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ON VEHICLE SYSTEM CONTROL ARCHITECTURE FOR
FUEL CELL- AND HYBRID ELECTRIC VEHICLES

LEO LAINE

Department of Applied Mechanics
Division of Vehicle Safety
Chalmers University of Technology

Abstract

The work presented in this thesis concerns how vehicle system controllers can be
made reusable for different Hybrid Electric Vehicle con gurations. The vehicle
system controller determines the driver’s intentions in order to generate the desired
vehicle motion above ground in the most energy ef cient way.

Functional decomposition was used to divide the vehicle controller into differ-
ent functional levels. Generic interface signals were applied between the levels so
that the functions could be made compatible for multiple hybrid electric hardware
con gurations.

The suggested hierarchical control structure divides the hardware and software
in different functions and levels, including the three main functional levels. The

rst level includes the following main functions: Driver Interpreter, which decides
the desired longitudinal speed and path of motion, Vehicle Motion Control, which
veri es that the path is within the dynamical limits of the vehicle, and Energy
Management, which decides how the energy sources should be used in the most
ef cient way. The second level includes the following basic functions of a ground
vehicle: Driver Interface, which reads the driver sensors and gives feedback to
the driver, Chassis, which includes steering, tractive force, and braking, Power
Supply, which includes the energy sources, converters and transformers that are
located before differentials, Auxiliary, which includes all systems that are not
necessary for generating vehicle motion, and nally External Information which
contains functions for communication with other systems. The third level is the
actuator and sensor level.

These ideas for the reusable vehicle system controller were applied and tested
both by computer models and by implementation in a Scale Model Car of size
1:5. The suggested functional units were shown to be reusable for different HEV
con gurations. It was also demonstrated that the top level functions can be made
hardware independent by using generic interface signals between higher and lower
level functions.

Keywords: Fuel Cell, Hybrid Electric Vehicles, Control Architecture, Functional
Units, Interfaces, Generic.
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Nomenclature

Actuator(A)

Arbitration

Architecture

Auxiliary Systems(Aux)

Buffer(bf)

Chassis(Ch)

Connector(c)

Converter(Conv)

Coordination

Device responsible for activating or putting into
action.

Process of evaluating and prioritising request sig-
nals, where the number of incoming requests is
greater than outgoing requests. The opposite of
Coordination.

Organisation of system hardware and software.

Vehicle functionality not required for generating
vehicle motion.

Energy carrier which stores a limited amount of
energy and can contribute both positive and nega-
tive power to the system.

Part of the vehicle responsible for the generation of
ground motion including converters located after
differentials and the Power Supply is excluded.

Physical interface between Functional Units, such
as mechanical and electrical.

Hardware which converts energy into a different
form, for example, a combustion engine converting
chemical energy to mechanical or an electric motor
converting electrical energy to mechanical.

Process of splitting request signals by evaluation,
where the number incoming requests is less than
outgoing requests. The opposite of arbitration.

iX



Driver Interface(DIf)

Driver Interpreter(DIp)

Energy Carrier(EC)

Energy Management(EM)

Fuel Cell Vehicle(FCV)

Function(Fn)

Functional Decomposition

Functional Unit(FU)

Generic

Device which receives driver input and provides
sensor information in order to change certain sen-
sor values and drive the vehicle.

Function that interprets the driver’s intentions and
sets a desired driving path.

Apparatus which carries energy in the vehicle. Ex-
amples of Primary ECs are the gasoline tank and
hydrogen tank. Secondary ECs can be batteries or
super capacitors.

Function that controls the power coordination be-
tween the available energy carriers within Power

Supply.

Vehicle containing a converter where chemical hy-
drogen energy is converted to electrical which is
then used mainly to propel the vehicle.

Action or activity that must be accomplished to
achieve a desired outcome.

Process of identifying fundamental functions within
a system and decomposing the system into Func-
tional Units.

Entity of software and/or hardware capable of ac-
complishing a speci c¢ function.

Hardware independent.

Hybrid Electric Vehicle(HEV) Vehicle containing two or more energy carriers

Information signal

Interface

Limits(lim)

Power Supply(PS)

used for propulsion, where at least one is electri-
cal.

Estimates of performed requests or request limits.

Shared boundary between two Functional Units,
such as signals and/or connectors.

Upper and lower boundaries of request signals.

Part of the vehicle responsible for the main energy
carriers and also converters located before differ-
entials.



Request Signal used for controlling a function.

Sensor(S) Device that responds to a signal or stimulus.

State of Charge(SOC) Level of energy within a buffer.

Strategic Control(SC) Function that makes nal arbitrations on request
signals.

Vehicle Motion Control(VMC) Function that controls the vehicle’s ground mo-
tion and coordinates the Wheel Units.

Wheel Unit(WU) Function located at the contact point between the
chassis and the road surface that generates forces
on the road.

Xi






Chapter 1

Introduction and Motivation

This chapter gives the background and motivation for this thesis. The objective,
limitations, and main contributions are also stated.

1.1 Development of Control Functions within Vehi-
cle Systems

Until recently, reusable software was typically of importance only for suppliers
of subsystems for automotive manufacturers. For the suppliers it was a way in
which to cut development costs. However, now automotive manufacturers also
need to pay attention to how software can be reused. Not only would reusable
software allow for different vehicle con gurations to be produced without high
development costs, it would also enable manufacturers to retain the brand speci ¢
characteristics of their vehicles as they become more and more dependent on used
software functions within vehicle system controllers. The suppliers only have to
focus on making sure delivered subsystems work correctly, whereas manufactur-
ers have additional constraints, needing to integrate different subsystems into one
correctly working vehicle system.

Future vehicle design will increasingly be focusing on the development and
calibration of control functions. In the year 2000 this was estimated to be 4 per-
cent of the total production costs of a car. It is estimated that in the year 2010 that

gure will increase to 13 percent,[1]. Therefore, it is of increasing importance to
be able to reuse control architectures for different hardware con gurations. If the
hardware and software is partitioned in a modular fashion, the work division be-
tween different developers of the control architecture’s functions becomes clearly
de ned. This also enables the protection of the brand speci c¢ functionality that
automotive manufacturers implement by software. Thus, creating speci ed in-
terfaces is an effective way to divide software development between automotive

1



2 Introduction and Motivation

manufacturers and suppliers, [2].

One example of how necessary it has become to investigate this partitioning is
the initiation of the AUTomotive Open System ARchitecture (AUTOSAR) part-
nership in August 2002. Their purpose is to facilitate the effective integration of
subsystems into functioning vehicle systems as smoothly as possible through ex-
amining how different functions can be identi ed within a vehicle system and how
the interfaces between functional units can be de ned. *The objective of the part-
nership is the establishment of an open standard for automotive Electric/Electronic
architecture. It will serve as a basic infrastructure for the management of functions
within both future applications and standard software modules. The goals include
the standardization of basic system functions and functional interfaces, the ability
to integrate and transfer functions and to substantially improve software updates
and upgrades over the vehicle lifetime. The AUTOSAR scope includes all vehi-
cle domains’, [3]. AUTOSAR is a good indicator of just how necessary it is to
investigate functions and interfaces within vehicle systems.

