAN Controller Area Network
CCP CAN Calibration Protocol
CPU Central Processing Unit
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ECU Electronic Control Unit
EOF End-of-Frame
ECM Engine Control Module
EECU Engine Electronic Control Unit
EMS Engine Management System
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IR Interrupt Router
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PCB Printed Circuit Board
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1
Introduction

The modern-day motor vehicle is not just made of mechanical components, but also
contains a diverse range of electronic components to control the vehicle. The elec-
tronic control unit (ECU) is one of the most advanced embedded systems designed
to control the electrical systems in a modern vehicle [1] . Many parts in a conven-
tional truck such as the engine and transmission have an ECU connected to them.
The embedded software in the ECUs has undergone many design upgrades over the
years, which has made it possible for them to handle complex controls within the
vehicle.

Figure 1.1: The engine and transmission of a conventional Volvo diesel truck

The driveline of a conventional diesel truck includes a diesel engine rigidly connected
to a transmission through the clutch as shown in Figure 1.1. Both the engine and
the transmission have a wide range of sensors and actuators, and an ECU which
communicates with and processes data from the sensors [2]. The combustion and
rotation of the engine is a significant source of vibration that can affect sensors on
both the engine and transmission, due to their rigid connection, which results in
noisy measurements obtained from the sensors connected to both the ECUs. The
engine-synchronous signals such as the engine rotation position, the cylinder firing
order or the cam/crank tooth times can be used to filter the engine vibration noise
from the sensor data. This is currently possible in the engine ECU, but not in
the transmission ECU. Having an engine-synchronous signal in the transmission
ECU would make it possible to schedule software functions with simple and robust
filters whose effect varies implicitly with engine rotation and therefore help to filter
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1. Introduction

out the noise. We aim to solve this in our thesis work by developing a method to
communicate the engine-synchronous data from the Engine ECU to the transmission
ECU which would result in more accurate sensor data, thereby enabling the use of
simpler and more reliable control software.

1.1 Goals
The goal of this thesis work is to develop a proof of concept solution for executing
engine-synchronous software functions in the transmission ECU. This involves find-
ing a suitable method to communicate the change in engine rotation position from
the engine to the transmission and schedule software functions to be run engine-
synchronously in the transmission. This work also includes setting up a simple
hardware test rig to implement, test, and demonstrate these methods using our
physical ECUs. The final objective is to implement and demonstrate the software
function developed on-board in a running truck.

1.2 Challenges
• Identifying and implementing a communication system for communicating the

engine-synchronous signal from the engine ECU to the transmission ECU.
• Developing and scheduling a filtering software engine-synchronously for filter-

ing the noise from the raw sensor measurements for some of the sensors (such
as the inclination sensor) affected by the engine vibration in the transmission
ECU.

1.3 Limitations
• There are interfering processes scheduled on the ECUs but these are not within

the scope of this thesis.
• The CAN transmission function is triggered in a 1.25ms transmission task

at Volvo GTT which would cause latency in the data transmitted. This is
not a limitation of the CAN protocol itself, but a limitation due to software
configuration at Volvo GTT.

• To verify engine-synchronous scheduling in the transmission ECU, a simple
filter is used to engine-synchronously filter the vibration noise. Creating the
most optimal filtering solution is not the focus of this thesis project.

1.4 Thesis Outline
The thesis report follows the below structure:

• Chapter 2: Theory describes the theory required for understanding the
components used in the project.

2



1. Introduction

• Chapter 3: Design and Implementation explains the high-level design
and gives a technical overview of the implemented system.

• Chapter 4: Results explains the output obtained from the thesis work.
• Chapter 5: Conclusion discusses the results and provides a summary of the

thesis work.
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2
Theory

In this chapter, the following sections describe the theory required for understanding
the different components and concepts used in this thesis work.

2.1 Vehicle drive system
A background of the vehicle drive system comprising of the engine and the trans-
mission components is discussed in the sections below.

2.1.1 Engine
An internal combustion engine (ICE) is a type of heat engine in which the fuel is
combusted inside the engine’s combustion chambers. The different engine parts work
together and convert chemical energy into mechanical energy. The high pressure and
force generated by the fuel-air mixture inside the cylinder causes the piston inside
the cylinder to move upwards and downwards. The crankshaft converts the pistons’
upward and downward movements into rotary motion which drives the vehicles’
wheels. Figure 2.1 shows the internal and external views of the combustion engine
of a Volvo truck which comprises of six cylinders. For each rotation of the crankshaft,
three cylinders are fired and it therefore takes two rotations for all six cylinders to
be fired.

Figure 2.1: Engine of a Volvo truck - external view (left) and internal view (right)

5



2. Theory

2.1.2 Transmission
The transmission of a vehicle consists of the gearbox and it is the gateway between
the engine and the other components of the vehicle. The main function of the
transmission is to use the input power from the engine and navigate it through the
gearbox to maintain an optimal efficiency by switching between different gears. The
clutch is used to engage and disengage a gearbox in order to enable the gears to be
changed without causing any damage and to prevent the engine from stalling. The
gearbox is an assembly of gears used to transform the speed and torque of a vehicle
and to change the direction of the vehicle to either forward or reverse. Figure 2.2
shows the external and internal view of the transmission of a Volvo truck.

Figure 2.2: Transmission of a Volvo truck - external view (left) and internal view
(right)

2.2 Electronic Control Unit
An electronic control unit (ECU) is a real-time embedded system that controls the
operation of an electronic sub-system in a vehicle. Using the data from various
sensors inside the vehicle, the ECU controls and manages different functions in
a vehicle such as steering, anti-lock braking, controlled fuel injection, and so on
through its actuators [3, 4, 5]. Figure 2.3 shows an ECU with the inputs from
various sensors and the outputs sent to the different actuators.
An ECU consists of the following elements:

• Micro-controller
• Memory (Flash [7], SRAM [8], EEPROM [9])
• Inputs/Outputs (analog and digital)
• Communication Interfaces
• Connectors

The ECU hardware includes electronic components on a printed circuit board (PCB)
and the software is stored in the key elements in an ECU such as the micro-controller,

6



2. Theory

Figure 2.3: Electronic control unit - inputs and outputs, Source: [6]

SRAM and EEPROM/Flash [10]. The signals from the sensors are processed in real-
time by the micro-controller [11].