1.2 Transportation and Energy Resources

There are several important issues for which alternative powertrains, such as Hy-
brid Electric Vehicles (HEV) and Fuel Cell Vehicles (FCV), provide interesting
and viable technological solutions. To begin with, the world’s oil resources are
not never ending. At the current level of consumption there are suf cient oil re-
serves to meet market demand for only approximately 40 years [4]. During this
time period the price of oil will increase, opening up a market space for the use
of alternative energy resources. Secondly, dependency on oil affects political sta-
bility. 63 percent of the known oil reserves are located in the Middle East [4],
however, Middle Eastern countries made up only 5.9 percent of the world’s total
oil consumption in the year 2003, [4]. In the future, the rest of the world will be-
come highly dependent on oil production from the Middle East, inevitably causing
asymmetrical political relations. Finally, global warming and green house effects
are subsequent consequences when fossil fuels are used for energy. In 1990, the
transportation sector was not only accountable for 25 percent of the world’s energy
use but also responsible for 22 percent of the global CO, emissions according to
[5]. Transportation based on diesel and gasoline also degrades the local air qual-
ity around urban areas. Alternative powertrains such as HEVs will provide good
solutions during the time when oil prices are increasing and no other genuinely
sustainable replacements for fossil fuels are available.



1.3 Motivation

The development of HEV and FCV technology, in response to energy resource
needs, and the increasing industry-motivated demand for reusable control systems,
provide the impetus for this research and thesis.

One of the most relevant issues with HEV and FCV technology is that there
are several actuators which can perform the same function, such as accelerating
and braking. These actuators need to be coordinated within a control system. In
conventional cars and trucks there is a starter and a generator, whereas in HEV
vehicles these electric motors are sized up and even combined. The starter is also
used to assist during acceleration and the generator can be used during braking
to regenerate the braking energy into electric energy. The conventional battery
is sized up to be able handle larger energy storage. Then the actuators, electric
motor and combustion engine are coordinated to perform the function accelera-
tion. When the function braking is performed the electric motor and mechanical
brakes have to be coordinated. This is called a parallel HEV, due to the fact that
the combustion engine still has a driveline that allows direct traction to the wheels
in combination with the electric motor. However, even this simplest type of HEV
now has at least two ways to apply traction during cruising or acceleration and
two ways to brake during deceleration.

There are three main types of powertrain con gurations within HEV technol-
ogy. The rst is parallel, as mentioned earlier. The second, series, in contrasts
to parallel in that the converter, such as a combustion engine or a Fuel Cell does
not have a mechanical connection directly to the wheels. The third type, split, is
where a planetary gear is used to combine the combustion engine, electric motor
and generator. Every con guration has different possibilities for how the energy

ow within the powertrain can be handled and coordinated, see [6] for more in-
formation.

As mentioned in section 1.2, research on HEVs is mainly driven by environ-
mental reasons. But more electri ed powertrains also introduce new challenges
such as X-by-wire. X-by-wire is a concept where mechanically and hydraulically
controlled systems, such as rack-steering and braking, are replaced by electro-
mechanical systems. A future scenario could be the use of Autonomous Corner
Modules (ACM) [7]. The ACM concept allows every wheel to independently con-
trol driving and braking torque, and also control the normal force, and the wheel’s
steer, camber, and caster angles. This will be a large leap from how today’s cars
are designed, developed, produced, and in particular controlled.



4 Introduction and Motivation

1.4 Objective

The objective of the thesis is to identify how a generic and reusable control ar-
chitecture can be constructed for HEVs and FCVs. Here the focus is on how the
driver’s intentions nally generate the motion of the vehicle with different hard-
ware con gurations.

1.5 Limitations

This thesis does not consider how the computational architecture should be con-
structed for the control architecture, in other words, how many computational
nodes should be used. Nor does it address how the system could be realised and
implemented in a fail-safe manner.

1.6 Main Contributions

The main contributions of the thesis are:

Suggestion of Functional Units within a generic control architecture for
HEVs and FCVs, and conventional vehicles as special case.

Suggestion on how the partitioning of tractive force actuators between Chas-
sis and Power Supply can be made.

Suggestions on how generic interfaces between FUs should be constructed
and used to allow for a wide range of hardware con gurations.

Veri cation of Functional Units and generic interfaces by virtual prototypes
and the use of a scale model car.

1.7 Work Split between Authors

1.7.1 \ehicle Dynamical Aspects of Hybrid Electric \Vehicles

HEV technology will particularly in uence the dynamical aspects of vehicles by
introducing electric motors as tractive force actuators. This in turn changes and
enhances both overall performance and vehicle stability. In partnership with Jo-
han Andreasson (KTH), Project HEV Driving Dynamics, a joint venture was be-
gun with the purpose of identifying how a generic control architectures! can be

1The working name of the proposed architecture is JALLa- Johan Andreasson and Leo Laine
architecture.



used within as Vehicle System Controllers for future HEV technology. One of
the major tools for evaluating the suggested architecture was the construction of
virtual prototypes. The focus for the author was the structuring of the complete
system with its main functions and the derivation of generic interface signals.

1.7.2 Energy Management Aspects of Hybrid Electric Vehicles

The development of HEV technology is primarily motivated by the fact that the
fuel consumption can be reduced compared to that of conventional vehicles. Al-
though this thesis does not focus on the Energy Management of HEVS, a joint
venture was started and realized together with Jonas Hellgren (Chalmers), project
HEV Energy Management, with the purpose of building a Scale Model Car (SMC).
The conceptual design of the powertrain and the energy management algorithms
was performed by Jonas Hellgren, [8]. The functional partitioning and interfaces
between Functional Units were implemented in the SMC’s controller by the au-
thor. The actual building of the car was performed by master’s theses students, [9]
and [10].

1.8 Outline of the Thesis

The outline of this thesis is as follows: Chapter 2 provides an overview on vehicle
system control architectures. Chapter 3 illustrates the suggested functional levels,
Functional Units, and generic interface signals within the proposed generic con-
trol architecture. In Chapter 4 discusses the constructed prototypes. Finally, the
concluding remarks are given in Chapter 5.






Chapter 2

On Vehicle System Control
Architecture

This chapter provides an introduction to computerised controllers and an overview
of how partitioning is made for vehicle system control architectures.

2.1 Computerised Controllers

The combustion engine was the rst automotive actuator to receive a comput-
erised controller, generally called the Electronic Control Unit (ECU). By the early
1980s they were introduced into vehicles on a large scale. Soon after a number
of other application were installed with ECUs as controllers, eventually leading
to a need for intercommunication between the ECUs. At the time, the amount of
required wiring prevented the signals from being wired individually as separate
cables. This problem was solved by a method called multiplexing which allows
several channels to be carried within one cable. In the year 1983, Robert Bosch
GMBH began an internal project to develop an invehicle network. The result of
this project was the Controller Area Network (CAN) which was of cially intro-
duced the year 1986. By 1992 the CAN network protocol was used in production
cars [11] and is now the dominating standard for connecting ECUs.

The physical layers within CAN have two different speeds, low! and high 2.
The standard CAN protocol is event driven with prioritised signals sent on the net-
work as messages. All messages with high priority are sent each cycle, whereas
messages with low priority are cancelled if needed. This leads to a stochastic
transmission of low priority messages. The next generation of computational net-
works are time-triggered protocols [12], such as the TTCAN [11], TTPC [13], and

Lup to 125 Kbit/s
2up to 1 Mbit/s



8 On Vehicle System Control Architecture

Flexray [14], created in order to accommodate future safety critical applications
such as x-by-wire.

2.2 Partitioning

There are two different ways of approaching the structuring of control architec-
tures; see e.g. [15] and [16]. The rst, computational partitioning, concerns how
the vehicle system control software is computed. Although it is not considered in
this thesis, a brief overview is however provided. The second is functional parti-
tioning, which shows how the software itself is partitioned. Explanations are also
given as to the different types of functional partitioning and their various advan-
tages.

2.2.1 Computational Partitioning

Computational partitioning considers how computing resources should be distrib-
uted across different computer nodes. One type is centralised partitioning, which
concentrates all of the sensors and actuators on to one node. Another is distributed
partitioning in which the sensors and actuators are attached to several nodes, and
in turn are connected by a communication bus. Distributed partitioning can also
be topographically distributed, in which the distribution is placed near the sub-
system under control, or additionally it can be functionally distributed, in which
the distribution is decided not by location but instead by functional responsibility.

2.2.2 Functional Partitioning

Whereas computational partitioning focuses initially on the placement and inter-
connection of nodes, functional partitioning has a completely different approach,
concentrating primarily on how functions are prioritised and executed within the
computational nodes. There are mainly three different types of functional parti-
tioning, centralised, peer-to-peer and hierarchical.

Centralised

In centralised functional partitioning, one top level function is used to control the
whole system, see Figure 2.1. This central function contains all sensor informa-
tion and can directly send requests to the speci ¢ actuators.



Top level function(s)
A A A

OB ©® ®

Figure 2.1: Centralised functional partitioning. Dashed and solid lines illustrate infor-
mation and requests respectively. Hardware is illustrated by A=Actuator and S=Sensor.

The advantage to centralised functional partitioning is that information from
all sensors are simultaneously received. The main draw back is that the whole
function is affected if the hardware con guration is changed.

Peer-to-peer

In peer-to-peer functional partitioning, no top level function is used to control the
whole system, instead only local functions are used, see Figure 2.2. The coordi-
nation is achieved by sending states as information between the local functions.
Every local function attempts to sub-optimise its own function.

A A A
\'4 H \'4 H 4
Local Local Local
function function function
A A A

o od b

Figure 2.2: Peer-to-peer functional partitioning. Dashed and solid lines illustrate infor-
mation and requests respectively. Hardware is illustrated by A=Actuator and S=Sensor.

Peer-to-peer functional partitioning is the most modular when compared to
centralised and hierarchical. The drawback with peer-to-peer functional parti-
tioning is that con icts between the local functions are hard to avoid.
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Hierarchical

Hierarchical partitioning contains top level and local functions, giving both better
modularity than centralised, and better coordination between local functions than
peer-to-peer. Hierarchical functional partitioning provides the ability to easily
add, delete, and modify hardware [15]. It reduces the complexity of the system by
having requests coming from the top level functions down to local functions, in
this way creating a causal ow of requests. One drawback with the hierarchical
is that enough information must be sent to top level functions to allow decisions
on coordination to be performed.

Top level function(s)

A A A
v i A 4 : A 4
Local Local Local
function function function
A A A

odod o

Figure 2.3: Hierarchical functional partitioning. Dashed and solid lines illustrate infor-
mation and requests respectively. Hardware is illustrated by A=Actuator and S=Sensor.

If the requests and information signals are made reusable for different hard-
ware con gurations only small changes would be needed in the top level func-
tions.



Chapter 3

Generic Vehicle System Control
Architecture

This chapter starts out with de nitions of frequently used words and explains the
methods and principles used to derive the Generic Vehicle System Control Archi-
tecture. It then provides the speci cs of the suggested architecture.

3.1 De nitions

The de nitions provided here are some of the most frequently used words within
this thesis, starting with function and Functional Unit.

De nition 3.1.1 Function
Action or activity that must be accomplished to achieve a desired outcome.

De nition 3.1.2 Functional Unit
Entity of software and/or hardware capable of accomplishing a speci ¢ function.

A vehicle system can be seen as a set of Functional Units. Communication
between the Functional Units are needed to be able to divide the system. These
boundaries of communication are de ned as interfaces, see De nition 3.1.3.

De nition 3.1.3 Interface
Shared boundary between two Functional Units, such as request signals, infor-
mation signals and/or physical connectors.

Due to the fact the hardware is also divided into different Functional Units
physical connectors also become Interfaces.

11



12 Generic ehicle System Control Architecture

3.2 Methods and Principles

A control architecture using hierarchical functional partitioning was chosen as
the basis for this research and thesis. Hierarchical functional partitioning was
utilised for the VSC architecture based on four main reasons. To begin with, this
partitioning provides better modularity compared to that of centralised functional
partitioning. Secondly, it allows for easier coordination of the local functions
than that of peer-to-peer. Thirdly, hierarchical functional partitioning protects
the automotive manufacturers’ top level brand speci c¢ functions. Finally, it ac-
commodates the establishment of generic interfaces between top level functions
and local level functions?.

The Vehicle System Control (VSC) architecture is designed to be generic so
that it would have not only the capability to easily handle today’s vehicle con g-
urations but also the ability to already handle any vehicle con gurations that can
be foreseen a decade from now. In order for this to happen, speci ¢ hardware
with local controllers need to be easily exchangeable with minimal effect on the
VSC. An example of how a partitioning is made by functional decomposition in
a VSC for a parallel HEV is shown in [17], however the example lacks the possi-
bility to be generic because it focuses on speci c actuators instead of their func-
tions. Thoughts on functional decomposition are given in [18]. De nition 3.2.1
on functional decomposition is used as a guideline for partitioning the functions
and De nition 3.2.2 is used as guideline when deriving the generic architecture.