There are different types of ECUs inside a vehicle and they are classified based on
the functions they perform. In this thesis work, we mainly focus on the ECUs of
the engine and the transmission.

• Engine Electronic Control Unit: The Engine ECU (EECU) is also known
as the Engine Control Module (ECM) and is used to control engine operations
such as fuel injection, emissions control, and engine actuator control. It also
communicates with the other ECUs in the vehicle. The EECU is commonly
mounted on the engine. Using the measurements recorded by the camshaft
and crankshaft position sensors, it is possible to identify the identity of the
cylinder fired, the engine rotation position, the firing order of the pistons in
the engine, the rate at which the engine rotates and so on.

• Transmission Electronic Control Unit: The Transmission Electronic Con-
trol Unit (TECU), also known as transmission control module (TCM) is used
in the vehicle for various control functions in the transmission component.
The TECU performs functions such as clutch control and gear selections. The
TECU enables the correct gear to be chosen at the right time to optimize the
driving performance and fuel usage.

7



2. Theory

2.3 Inter-ECU communication
Near real-time communication between the different ECUs located within a vehicle
is one of the most important aspects which impacts the functionality and overall
safety of the system [12]. A simple block diagram of inter-ECU communication is
shown in Figure 2.4. The ECUs can communicate with its sensors and actuators as
well as with each other through different communication protocols [13] such as:

• A direct dedicated line
• Controller Area Network (CAN) [14]
• Ethernet [15]
• FlexRay [16]
• Media Oriented Systems Transport (MOST) [17]
• Local Interconnect Network (LIN) [18].

ECU 1 ECU 2

SENSOR

ACTUATOR

SENSOR

ACTUATOR

SENSOR

signal

Figure 2.4: Inter-ECU communication, Source: Adapted from [19]

Figure 2.5 shows inter-ECU connections with multiple ECUs connected using direct
dedicated lines (on the left) and using CAN bus (on the right).

Node
1

Node
2

Node
4

Node
3

Node
5

With direct-line

Node
1

Node
2

Node
3

Node
5

Node
4

With CAN

Figure 2.5: Inter-node communication with Direct-line communication (left) and
CAN Bus (right)

2.3.1 Communication via direct dedicated line
The communication between the ECUs is set up using a direct dedicated line be-
tween an output port of the EECU to an input port in the TECU. Since only the
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2. Theory

time between the change in cylinder firing is required by the TECU, using a di-
rect line between the two ECUs allows us to send a pulse with a rising edge to
be triggered whenever the engine rotation position changes. The Operating system
(OS) configuration is updated to generate an interrupt whenever a change occurs
in the signal, thus enabling a task to be run at the TECU engine-synchronously.
A direct dedicated line helps in near real-time transfer of data especially used for
sending pulse signals to trigger software tasks from one ECU to another. However,
the direct-line communication results in an increase in wiring harness in a truck and
hence may not be the most suitable as a stand-alone method and can instead be
used in combination with other communication methods such as CAN and Ethernet.
With direct-line communication it is not possible to do error detection and auto re-
transmission of lost messages. This can however be rectified using additional error
detection and re-transmission within the ECU software functions.

2.3.2 Communication via CAN bus
One of the main communication systems used for inter ECU communication in a
conventional truck is using the Controller Area Network (CAN) protocol [14]. CAN
supports both periodic as well as aperiodic data transmission.

The CAN protocol is a serial bus communication protocol which enables a robust
communication between the ECUs. It is a standard used for efficient and reliable
communication between sensors, actuators, controllers and other nodes in real-time
applications for use in the automotive industry [20]. The usage of a common CAN
bus has helped significantly in reducing the wiring harness size in automobiles,
thereby making it one of the common communication systems in vehicles. It has
a data rate of up to one megabit per second and twisted pair cable is used to
connect between devices. The benefits of using CAN are prioritization of messages,
system-wide data consistency, error detection, re-transmission of messages, multi-
cast reception with time synchronization, possibility of setting a device to sleep
mode and acknowledgement of received messages. However, CAN only supports a
limited number of nodes and has a high maintenance cost.
There are different types of CAN messages with different functions:

• Data Frame
• Remote Frame
• Error Frame
• Overload Frame

The data frame of the signals sent over the CAN bus is as shown in Figure 2.6,
which is the most common type of frame where the Message ID field consists of the
priority of the message transmitted and the Data field consists of the data being
transmitted.
The data frame has seven fields which are Start of Frame (SOF), Arbitration, Con-
trol, Data, Cyclic Redundancy Check (CRC), Acknowledgement (Ack), and End of
Frame (EOF). Start of Frame consists of one bit which represents the beginning of

9



2. Theory

Figure 2.6: CAN Message Frame, Source: [21]

CAN message and End-of-Frame field is a 7 bit field which marks the end of the
frame. The data field can hold up to 64 bits of data which allows multiple signals
to be transferred in a single frame.

2.3.3 Comparison between CAN and direct-line communi-
cation

Table 2.1 shows the comparison between the CAN and direct-line communication
systems with their advantages and disadvantages.

Table 2.1: Comparison between CAN and direct-line communication

Communication
system Advantages Disadvantages

CAN

- Low implementation cost
- High speed (upto 1 Mbit/sec)
- Error detection
- Reduced wiring harness
- Auto-retransmission of lost
messages

- Limited number of nodes
- High maintenance cost
- May have signal integrity issues
- Interference from other processes

Direct
dedicated line

- Near real-time transfer of data
- Suitable for sending pulse signals
- No interference from other processes
since it is a dedicated line

- Increased wiring harness
- Re-transmission of lost data
not possible
- Error detection not possible

2.4 Sensors
A vehicle has different types of sensors such as position sensors, speed and velocity
sensors, acceleration sensors, pressure sensors and temperature sensors. The values
measured by the sensors are used in the different ECUs of the vehicle to perform
various functions to control the vehicle. Figure 2.7 shows some of the sensors used
in a motor vehicle. In this thesis report we mainly focus on the engine speed sensor
in the engine and the inclination sensor in the transmission.