De nition 3.2.1 Functional decomposition
The following statements characterise an architecture with functional decomposi-
tion:

I. Functions are placed into different levels according to their coordinating
authority over other functions.

I1. Information on the system status can be observed by all functions and is
allowed to ow in all directions, up, down, and across in the hierarchy.

I11. Requests are only allowed to ow down to lower level functions. This up-
holds a causality of orders within the hierarchical architecture.

IVV. Brand characteristics should only be contained within the top level func-
tions.

V. Low level functions should have control over hardware health and durabil-
ity.

1This allows automotive suppliers and manufacturers to divide their software development.
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De nition 3.2.2 Generic control architecture

I. The control architecture should be hierarchical by functional decomposi-
tion.

I1. Interfaces between top level and lower level functions should be made hard-
ware independent.

I11. The control architecture should be designed so as to accommodate any fore-
seeable future hardware developments for the system under consideration.

De nitions 3.2.1 and 3.2.2 provide the essential characteristics for the struc-
turing of reusable control architectures when applied to vehicle systems. For
example, De nition 3.2.1, Item IV, allows manufacturers to retain ownership of
brand speci c functions while suppliers can provide controls for various subsys-
tem functions. Through this, vehicle manufacturers can change vehicle character-
istics such as optimizing drivability and fuel economy. Additionally, De nition
3.2.1, Item V, makes the vehicle supplier responsible for the durability of their
hardware. De nition 3.2.2, Item |, declares that hierarchical functional partition-
ing should be used to allow better coordination between functions than peer-to-
peer since top level functions for coordination exists. Additionally, De nition
3.2.2, Item Il, allows hardware to be exchanged without redesigning the func-
tional architecture. Finally, 3.2.2, Item |11, states that one should try to predict the
hardware and software development for the near future in order for the generic
architecture to reach its full potential.

The procedure for deriving the architecture is illustrated in Figure 3.1, starting
by identifying how many functional levels are needed, then by determining the
Functional Units, and nally by de ning the interfaces between those Functional
Units. The last step is a reusability check to verify that the architecture handles
different hardware con gurations. As shown in Figure 3.1, the iterative process
has three main back loops. The rst back loop (1) is for ascertaining the number
of required functional levels. The second back loop (2) is for determining if the
Functional Units are complete enough to describe the system. The third back
loop (3) is to con rm if the interfaces are generic enough. This nal iteration is
the most extensive in order to nd, con rm and establish interfaces that work for
several hardware con gurations. This was mainly tested by prototype models, see
[19] and Paper 1V [20].



14 Generic ehicle System Control Architecture

Functional levels(n) N
\\
N
N
N
n N
\\
\ 4 \\
Functional Units(FU) — N
N
N \
\\ \
~ 7!
|
FU AN H
\ /
\ 4 SN /
\ /
Interfaces(l) N 2} s
AN ////
\ //’/
4
| 3, pa
1,7

Reusability Check(OK/NOK) 1

Figure 3.1: Illustration of the iterative process used for deriving the generic architecture,
in which n=functional Levels, FUs=Functional Units, and I=Interfaces.

3.3 Functional Levels

The purpose of utilizing several functional levels is to distinguish a top level of
Functional Units which should be seen as the coordination functions of the lower
level functions. Three functional levels were identi ed. The top level is the Main
Control (1). The second level contains the vehicle’s functional tasks (2). The third
level is the actuator and sensor level (3), see Figure 3.2. Three levels were also
identi ed in [21] for a hierarchical control structure of HEVs.

By using generic interfaces between the FU’s on different levels the top level
can be made as hardware independent as possible.

3.4 Functional Units

Both the software and hardware of the vehicle system are decomposed, according
to De nition 3.2.1, into Functional Units (FU), see De nition 3.1.2.

The Proposed FUs are described in Section 3.4.1 and Section 3.4.2 for func-
tional level 2 and level 1 respectively. The proposed FUs within the VSC are
shown in Figure 3.3.
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Figure 3.2: The three suggested functional levels used within the generic architecture.

3.4.1 Proposed Functional Units for level 2

Five basic FUs, common for every ground vehicle, were identi ed for functional

level 2:

Chassis (Ch) -generates ground motion.

Driver Interface (DIf) -interacts with the driver.

Power Supply (PS) -supplies power for ground motion and auxiliary sys-

tems.

Auxiliary (Aux) -includes systems not needed for generating ground mo-

tion.

External Information (EI) -receives and shares information with systems

outside the vehicle.

Dlp VvMC EM

SC

Functional
level 1

Functional

level 2

O® 0B O0® ©®® O® runtona

level 3

Figure 3.3: The suggested Functional Units within the generic VSC.
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The rst three FUs are seen as the least common factors for every ground
vehicle. The last two are seen as optional FUs. Further detail on these FUs will be
provided in Sections 3.4.1 and 3.4.2. These functions are also discussed in Paper
I, [22].

Driver Interface (DIf)

The driver communicates with the vehicle through Driver Interface(DIf). The DIf
function reads information from sensors such as the steering wheel, gas, and brake
pedals or a joystick. It then gives force feedback to driver.

cp W
Ir
¢ | Vehicle Motion Control
71, rlb)des (vaFerz)des
Driver Path Force

Interpreter Controller] g Distributo f
5 x2
nr, )Iim U: F Mz)llm A &

x
Level 1 —t—
L} L] L} [ ] L} [ ] L] L} & @
(long, lat, yaw) geq (long, lat, yaw) lim fxy lim fxy ;
Level 2 o '

Driver f
Chassis % ya

Interface

Figure 3.4: DIf function in relation to the other functions within the proposed FUs.

To de ne ground motion on a surface plane three degrees of freedom are re-
quired: longitudinal, lateral, and yaw motion. Figure 3.4 shows a sketch of how
DIf is related to the other FUs within the proposed FUs. With a steering wheel
the yaw motion and lateral acceleration are an indirect combination of the actual
longitudinal speed and the applied steering angle. However, the driver could com-
pletely decide this with a three-axis joystick. Then forward backward would be
the longitudinal motion, left-right would be the lateral motion, and turn would be
the yaw motion.

Chassis (Ch)

Chassis (Ch) is the basic function that generates the vehicle’s motion. Tradition-
ally, Chassis has been controlled separately from safety systems like Anti-lock
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Braking System, Traction Control System, and Vehicle Stability Control. In [23]
these systems are combined into one supervisory controller Vehicle Dynamics
Management (VDM). The VDM uses a hierarchical functional structure to go
from the driver’s input, calculate the desired global force and moments of the
vehicle, and then nally distribute the forces between the available wheels. The
VDM presented in [23] handles only the traction and braking. It also assumes that
the tyre forces are limited only by the tyre’s characteristics?.

In the proposed Ch function, steering and actuator limits are included and con-
sidered to be applied independently. The Chassis function has been decomposed
into building blocks in order to allow for any future vehicle con gurations, es-
pecially including the possibility of having every wheel controlled independently
when steering, traction, braking and normal forces are considered. This way the
Wheel Unit (WU) building block is by default decoupled from the other WUs.
These WUs apply the horizontal and vertical forces to the ground, see also Figure
3.4.

There are however, several cases where the WUs cannot be considered as de-
coupled. For example, in a conventional vehicle with rack steering on the front
wheels, the steering angle is coupled between the WUs. Restrictions between
WUs are included by the building block Restrictors (Rs). The Rs between WUs
are called inter-Rs. The limits of the connected actuators to a WU are called
intra-Rs. The use of Rs is further demonstrated in Paper 11, [24].

To handle several combinations of WUs mounted on different frames which
can move independently, a third building block is introduced, Bodies (Bd), which
allows different combinations of ground vehicles be de ned, for example an ar-
ticulated bus. This is further explained in [25].

To summarise, by using the building blocks WU, Rs, and Bd several types of
chassis con gurations can be de ned, and therefore handled by the same supervi-
sory function at the top level, see also Paper II.

Power Supply (PS)

Power Supply (PS) is the FU that provides power for the generation of ground
motion and Auxiliary systems. Conventional vehicles usually have a combustion
engine that provides the power. However, in HEVs and FCVs the storage and
production of onboard electricity is substantial. Therefore a more suitable name
for this function is PS.PS has two main physical interfaces with the Ch. One
is @ mechanical connector that allows rotational power (Pmech = 1) to be
transferred between PS and Ch. The tractive force actuators and converters are
either placed within Ch or PS depending on their topology. If a tractive force

2All wheels can have unlimited braking and traction forces.
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actuator or converter is placed before a differential then it belongs within PS. If
the actuators are directly mounted to the wheels then they will belong to Ch. This
is illustrated in Figure 3.5.

Ch PS

Tractive force actuators .

are placed within Ch Tractive fo_rC(_a actuators are

if they are located o___ located \_Nlthln PS if they are
directly at the wheels tqpologlpally placed before
or after differential(s). differential(s)

Figure 3.5: The placement of tractive force actuators.

The second physical interface between PS and Ch is electrical, allowing elec-

trical power (Pe; = u 1) to be exchanged between the functions, see also Figure
3.5.2. The physical interfaces and the partitioning of tractive force actuators are
further explained in Paper | and Paper 111 [26].

To allow for several types of PS con gurations to be de ned a set of building

blocks are introduced:

Buffers are blocks that can store energy. These can be either fuel, electrical,
or mechanical®.

Converters change power from one energy form to another. These can be
for example, changing chemical energy to mechanical®, electrical energy to
mechanical®, or chemical energy to electric®.

Transformers are blocks that alter the potential within an energy form. These
can be, for example, altering the mechanical to mechanical’ potential, elec-
trical to electrical® potential, or fuel to fuel® potential.

Nodes are blocks where power ow can be divided within an energy form.
These can be either mechanical, electrical, or fuel.

Connectors are physical interfaces between PS and other FUs within func-
tional level 2 such as Ch and Aux. These can be either mechanical, electri-
cal, or uid connectors.

3Example: ywheel
“Example: combustion engine
SExample: electric motor
SExample: fuel cell
"Example: Gear

8Example: DC/DC converter
9Example: pump/compressor
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Zeros are blocks used to illustrate the end of a power ow branch. These
can be, for example, mechanical'?, electrical, or fuel energy ow branches.

To summarise, the building blocks listed above allows a variety of PS con g-
urations to be de ned. Additionally, using these building blocks also enables the
possibility to formulate an energy network ow model for the highest level. Thus
the same generic interface signals could be used for different PS con gurations,
see also Paper IlI.

Auxiliary Systems (Aux)

Auxiliary systems are here de ned as the functions that are not related to the
vehicle motion. Examples of Aux functions could be lights, air-conditioning, and
lifting equipment on commercial vehicles.

External Information (EIl)

The External Information function gathers together functions for communication
with systems outside the vehicle, such as other vehicles or traf ¢ ow information.

3.4.2 Proposed Functional Units for level 1

In order to control and coordinate the vehicle’s basic FUs, functional level 1 in-
troduces the following supervisory FUs:

Driver Interpreter (DIp) -interprets the driver’s intentions from DIf,in order
to control the ground motion according to driver’s intentions.

Energy Management (EM) -supervises and coordinates the energy ow within
PS.

Vehicle Motion Control (VMC) -attempts to follow the desired path and
coordinate the WUs within Ch.

Strategic Control (SC) -coordinates any con icts between EM and VMC
and has nalising authority over orders sent to functional level 2.

Driver Interpreter (DIp)

DIp is the supervisory function for DIf. The signals sent from DIf are translated
into a desired motion within DIp, see also Figure 3.4. It also gives feedback to the
driver if the achievable limits of the vehicle are exceeded.

0Example: Open clutch
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Energy Management (EM)

EM is the supervisory function for PS. It contains a subfunction called SOC Con-
troller which calculates a State of Charge(SOC) target by considering vehicle
states such as speed, GPS!! positioning, and traf ¢ ow information. Addition-
ally it can also include a subfunction called Power Controller that coordinates the
energy ow within PS. Power Controller can be utilized in different ways, such as
to minimize energy losses or minimize fuel consumption.

Vehicle Motion Control (VMC)

VMC is the supervisory function for Ch. It contains two subfunctions Path Con-
troller and Force Distributor. The desired motion requests from DIp are handled
by VMC'’s subfunction Path Controller, which tries to follow the desired path and
calculates the global horisontal forces Fy; Fy and the global yaw moment M,.
These requests are then sent to the Force Distributor which distributes the global
forces and global moment into speci ¢ WU forces (fy.i; fy;; f..i), where i is the
WU number. This is also illustrated in Figure 3.4. Further details on VMC and
case studies can be found in Paper II.

Strategic Control (SC)

SC handles the interaction between the different functions found on level 1. All
requests from top level functions have to pass through SC before orders are -
nalised to functional level 2. If either EM or VMC have de ned themselves to
be in a critical state, arbitration between the requests are made by SC. SC has no
knowledge of or control over VMC or EM functions. It only makes decision on
the estimated states given by VMC and EM, see also Paper |11 and Paper IV.

3.5 Interfaces

Interfaces are the signals and physical connectors between FUs, see also De -
nition 3.1.3. To make functional level 1 as hardware independent as possible,
De nition 3.2.2 was used as a guideline to delineate the proposed generic inter-
face signals. Section 3.5.1 shows the proposed interfaces between FUs in Level 1
and Level 2. Section 3.5.2 discusses the proposed interfaces between FUs within
Level 1.