2.4.1 Engine speed sensor
The engine speed is measured using a variable reluctance (VR) sensor. The VR
sensor mainly consists of a transducer used to measure changes in the magnetic

10



2. Theory

Figure 2.7: In-vehicle sensors, Source: [22]

Figure 2.8: VR sensors used in the crank and cam wheels

reluctance of the engine cam and crank shaft rotation. A camshaft consists of six
egg shaped cams which are used to open and close engine valves, while a crankshaft
converts the upwards and downward motion of the cylinder pistons to rotational
motion. The VR sensors count the number of teeth on the camshaft and crankshaft
passing the sensors and the sensor measurements are sent to the engine ECU in
which software functions are used to calculate various parameters such as tooth
times, engine rotation angular position, engine speed, cylinder ID and so on. Figure
2.8 shows the image of the crank and cam wheels with the VR sensors. The crank
wheel of a Volvo truck engine can be seen in Figure 2.9.

11



2. Theory

Figure 2.9: Crank wheel of a Volvo truck engine

Figure 2.10: The 3 axes of the inclination sensor depicted on a Volvo truck

2.4.2 Inclination sensor

The inclination sensor is present in the TECU and consists of a 3-axis accelerometer,
which is an electronic sensor used to detect the the acceleration and orientation of
an object in space by measuring the acceleration forces that act on the object and
uses Serial Peripheral Interface (SPI) for data transfer. Figure 2.10 shows the 3 axes
of the inclination sensor depicted on a Volvo truck where the X axis refers to the
roll and the Y axis refers to the pitch or the inclination.

12



2. Theory

2.5 Microcontroller

A microcontroller unit (MCU) is an integrated circuit designed to perform tasks in
an embedded system. A micro-controller consists of Central Processing Unit (CPU),
memory, Input/Output (I/O) ports and Serial communication interface. There are
various categories of micro-controllers depending on the memory, architecture, word-
length and instruction sets.

The CPU, memory and I/O peripherals are the main three elements of microcon-
troller. The CPU is called the brain of the microcontroller. It comprises of an
arithmetic and logic Unit (ALU) which performs all the arithmetic and logical oper-
ations, a control unit (CU) which controls all the operations, a memory unit (MU)
and I/O peripherals. The memory inside the controller is divided into two: program
memory and data memory. The program memory stores the instructions to be ex-
ecuted and the data memory holds the temporary data while the instructions are
executing. I/O peripherals are the interface to the controller to the input/output
ports.

Micro-controllers also have other peripherals that are used to interface them to the
user. Some examples of peripherals are timers, analog to digital converter, digital
to analog converter, serial communication (SPI, I2C, and UART). The peripherals
used and configured in this thesis work are discussed below.

2.5.1 Generic timer module
The generic timer module (GTM) is an intellectual protocol (IP) block developed
by Bosch and different semiconductor companies [23]. It handles the different tim-
ing operations in the microcontroller and is made up of a generic timer platform.
The main task of the GTM is to offload the CPU by performing timing operations
in hardware rather than in software. This can be done by various programmable
modules. The GTM continuously records changes in digital input signals and these
are combined with digitized analog signal for calculation. To transfer data between
sub-modules GTM has an advanced router unit (ARU) integrated into it. GTM
supports a wide range of timer applications, including dynamic digital pulse-width
modulation (PWM) output

The GTM has many configurations and based on the configuration, it can be clas-
sified into sub-modules such as ATOM, BRC, MCS, PSM, SPE, TIM, TOM. The
module used in this thesis work is the timer input module (TIM).

• TIM: The timer input module handles filtering and capturing of input signals
to the GTM. Using TIM modules, different properties of the input signal can
be measured, such as the number of rising or falling edges and the PWM signal
period in parallel and sending data to the ARU [24]. It also has a filtering
module which performs operations such as filtering glitches and selected mode
operation. The different operations of the TIM module are capturing input
time stamp, input edge counting, periodic sampling and so on.

13



2. Theory

2.5.2 Interrupt router module
An interrupt is a notification sent to the processor either from hardware or software
to perform a certain action. When an interrupt is issued, the current task execution
is completed by the micro-controller and the interrupt indicates what action is to be
executed next. The interrupt router (IR) module includes the service request nodes
(SRNs) and the interrupt control units (ICUs), which tells the processor or controller
what to do when the interrupt occurs. A hardware interrupt is an electronic alerting
signal sent to the processor from an external device and a software interrupt is caused
either by an instruction or condition in the software function.

2.5.3 Direct memory access
Direct memory access (DMA) is used by a hardware sub-system to reduce the load
on the processor by transfer data to and from input output devices. The transfer
is done using a DMA controller which accesses the memory independently without
involving the processor.

2.5.4 Serial peripheral interface

Figure 2.11: Traditional 4-wire serial peripheral interface (SPI) protocol block
diagram, Source: [25]

Serial peripheral interface (SPI) is a widely used bi-directional communication in-
terface used for synchronous serial communication between micro-controllers and
peripherals. SPI consists of four signals as shown in Figure 2.11: Serial Clock, Chip
Select, master-out/slave-in (MOSI) and master-in/slave-out (MISO). Serial clock is
the signal which synchronizes the data. The MOSI and MISO enables SPI to op-
erate in full duplex mode. SPI enables high speed communication at low cost and
also allows multiple slave nodes.

2.5.5 Queued synchronous peripheral interface
Queued synchronous peripheral interface (QSPI) is an SPI controller that provides
serial communication using a data queue to communicate with external peripherals
in a micro-controller. It supports full-duplex, half-duplex and simplex modes. It
also allows communication between two devices using the four signals: clock, data-in,
data-out and slave select.
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2.6 Filters
Filters are commonly used in electronic circuits. They can be used to alter signal
characteristics with respect to frequency and phase. A filter is used to extract the
important frequencies in a signal by attenuating unwanted frequencies. There are
different types of filters depending on the frequency domain response such as low
pass filter, high pass filter, band pass filter and band stop filter.