1Global Positioning System
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3.5.1 Proposed Interfaces between Level 1 and Level 2

In order to make FUs generic for several HEV con gurations it is important that
the interfaces between all FUs and Functional levels be suitable for a wide range
hardwares. The following sections explain the proposed interfaces for FUs DIf-
DIp, Ch-VMC, and PS-EM.

Interfaces for DIf-Dlp

For DIf and DIp only the driver’s interface signals needed to control the desired

vehicle motion are included. DIf Communicates mainly with the supervisory

function DIp. DIf sends out the following interface signals:
bus.DIf.longitudinal _desired

bus._DIf. lateral desired

bus.DIf.yaw.desired

bus.DIf.directiondesired

bus_DIf_cruisedesired
The longitudinal, lateral, and yaw signals describe the driver’s intentions de ned
by normalised signals, [ 1;1]. The direction signal describes whether the car is
moving in forward or reverse, which is de ned by an integer, ¥ 1;1g. The cruise
signal de nes if the cruise control is on or off. One DIf hardware that would be
immediately suitable for this signal setup is a three axis joystick'?.

The DIp function receives the signals from DIf and determines the desired
path. This path is de ned by the desired tangential speed to the path vges, the
desired curvature of the path 453, and the desired vehicle slip angle along the
path 4es. DIp sends out the following interface signals:

bus.DIp.v_desired

bus.DIp.rho_desired

bus.DIp.betadesired

bus.DIp.longitudinal_limit

bus.DIp.lateral_limit

bus.DIp.yaw_limit
The longitudinal, lateral, and yaw limits are sent back to DIf from Dlp through
SC which nalises the orders. These limits are used to give driver feedback which
is a function handled by DIAf.

In order to handle a conventional mechanical steering within the generic archi-
tecture framework there needs to be a connector of type mechanical between DIf
and Ch. The steering is then out of scope for VMC function to in uence!4. How-

2Three axis joysticks have forward-reverse, left-right, and left-right turn motions.
13 4es is de ned by the inverse of the curve radius R 1, this gives ges 2 [ 1;1].
141n this case the difference between possible lateral forces and estimated lateral forces is set to
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ever, if power steering is available then small lateral force limits would be sent
from Ch to VMC. In this scenario the DIp function serves only as an observer of
the lateral motion.

Interfaces for Ch-VMC

The generic interfaces between Ch and VMC were determined by using an ab-
straction model to de ne and allow for the constraints of different chassis con g-
urations. This abstraction model is illustrated in Figure 3.6. The ellipses shown
on level 1 in Figure 3.6 describe the tyre force limits. These limits depend both
upon actual normal force, and on road and tyre characteristics for each individual
WuU.

—_—

_ __ =
‘ :

level 3

Figure 3.6: Illustration of an abstraction model of Chassis consisting of a vehicle (Level
3), the current chassis con guration of four WUs, two restrictors (rack steer and differen-
tial), and one body (Level 2), and the force distribution problem in VMC (Level 1). The
car is from [27].

Level 1 in the abstraction model is seen as a force distribution problem, Pa-
per Il and [28]. When and if Autonomous Wheel Corners [7] is introduced, the
interface of using WU force limits will allow for several ways to generate the de-
sired vehicle ground motion. This can be compared to control allocation problems
common in aircrafts and underwater vehicles.

The possible WU forces are limited by their actuators and tyre friction lim-
its, as illustrated in Figure 3.7. Longitudinal actuator limits are de ned by the
mechanical brakes, electric motors, and differentials. Lateral actuator limits are

zero for WUs which are the directly steered, fy, = 0.
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de ned by the steering and camber. The actuator limits for a WU are often a re-
sult of a combination of actuators, for example the total of mechanical brake and
electric motor forces.

tyre actuator wheel resulting
limits limits position limits

Figure 3.7: Possible WU forces are limited by the tyre friction ellipse and actuator limits.
The shaded area illustrates the possible forces that can be achieved by the WU.

Ch mainly communicates with the supervisory VMC function. Ch sends out
the following interface signals:

bus.
bus.
bus.
bus.
bus.
bus.
bus.
bus.
bus.

Ch.Bd.states_estimated
Ch_wui .Bd
Ch.wWUi.deltaestimated
Ch_.WUi.r_estimated
Ch_WUi.Rs
Ch.wuUi.fxy_estimated
Ch.wui.fxyellipse_limit
Ch.wui.fxyel_ limit
Ch_wWuUi.fxymech_limit

The estimates of chassis velocities and accelerations are given in a body state
vector. The WUI.Bd describes the i-th wheel and the body to which it is mounted.
Rotation of tyre force mapping is given in the WUi.delta signal. The signal r
estimated provides the location vector for the WU from the centre of gravity of
the body upon which it is mounted. The type of restrictors connected to the wheel
are provided in the WUI.Rs signal. Finally, the estimated WU force states and
limits are also given.
VMC sends out the following interface signals:

bus
bus
bus
bus
bus
bus
bus
bus

.VMC.el F_res_desired
-VMC.mech F_res_desired
-.VMC.v_res_desired
.VMC.v_estimated
-.VMC.rho_estimated
-VMC.beta_estimated
WMC.v_limit
.VMC.rho_limit
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bus.VMC_beta limit

bus.VMC.fxy_desired

bus.VMC_state
The three rst interface signals are for EM to receive the resulting desired forces
generated by electrical, el_F_res, or mechanical, mech_F_res, actuators and the
desired vehicle velocity along the path, v_res_desired. The next six signals are for
communication with DIp over the estimates of states and limits of the desired path
(v; ; ). VMC distributes the wheel forces within Ch with fxy_desired, see also
Paper 11 and [28]. Finally, VMC sends a state value T0; 1g to SC to declare if the
vehicle is in a critical dynamical state, for more information see Paper III.

Interfaces for PS-EM

PS mainly communicates with its supervisory function EM. There are several
ways of con guring the interfaces for PS and EM. This section discusses three
different suggested approaches. The set of interface signals between PS-EM wiill
be further investigated as future work by the author.

EM using only a SOC controller
If the EM function is only made up of a SOC Controller, then PS only has to send
the information required by the SOC Controller within EM. In this situation the
Power Controller would be located within PS itself, instead of within EM, see also
Section 3.4.2.

In this scenario the SOC controller within EM would need the following sig-
nals from PS:

bus.PS.Pbuff.i_limit

bus.PS.buffpotential_.i_limit

bus.PS.buffefficiency_i_limit

bus.PS._buff SOC estimated._i
where the potential, ef ciency, and SOC estimation from the i:th buffer is sent to
EM.

The Power Controller within PS would need the following signals from EM:
bus.EM.SOC_Target_i
where the only signal from EM to PS would be the desired SOC target value for
the i:th buffer.