2.6.1 Low pass filter
A low pass filter (LPF) is designed to pass signals with lower frequencies while
attenuating the higher frequencies above the cutoff frequency, often used to filter out
high frequency noise in a circuit. An ideal low pass filter removes all the frequencies
above the cutoff frequency and hence has a rectangular frequency response without
a transition region, whereas a real low pass filter has a transition region and hence
causes in a delay in the signals. The delay of the low-pass filter increases as the
filter bandwidth decreases. The order of the filter is chosen based on the stop band
roll-off rate. A first order low pass filter has a roll-off rate of 20 dB/decade whereas
the second order low pass filter has double the roll-off rate of 40 dB/decade. Hence
the higher the filter order, the higher the improvement in the stop band roll-off rate.
However, an increase in the order of the filter causes an increase in the delay of the
signals. Also, low pass filters are used in applications such as speech processing,
reconstruction and many more [26]. It is also used to prevent the aliasing effect
before sampling [27]. Figure 2.12 represents the general filter response of a low pass
filter.
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Figure 2.12: Low pass filter response

2.6.2 Moving average filter
A moving average filter is a finite impulse response (FIR) filter that helps to smoothen
the signal by reducing the random noise in the signal and any sharp step response in
the signal is retained [28]. This filter consists of longer time series data and shorter
filter window, as the filter length increases the output becomes more smoother by
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making the sharp transition unsharpened. Figure 2.13 represents the general filter
response of a moving average filter.
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Figure 2.13: Moving average filter response
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3
Design and Implementation

This chapter gives the details of the various hardware and software tools used in this
thesis work and explains the reference software and the implemented prototype.

3.1 Hardware tools
The following hardware tools were used for implementing the solution using a test
rig and for the truck testing.

• Engine electronic control unit

• Transmission electronic control unit

• JTAG Lauterbach debugger

• Engine speed simulator

• CAN/LIN Interface

3.1.1 JTAG Lauterbach power-debug interface

Figure 3.1: Lauterbach TRACE32 debugger interface

Lauterbach Power-Debug interface is a microprocessor development tool from Lauter-
bach GmbH which allows us to upload the software functions to the ECUs from a
computer. It provides a Universal Serial Bus (USB) interface to the computer and
allows flash programming [29]. It also supports high level language (HLL) debug-
ging. The ECUs which are used for testing have a port available for the debugger
in order to download software as well as debug the signals to and from the ECUs.
Figure 3.1 shows the picture of a Lauterbach TRACE32 debugger interface.
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3.1.2 Engine speed simulator
The engine speed simulator is a type of a sensor stimuli device which is used to
emulate the cam and crank signals. It is controlled by the engine speed box controller
GUI and it has a basic speed control functionality. Currently, only the cam and crank
output signals are supported.

3.1.3 VN1640A - CAN/LIN interface
The VN1640A - CAN/LIN Interface is known as a CAN case, which is a hardware
interface manufactured by Vector Informatik GmbH and is used to connect to the
CAN bus as well as to a computer. It includes four channels to connect the CAN bus
and a USB to connect to the computer. It allows us to observe the communication
on the CAN bus.

Figure 3.2: VN1640A - CAN/LIN Interface

3.2 Software tools

3.2.1 Trace32 debugger
Trace32 is a software tool for debugging embedded software and hardware using the
Lauterbach JTAG hardware interface. In the automotive industry, Trace32 is used
for development of ECU software by monitoring real-time signals and debugging
the signals. It also allows the programmer to debug the source code by setting up
breakpoints and by executing the code line by line.

The different purposes for which the debugger tool is used in this thesis work are as
follows:

• Load software - Load software to the EECU and TECU.
• Breakpoint(s) - Creating multiple breakpoints at particular parts of the code

to check the flow of the code.
• Step/Step over call - Used to execute the code line-by-line and see the variables

changing after code execution stops at breakpoints.
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• Watch window - To watch the input-output parameters, variables and signals
changing when the code is executing.

• Variable manipulation - Changing the variable values for debugging purpose.

3.2.2 ATI VISION
ATI VISION is a data acquisition, calibration, and post-analysis tool that is used in
this thesis work to view and analyze the signals from the ECUs. The tool is config-
ured to get the values from the ECUs to the computer. The ECUs are added to the
device setup as CAN Calibration Protocol (CCP) based devices as shown in Figure
3.3. Once the devices are added to the configuration, the communication with the
devices connected are enabled and the relevant signals from the ECUs can be viewed.

At Volvo GTT, VISION is mainly used for monitoring different signals from various
ECUs in the truck during the truck testing. For this thesis work, various signals
from both the TECU and EECU are selected in VISION and the live changes are
monitored while the truck is moving. These logs are then saved for further analysis
of the signals.

Figure 3.3: VISION device configuration

3.2.3 CANalyzer
CANalyzer is a software tool developed by Vector Informatik GmbH which is widely
used in the automotive industry for the analysis of CAN, LIN, MOST and FlexRay
based communications. It is an analysis tool for ECU networks and distributed
systems. The CANalyzer has various features to analyze, simulate and test the signal
communication. With CANalyzer it is possible to send messages that can influence
the ECUs and control the hardware. Figure 3.4 shows the main configurations in
the CANalyzer application.

3.2.4 RTA-OS
Real-time AUTOSAR operating system (RTA-OS) is a real-time operating system
that can be configured on a computer and the built operating system (OS) files can
be downloaded to a target hardware device. It is used to make configuration changes
for the operating system of the target hardware device. The OS configuration is done
using an executable file called rtaoscfg which is a graphical configuration editor.
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Figure 3.4: CANalyzer configuration

3.3 The reference system
The latest software solution contained by a conventional Volvo truck is taken as the
reference software for this thesis work. The inter-ECU communication setup and the
sensor filtering software used in the reference system are described in the following
sections.