EM using SOC- and Power Controller
HEVs and FCVs will have several possible con gurations within PS. In this case
abstraction models can be used to describe the PS in a systematic way, as shown
in Figure 3.8. In Level 2 building blocks are used to set up the model, as described
in Section 3.4.1 and Paper IlI. In Level 1 the model is used to generate a network
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energy ow problem with different costs for using the different paths between the
nodes. The cost function could be to minimise the energy losses for the energy
ow. This is illustrated in Paper I1I.

- (Level 1)

(Level 2)

(Level 3)

Figure 3.8: Illustration of an abstraction model of Power Supply. A Power Supply con-
guration (Level 3), described by building blocks (Level 2), and the actual energy ow
problem (Level 1). The powertrain is from [29].

In this case when EM includes both SOC controller and Power Controller the
following interface signals are suggested from PS:

bus.
bus.
bus.
bus.
bus.
bus.
bus.
bus.

The Rm

PS.Rm

PS.power_ij_estimated

PS_potential_ij estimated

PS_efficiency.ij estimated

PS_power_ij limit

PS.potential_ij_limit

PS.efficiency.j_limit

PS.SOC estimated

is a relation matrix which de nes how the i times j building blocks are

topologically connected. Estimations of current power, potential, and ef ciency
are also suggested as interface signals. The limits of power X, potential , and
ef ciency ofthe ow ij path are important in order for EM to be able to perform
the power coordination of the PS, an illustration is shown Figure 3.5.1. Finally,
the estimation of the SOC is also given. EM is suggested to have the following
interface signals:

bus.

EM.x_desired
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Figure 3.9: IHllustration of an abstraction model of PS where the request signals
and information about the ij-energy path is shown. Connectors=C, Energy Carri-
ers=EC, and Nodes=N.

bus.EM.el F_res_limit

bus.EM.mech F_res_limit

bus.EM.power_aux_limit

bus.EM.state
The desired state vector, x_desired, is sent to PS. The resultant limits of the elec-
trical, el_F_res_limit, and mechanical forces, mech_F_res_limit, are sent to VMC
through SC. Limits of power are sent to Aux. Finally, EM sends the critical state
to SC.

EM with a Simple SOC- and Power Controller as used within SMC

In the Scale Model Car the following interface signals were used from PS:

bus.PS_Pdem

bus.PS.Pppu

bus.PS_Pbuff

bus.PS_.S0OC

bus.PS.rot_speed
where the estimates of performed requests of PPU and buffer power are given by
PS. Additionally the estimated actual SOC and the rotational speed of the electric
motor are also provided by PS.

EM had the following corresponding set of signals:

bus.EM.x vel

bus.EM.Pppu
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bus.EM.Pbuff

bus_EM_brake

bus_EM_state
where desired vehicle velocity request is based upon EM status. The desired PPU
and buffer power are also given. EM decides which brake mode to use, and
whether or not, the motor should use regenerative braking or not. Finally, EM
also decides the energy state within the vehicle. Further details can be found in
Paper 1V. To Summarise, there are several ways to set up the generic interface
signals between PS and EM. However, according to this research, the most ap-
pealing method is to use building blocks to de ne the con guration of PS and
generate an energy ow network model for functional level 1 which de nes the
interface signals between PS and EM.

3.5.2 Proposed interfaces between FUs within Level 1

This section illustrates the coordination found within Level 1 FUs, emphasizing
especially the interaction between EM and VMC.

Interfaces for coordination between EM and VMC

In order to coordinate between EM and VMC, information needs to be passed
between them. VMC has to de ne how much electrical and mechanical force must
be generated to assure the desired motion. Additionally, VMC needs to receive
information from EM on any existing mechanical and electrical force limits which
can be delivered by PS, see Figure 3.5.2.

Both EM and VMC send state signals to SC. If there is a critical state the SC
decides which of the two will be prioritised. This will directly affect how force
limits sent by EM to VMC will be considered. Ways in which the state controller
within SC can be formalised are shown in Paper I11 and Paper 1V.

3.6 Summary of Proposed FUs and Main Interfaces

To summarise, the proposed FUs within the suggested architecture are shown in
Figure 3.6. In this gure EM contains both a SOC Controller and a Power Con-
troller, see further 3.4.2. The critical state is decided by Path Controller inside
VMC and by SOC Controller inside EM. The SC has two main functions, arbi-
trating and nalising the desired values into orders for function Level 2. The black
solid lines shows the signal ow between EM and VMC and how states are sent
to SC.
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level 1 Dip
(nrb )des
v
VMC state | > &_ state EM
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Figure 3.10: Part of the suggested vehicle control architecture with focus on the
interaction between VMC/Chassis and EM/Power Supply. Double lines indicate
limits and single lines are desired signals and states.
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Chapter 4

Prototypes

This chapter discusses the implementation and testing of many of the ideas for the
development of generic architecture, such as the use of three functional levels and
FUs, both by virtual models and real prototypes. Section 4.1 discusses the virtual
prototypes while Section 4.2 discusses the HEV Scale Model Car prototype.

4.1 Virtual Prototypes

Virtual prototypes were built in order test these ideas in the beginning stages.
Modelica was found to be a useful tool to check if modularity was achieved in
describing the functional units within the Vehicle System Controller had been
achieved. The Modelica implementation is gathered in the Modelica library Gener-
icVehicle GenericVehicle, which is further explained in [19]. The main model
consists of the FUs in level 1 and level 2 and in the library these represent sub-
packages. The main model is illustrated in Figure 4.1, consisting in this case of
the following sub packages DriveriInterpreter, VehicleMotionControl,
StrategicControl and EnergyManagement. Additionally, Driver Interface,
Chassis, PowerSupply and Auxiliary Systems are found on level 2. Fi-
nally the Bus package contains interface signals necessary for the information
exchange between the FUs.

The Chassis sub package is based on the VehicleDynamics library [30]
components for three dimensional Multi Body System (MBS) chassis modelling.
Additionally the PlanarMul tiBody library [31] has been used to model simpler
planar chassis models. The latter are suitable when in uences of load transfer
due to roll or pitch can be neglected since these models speed up simulation time
considerably.

The PowerSupply sub package includes different types of con gurations
such as mapped models of a combustion engine with integrated starter genera-

31
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tor, an automated manual gear box together with battery as a buffer, and a simple
fuel cell model together with a battery. Further details can be found in [19].

Dlp  VMC EM

A BB

Figure 4.1: Main Model architecture in Modelica model GenericVehicle. The
main functions within functional level 1 and 2, from [19].