3.3.1 Inter-ECU communication
Figure 3.5 shows the software solution of the reference system for inter-ECU com-
munication using CAN. The CAN communication system at Volvo GTT includes
several components responsible for performing different tasks. The program used
for the software implementation is in C programming language. Each component
consumes or produces one or more signals as shown in Figure 3.5. The components
contain the software functions that are scheduled and executed periodically by the
operating system, and communicate with each other using signal objects. When a
signal object is created, it needs to be declared as a producer and/or a consumer
and for each signal and the signal behavior also needs to be updated depending on
whether it is a periodic signal or aperiodic signal.

The CAN component helps in performing the translation of signal objects to CAN
signal via signal mapping. In the signal mapping process, all CAN signals are
connected to signal objects and these CAN signal names are updated in a com-
munication database file known as the DBC (database CAN) file. It contains all
information describing the network and can be read by numerous applications. The
DBC file is made up of signals, messages and nodes or ECUs connected through
CAN. The CAN signals required to be sent or received are added to the signals of
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the DBC file where various signal parameters such as datatype, bit size, and units
can be configured. Each CAN message frame is configured to contain one or more
signals along with the transmitting and receiving nodes for each message frame.
In developing a distributed ECU network based on CAN, a key component is the
communication description in the form of DBC files. From the C code, the signal
objects created are read and written with their Get and Set functions.

CAN component

CAN Component

EECU Component

TECU Component

CAN Signal A

CAN Signal A CAN Signal B

CAN Signal B

Signal Object A Signal Object B

Signal Object A Signal Object B

CAN Bus

EECU

TECU

Figure 3.5: Reference software design for inter-ECU communication using CAN

3.3.2 Filtering software in TECU
In the current solution implemented in the reference system, the raw data from
the inclination sensor with noisy measurements are stored in an array of five values
which is updated every 10 ms. The filtering software function runs every 10 ms and
converts the raw data taken from the array to the acceleration data in unit G. This
data is then sent to a first order low-pass filter which has a cut-off frequency of 5
Hz and produces the final inclination value. The time and frequency domain plot
for the reference system is shown in Figure 3.6. The time domain plot was done
for three different engine speeds of 600, 1300 and 2000 rpm. The frequency domain
plot was generated for the speed of 600 rpm. From the frequency domain plot, it
can be seen that the engine vibration noise peaks are not removed by the low pass
filter. The cut off frequency was chosen as 5 Hz and not a lower value, in order to
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filter as much as possible the engine induced oscillations, but without introducing
more delay on the same order of what is already there later in the filtering process.

Figure 3.6: Time domain plot for reference method for 600 rpm, 1300 rpm and
2000 rpm (left) and frequency domain plot for 600 rpm for reference method (right)

3.4 Implementation
In this thesis, we used two methods to communicate between the two ECUs. These
methods are explained below. Also, we discuss the implementation of the scheduling
of software functions for the filtering software in the TECU.

3.4.1 Dedicated direct-line between ECUs
One of the methods identified for communication between the ECUs is a direct
dedicated line connection. A direct dedicated connection was made between the
output pin of one of the unused ports of the EECU and the input pin of an unused
port of the TECU.

3.4.2 Test rig hardware setup
Figure 3.7 shows the test set up for the dedicated direct-line method. Figure 3.8
shows a picture of the test rig. The cam signal and crank signal wires from the EECU
are connected to the engine speed simulator to emulate different engine speeds for the
EECU. The communication between the EECU and TECU is done via a dedicated
direct-line setup and the TECU uses the information received from the direct-line
in the filtering software to reduce the noisy measurements. The inclination data is
read by the TECU from the inclination sensor, which is embedded into the TECU.
A debugger is then used to load software into both the EECU and the TECU and
to monitor how the filtered output signal value changes when different speed values
were set using the engine speed simulator.
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Power Supply

EECU
TECU

Direct Line

Computer

Debugger
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Crank signal

Engine speed
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Figure 3.7: Test bench schematic for the dedicated direct-line method

Figure 3.8: Test rig hardware set up for direct-line communication
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3.4.2.1 Updating the output port configuration in EECU

The port 15 was identified to be unused and the output pin 12 was configured in the
GTM peripheral in the TIM module of the micro-controller to send out high and
low pulse signals from the EECU whenever the Cylinder ID signal value changes,
and one end of the direct-line wire was soldered to it.

3.4.2.2 Updating the input port configuration in TECU

For this thesis work, port 32 was identified to be unused and input pin 4 was con-
figured in the GTM peripheral in the TIM module of the micro-controller to receive
the high and low pulse signals. The other end of the direct-line wire was soldered to
this pin. When any changes in the received signal occurs, it triggers the interrupt
added to a new engine-synchronous component added in TECU, which triggers the
inclination sensor filtering software function. To configure the interrupt, the TIM
channel 0.5 corresponding to the port was identified and the GTM configuration file
in TECU was updated to trigger the interrupt whenever the high and low pulses are
received through the direct-line connection.

3.4.2.3 OS configuration

The OS configuration was done in the following steps using the RTA-OS tool:

• A new task was added to run in the same processor core on which the incli-
nation sensor software is configured.

• The newly added task was scheduled to run engine-synchronously by adding
an interrupt to trigger the task whenever a change in the output port was
detected.

Once the OS configuration was updated, the build files were generated for the TECU
which were then loaded to the TECU through the Lauterbach debugger.

3.4.3 CAN communication setup between ECUs
Another communication method that was investigated was CAN. The software set
up for the CAN communication involves creating the new signal objects for the
signals to be sent, setting up the signal mapping for the new signal objects, database
update and building the project. These steps are discussed in the subsections below.
The hardware setup for the CAN communication method was done as shown in
Figure 3.9.

The Engine control module and the transmission control module were connected
via the CAN bus and a CAN interface was used to connect the CAN bus to the
PC. The speed simulator was used to simulate the engine speed and a debugger was
connected to the TECU to view the received signal values. The debugger was also
used to load the software in both EECU and TECU.
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Figure 3.9: Test bench schematic for the CAN communication method

3.4.3.1 Sending signals from EECU

The Cylinder ID signal was chosen to identify the change in engine rotation position.
This was calculated using the tooth times recorded using the VR sensor and this
signal was available in the engine ECU component. In order to send the Cylinder ID
signal via CAN to the transmission ECU, a CAN signal object was created in both
the EECU and TECU components, where the software functions were scheduled.
The new signal object created was then mapped to the engine ECU signal in the
signal mapping file. Since the signal was to be sent when the Cylinder ID changes,
it was configured to be sent aperiodically. As a result, the signal description for an
aperiodic signal is given in the signal mapping.

The signal was configured to be sent aperiodically by also updating the signal send
types in the DBC file. After creating the signal, a new message in the DBC file was
added for sending it, and the signal was added to the same message with the message
send type for sending aperiodic signals. Finally, the transmitter and receiver for the
message and signal were configured. As the communication is done from EECU, the
transmitter was set to EECU. Once the DBC is updated, a series of scripts were
run to generate the ECU specific build files, which were then loaded to the ECUs
through the debugger.
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3.4.3.2 Receiving signals in TECU

The DBC file was updated for receiving the signal in the TECU by setting the
receiver to TECU. For accessing the transmitted signal in the C code, a Set function
was used to write the signal object in the TECU side. Finally, a sequence of scripts
were run in the TECU software to generate build files, which were then loaded into
the TECU hardware using the Lauterbach debugger.

3.4.3.3 Analyzing the received signal

We were able to send the engine-synchronous aperiodic signal from engine control
module to transmission control module. The signal received in the TECU were
monitored by connecting the Lauterbach debugger. The Engine RPM was modified
using a speed box simulator and the change in the Cylinder ID and the corresponding
timestamp in the TECU side were verified. Using the CANalyzer, the signals were
viewed and a log of the received data was taken for further analysis. The Cylinder ID
signal received in CAN for different engine speeds was viewed in the CANalyzer as
shown in Figure 3.10. It can be seen that the time between cylinder firing decreases
as the engine speed increases.

Figure 3.10: Cylinder ID and Engine speed signals as observed in CANalyzer

The time difference between cylinder firing was calculated for different engine speeds
using the Equation 3.1 as shown in Table 3.1. The latency of the received signal
was analyzed by comparing with time taken for transmission of the signal and the
calculated expected time between cylinder firing.

Time difference = No of seconds
Engine speed (in rpm) ∗ No of Cylinders per revolution (3.1)
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Table 3.1: The time difference between cylinder firing for different engine speeds

Engine speed (rpm) Time difference between
cylinder firing (seconds)

500 0.04
1000 0.02
1500 0.0133
2000 0.01
2500 0.008

The logs for different engine speeds were generated in the CANAlyzer for one minute.
The time when the signal is received in the CAN for each cylinder ID is noted with
different engine speeds and the signals were plotted using the MATLAB tool as
shown in Figure 3.11. Thousand values were taken for each rpm, and a histogram
was plotted with the number of occurrences of the signal in the Y axis and the
corresponding time taken for signal reception from EECU to CAN in the X axis.
The time taken for signal reception from EMS to CAN in X axis is calculated as the
time difference between the time of reception of the current signal and the time of
reception of the previous signal.

3.4.4 Scheduling in TECU
The process of setting up the scheduling of the filtering software in TECU differs
for the two communication systems used.

• For direct-line communication, the scheduling was done by triggering an inter-
rupt in the TECU software whenever a change in Cylinder ID is encountered.

• For CAN communication, the scheduling was done by creating a callback func-
tion to trigger the software function in TECU whenever the Cylinder ID signal
was received from the EECU.

A histogram of the arrival of the Cylinder ID signal in CAN was plotted as shown in
Figure 3.11 and a timing analysis was done. It was noticed that there are two peaks
at higher engine rpm of 1500 and 2500. This was due to the limitation with the CAN
transmission function triggered in the 1.25ms task at Volvo which causes the CAN
signals to be received periodically every 1.25ms even when the signal was generated
earlier from the EMS. Apart from this delay, there was also a delay caused due to
other factors such as high priority tasks scheduled in CAN and other interfering
processes. This delay from other processes can be ignored as the CAN message
we configured was a low priority message which causes this deviation. Also, the
frequency of occurrence of this was noted to be much lower as seen in the histogram
plot when compared to the frequency of occurrence of delay due to the 1.25ms CAN
task.

We decided to proceed with scheduling the filtering software using the direct-line
method. This was due to the latency observed in the signal received through CAN
due to the scheduled internal 1.25ms transmission process and the direct-line method
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Figure 3.11: Histogram of arrival of the Cylinder ID signal in CAN

was chosen in order to observe and verify the performance improvement without this
latency.

3.4.5 Filtering software in TECU

The main focus of this thesis work was to trigger an engine-synchronous software
function in the TECU and there was not much focus on developing the most efficient
filter for filtering out the noisy sensor measurements. Hence, we have used a simple
moving average filter as it helps to filter out the noise from the raw inclination sensor
data whenever the cylinder ID changes. The filtering software function was written
using a C program, in which a circular buffer of size of six was created, and the
new inclination value corresponding to the time of change of the cylinder ID was
added to it. Since we have 6 cylinders, we set the buffer size as six for storing data
corresponding to each cylinder firing. The circular buffer acts as a FIFO, where
the first value inserted to the buffer is deleted whenever the new value is populated
and the new value is added to the beginning of the buffer by shifting the values
to the right. Each time when the new inclination value is generated, the updated
buffer is given as the input to the filtering software function. We have used the
moving average filter of length six (representing the six cylinders corresponding to
the inclination values at each cylinder firing) to eliminate the noisy measurements
in the inclination sensor due the engine vibration.

28



3. Design and Implementation

3.5 Truck testing

3.5.1 Configuration in truck
Since the dedicated direct-line method was implemented in this thesis work, the
truck testing was more complex than using the CAN method. The challenging part
was changing the ECUs in the truck and installing the ECUs with the direct wire
connection. After the successful installation of the ECUs, the air pressure release
during the removal of the TECU was restored. Finally the truck was calibrated
with the new software uploaded to the EECU and TECU through the existing CAN
communication using the tools VISION and Engineering ToolBox.

3.5.2 Data monitoring using VISION
For truck testing, ATI VISION was used to monitor and log the signals when the
truck is running. The different signals used for analyzing the inclination sensor data
and the output of the filter from EECU and TECU were added and monitored in
VISION. The signals used are shown in the Table 3.2.

Table 3.2: Signals monitored in VISION

Signal name Description
Inclination X raw data Inclination sensor data from TECU before filtering

for the X axis
Inclination Y raw data Inclination sensor data from TECU before filtering

for the Y axis
Inclination Z raw data Inclination sensor data from TECU before filtering

for the Z axis
Inclination X output data Inclination data for the X axis after applying a mov-

ing average filter
Inclination Y output data Inclination data for the Y axis after applying a mov-

ing average filter
Inclination Z output data Inclination data for the Z axis after applying a mov-

ing average filter
Cylinder ID Cylinder ID (values between 1 to 6) used to deter-

mine engine rotation position change

The test data was logged for different inclination and engine rpm values. The
resolution for recording the log data in VISION was set to 5 ms which enabled
in an analysis of the data.
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4
Results

The solution with the direct-line communication method was implemented in a test
rig as well as in a running Volvo truck and tested with various engine speeds on
different road inclinations. In this chapter, the results obtained from this thesis
project are presented and explained.

4.1 Test results from the test rig
The test rig setup was done for the direct-line case and a simulation was done with
different speeds and the output signals obtained were analysed. In this section, the
results from testing with the test rig are presented.

4.1.1 Direct-line timing analysis
The cylinder ID and the raw inclination data for an engine speed of 600 rpm is taken
for both the reference and direct line method to analyse the software behaviour. The
time domain data for the cylinder ID change and the raw inclination were plotted
for both the reference and direct-line methods as shown in Figures 4.1 and 4.2 and
compared. The goal of the thesis is to make the TECU engine-synchronous, this
can be verified by checking the raw inclination data change whenever the engine-
synchronous cylinder ID signal changes. It can be seen that the raw inclination data
was generated engine-synchronously based on cylinder ID for the direct-line setup,
whereas the raw inclination data was generated every 10ms irrespective of the engine
rpm for the current setup.
The software function was scheduled in the transmission ECU and a timing analysis
of the raw inclination value generation was done by recording the timestamps as
shown in Figure A.2. A histogram was plotted with the time difference between the
raw inclination value generation for both the direct-line communication system as
well as using the reference method. The histogram was generated with the test rig
setup for three different speeds of 600, 1300 and 2000 rpm which corresponds to a
time of 33.33, 15.4 and 10 ms respectively for raw inclination value generation as
shown in Figure 4.3. It can be noted from the graph that percentage of the frequency
of occurrence mostly falls in the expected time. There is a deviation noted in the
timings with the maximum and minimum deviation shown in Table 4.1.1. The
maximum deviation was noted to be 265 µs which is noted to be negligible when
compared to the maximum deviation observed using the CAN method.
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Figure 4.1: Raw inclination value generated for 600 rpm at a time interval of 10
ms for reference setup

Figure 4.2: Raw inclination value generated for 600 rpm engine-synchronously for
directline setup

Figure 4.3: Histogram of raw inclination value generation using the direct-line
method
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Table 4.1: Maximum deviation from expected time of generation of raw inclination
values (ms)

Engine speed (rpm) Expected time of generation
of raw inclination values Maximum deviation

600 33.33 0.258
1300 15.4 0.265
2000 10 0.241

4.1.2 Filtering software
The time domain and frequency domain data of the raw and filtered inclination
data was plotted for 600 rpm as shown in Figure 4.4. The filtering of the sensor
vibrations would not be verified in the test rig as only the crank and cam rotation
could be simulated, but it was not possible to simulate the vibration caused due to
the fuel combustion in the cylinders. This is evident by looking at the frequency
domain plot which does not show any engine-synchronous noise peaks in the raw
inclination data.

Figure 4.4: Time domain plot at 600, 1300 and 2000 rpm (left) and frequency
domain plot at 600 rpm (right) for direct-line method using test rig

4.2 Test results from truck testing
In order to test the engine-synchronous software function with the actual vibrations,
the ECUs used for the test rig were mounted on a truck and tested with same three
speeds of 600, 1300 and 2000 rpm as done in the test rig.
For analysing the filtering software, we chose the direct-line method as it was able
to schedule the software engine-synchronously and has a very low deviation from
the expected scheduling time when compared to CAN.
The software was then implemented in the truck, the logs were obtained and the
time-domain plot and the frequency domain plot for direct-line were generated as
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Figure 4.5: Time domain plot at 600, 1300 and 2000 rpm (left) and frequency
domain plot at 600 rpm (right) for direct-line method using the truck

shown in Figure 4.5. The noise due to the vibration could be clearly seen in the raw
data generated in the time and frequency domain plots of the truck when compared
to the time and frequency domain plots of the test rig. Using the direct-line method,
it could be seen that the raw inclination value generation as well as the filtering are
done engine-synchronously.

It can be seen from the time domain plot that the raw inclination data generated
as well as the filtered output has a shift in the amplitude of the signal according to
different rpm. This shift is not seen in the time domain plot for the test rig. This
issue was not investigated further as the truck testing happened during the end of
thesis project and also as this was not in the scope of the project.

The direct-line method uses a moving average filter which takes the last six raw
inclination values for the time at which the cylinder ID changes. This in turn
results in the effective removal of the vibration noise peaks as seen in the frequency
domain plot.
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Conclusion

Overall, in this thesis project, we were able to work with developing the software
as well as doing the hardware implementation for the proof-of-concept solution.
Throughout this thesis work, we focused mainly on the communication between the
two ECUs and scheduling the software functions in the ECUs.

5.1 Discussion
The communication systems were implemented in test-rig setups using CAN and
dedicated direct-line methods and these methods were compared. Comparing the
latency of the signal, the direct-line communication had a lower latency which re-
sulted in signal reception closer to real time. The CAN communication setup re-
sulted in a higher latency, due the 1.25 ms transmission task scheduled, as well as
due to other interfering high-priority processes scheduled. We also identified another
method in CAN where we could achieve more accurate results using the timestamps
of cylinder firing, but due to lack of time, we decided to not proceed with it. We
decided to proceed with the direct-line method due to the near real-time transfer
of data observed. Comparing the robustness of the signals, the CAN set-up is more
robust and has the additional function of data recovery and re-transmission in case
of data loss. Although there is no option of data recovery and re-transmission using
the direct-line implementation, it was not a concern as we could verify that there
was no data loss using the direct-line method by logging the timestamps at which
the raw data was generated.
The results obtained from the filtering software using the direct-line connection
cannot be compared to the reference method, as the reference method is scheduled
by a periodic 10 ms task and in direct-line, the scheduling of the filtering software is
done engine-synchronously. The moving average filter implemented is not the most
optimal solution and there is still scope for improvement in the filtering software
used, but other types of filters were not explored in this thesis project, as this was
not the main scope.

5.1.1 Critical review of design choices
Though we were able to achieve the expected results using the direct-line method,
its main disadvantage was the additional wiring harness in the truck. This method
might not work well as a stand-alone communication system, but can be used in
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parallel with other existing communication methods such as CAN and Ethernet, as
there is only one additional wire required. Hence, the feasibility of implementing the
direct-line communication in a conventional truck needs to be verified by analysing
the benefits of this solution in terms of drivability, fuel efficiency and other factors.

5.1.2 Ethical considerations
In this thesis project, full consent was obtained from Volvo GTT for the content
included in this report, while ensuring adequate level of confidentiality of the data,
and making sure that the primary data collection used for the analysis of the results
were accurate. Also, for the test onboard a moving truck, the testing was carried
out in a safe environment with prior consent from the participants.

5.2 Conclusion
Overall, we implemented the dedicated direct-line methodology to evaluate the soft-
ware functionality as discussed above. We were able to verify that the software
function in the TECU was triggered engine-synchronously. To verify and analyze
the outcome of our approach, we implemented and tested it in a running Volvo truck.
We have concluded that it is possible to develop a communication system to sched-
ule software functions in the transmission control unit engine-synchronously. This
conclusion is based on the result obtained from the previous section, which indicates
that reading inclination sensor in the transmission control unit can be done engine-
synchronously. Also, we were able to generate the inclination data by eliminating
the vibration noise from the inclination sensor data engine-synchronously.

5.3 Future scope
The below steps identified could be undertaken at Volvo GTT or by researchers and
students as prospective future work.

• We identified another method that could be used using the CAN protocol
to schedule software functions engine-synchronously in the TECU. Instead
of sending the Cylinder ID signal through the CAN bus, the timestamp of
Cylinder firing could be saved in the software function in the engine ECU
and then transmitted via CAN to the TECU and use the difference in the
timestamps in the filtering software to get the correct raw inclination samples
and filter them. However, due to lack of time, we were not able to verify this
method and this can hence be done as a prospective future work.

• Another option that could be explored as a future work is by using other com-
munication methods such as Ethernet for engine-synchronous communication
between ECUs.

• Another improvement to this project that could be taken up as future work,
is to use other filtering options to verify the most optimal filtering solution to
filter the vibration noise engine-synchronously in the TECU.
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A
Appendix

A.1 Hardware test rig setup - CAN communica-
tion method

Figure A.1: Hardware test rig setup for CAN communication method
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A. Appendix

A.2 Using VISION to log the timestamps for tim-
ing analysis of the direct-line method

Figure A.2 shows the time domain plot of the direct-line method in test rig using
VISION. It shows the three different speeds used for the testing and the timestamp
at which the raw data is generated logged and plotted in separate graphs. The
timestamps were then used to do the timing analysis for the direct-line method.

Figure A.2: Timing analysis of direct-line method in test rig using VISION

A.3 Some challenges faced during the thesis work
Some of the challenges we faced during the thesis work was the availability of the
truck for testing and mounting and dismounting the ECUs from and on to the truck
for every round of testing. We had two rounds of testing in the truck as the logs
taken the first time could not be analysed as the frequency setting in VISION was
not done correctly. This took a considerable amount of time towards the end of the
project as the truck had to be booked in advance.

II


	Abbreviations
	Introduction
	Goals
	Challenges
	Limitations
	Thesis Outline

	Theory
	Vehicle drive system
	Engine
	Transmission

	Electronic Control Unit
	Inter-ECU communication
	Communication via direct dedicated line
	Communication via CAN bus
	Comparison between CAN and direct-line communication

	Sensors
	Engine speed sensor
	Inclination sensor

	Microcontroller
	Generic timer module
	Interrupt router module
	Direct memory access
	Serial peripheral interface
	Queued synchronous peripheral interface

	Filters
	Low pass filter
	Moving average filter


	Design and Implementation
	Hardware tools
	JTAG Lauterbach power-debug interface
	Engine speed simulator
	VN1640A - CAN/LIN interface

	Software tools
	Trace32 debugger
	ATI VISION
	CANalyzer
	RTA-OS

	The reference system
	Inter-ECU communication
	Filtering software in TECU

	Implementation
	Dedicated direct-line between ECUs
	Test rig hardware setup
	Updating the output port configuration in EECU
	Updating the input port configuration in TECU
	OS configuration

	CAN communication setup between ECUs
	Sending signals from EECU
	Receiving signals in TECU
	Analyzing the received signal

	Scheduling in TECU
	Filtering software in TECU

	Truck testing
	Configuration in truck
	Data monitoring using VISION


	Results
	Test results from the test rig
	Direct-line timing analysis
	Filtering software

	Test results from truck testing

	Conclusion
	Discussion
	Critical review of design choices
	Ethical considerations

	Conclusion
	Future scope

	Bibliography
	Appendix
	Hardware test rig setup - CAN communication method
	Using VISION to log the timestamps for timing analysis of the direct-line method
	Some challenges faced during the thesis work