However, the suggested functionality within VMC and EM was partly tested
with Matlab toolboxes. This was done mainly because optimisation functions are
already implemented within Matlab and its toolboxes. The use of matlab was
done both for the study of abstraction models for Ch and the design of the VMC
path controller and force distributor Paper 11 and [28]. The vehicle was modelled
as a 3 degrees of freedom, longitudinal, lateral and yaw motion. The vertical load
change on the tyres were considered by including the vehicle’s accelerations. The
Magic formula was used for modelling the tyres [32]. In Figure 4.2 a braking
manoeuvre from 20 m/s to stand still is shown for a futuristic car con guration,
with four individual ACM, [7]. During the braking a split- test was performed
after 4 seconds where the ground friction was reduced from 1 to 0.1 for WU 1 and
WU 3.

Figure 4.2 and 4.3 presents some interesting variables related to the braking
on a split- . As can be seen, the vehicle’s speed was decreased as expected.
After 4 seconds the vehicle entered the split- region and the wheel forces were
redistributed. WU1 and WU3 used low longitudinal forces, and WU2 and WU4
used high longitudinal and lateral forces to compensate for the loss. The vehicle’s
deceleration is decreased a little bit, but the controller handles this case very well.
Further details about the used algorithm in VMC and simulations for different
chassis con gurations can be found in Paper 11 and [28].

The rst version of the Power Controller of PS within EM was tested using
Matlab/Tomlab. By using the building blocks as discussed in Section 3.4.1 the
PS con guration could be built in modular fashion. By using an optimisation
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solid line corresponds to the longitudinal force, the dashed line corresponds to the
lateral force and the dotted line corresponds to the yaw torque.

function the necessary generic interface signals could be identi ed for PS and
EM, see further Paper III.

4.2 Scale Model Car Prototype

The ideas presented here for reusable control architectures were implemented and
tested in a remote controlled Scale Model Car (SMC) of size 1:5. The design of
the SMC included the concepts of hierarchical functional partitioning with three
functional levels in addition to the suggested functional units described in Section
3.4. Reusable interface signals were de ned between the functional units and
an arbitration switch was used to make decisions over the giving of priority to
either VMC or EM. The implemented control architecture is described in Paper V.
Although the functional partitioning was hierarchical in nature, the computational
architecture was centralised within the SMC system.

The SMC is con gured as a series HEV with a PS containing a battery as a
PPU, supercapacitors as a buffer, a DC/DC converter, and an electric motor. The
SMC is rear wheel driven and front steered. The sizing and design process is
described in [8]. The actual building of the car was performed by thesis workers
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[9] and [10].

To begin with a technician downloads the VSC code to the Digital Signal
Processor(DSP) card*. The downloaded VSC code must interact with different
input and output signals. A Driver gives input such as desired longitudinal and
lateral motion, braking, and power switch?. Driver gives input such as desired
longitudinal and lateral motion, braking, and power switch. Since the SMC is
a HEV the use of either mechanical or regenerative braking is decided by the
Vehicle System Control (VSC) Code. Sensor signals such as WU rotational speed,
motor speed, accelerometers, current, and voltage sensors, are interpreted and
used to estimate the vehicle internal states. These input signals are processed by
the VSC and nal output request signals are sent to actuators such as the electric
motor, DC/DC voltage, steer servo, and mechanical brake servo. A system context
class diagram of the current con guration of the SMC is shown in Figure 4.4,
illustrating which sensors and actuators are found in the current con guration of
the SMC.

1The DSP used is a TMS320LF2407A processor from Texas Instruments which is mounted
on a evaluation module from Spectrum Digital. The downloaded code is written in C, which is
supported by the development Code Composer from Texas Instruments.

2The SMC is controlled by a RC system, a Hitec Laser 4 FM transmitter, and a Hitec HFS-
04MG receiver.
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In Figure 4.5 three accelerations were performed with the SMC on a ground
surface with low friction. The right plot in Figure 4.5 shows that the VMC state
was critical during the accelerations and that the angular velocity of the rear wheel
was oscillating around the front wheel value, as shown in left plot. This means that
VMC decreased the desired velocity from DIp during the accelerations. Further
details of the algorithms used within VMC can be found in Paper IV.

The SMC was also driven indoor on concrete. During these drives the simple
energy management algorithm that is located within EM function was tested, see
Paper IV. Figure 4.6 shows one drive situation. The drive cycle is shown in upper
left plot in Figure 4.6. The SOC is shown in upper right plot in Figure 4.6. Finally
the power demand on the electric motor and buffer power are shown in lower left
and right plot respectively in Figure 4.6. The SOC has only small changes due to
the fact that low buffer power was used and that the total available buffer energy
was high compared to a single acceleration. The electric motor also has a negative
power demand during deceleration especially during the highest deceleration at
time 26.8s. The regenerated energy was stored in the buffer as shown in lower
right plot. Another interesting observation was that the used DC/DC converter
can only handle power ows of up to a maximum of 40 W out from the buffer, but
yet can manage several times higher power ows into the buffer. Further details
can be found in Paper IV.
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Chapter 5

Concluding Remarks

The ideas presented regarding generic reusable control architecture, such as func-
tional levels and FUs, have been implemented and tested here both by virtual
computational models and real prototypes.

The suggested FUs within the control architecture have been shown to be
reusable in consideration of different hardware con gurations and software func-
tionality. The key factor in making a vehicle control architecture able to handle
several different types of hardware con gurations is to have generic physical and
signal interfaces between FUs. This is especially important between the FUs on
level 1 and level 2, allowing functional level 1 to be as hardware independent as
possible.

5.1 Future Work

From this research and thesis, as a foundation, more speci c research questions
will be addressed. Examples could be:

Study how interfaces, such as estimates and limits on requests should be
formulated between lower and higher functions, with focus on hardware
used within HEVs/FCVs. This is essential when subsystems are provided
by suppliers so that enough information is sent to higher functions to allow
good coordination.

Re ne the abstractions models for Chassis and especially for Power Supply.
Although abstraction models are shown in thesis, a lot of work is still to be
done especially with regards to PS.

Implement in real prototypes the suggested VSC or similar, and test dif-
ferent interfaces, especially examining how the limits of requests affect the
system performance. Veri cation by real prototypes has been found useful.
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Concluding Remarks

Study how computational partitioning affects different types of functional
partitioning. This is to assure computational and system safety aspects.

Generate objective measurements for the \ehicle System Controller with
respect to its reusability, realtime performance, and simplicity. To give a
tool for deciding when the architecture is reusable enough.



Chapter 6
Summary of Appended Papers

6.1 Paper |

This paper addresses the need for reusable control architectures including a short
review of future automotive aspects. A suggestion is given on how a generic con-
trol architecture could be designed for a Hybrid Electric Vehicle (HEV), using
a complete vehicle controller to allow for easy implementation of new subsys-
tems. The main functions within the generic control architecture are de ned and
explained, introducing three functional levels. It is suggested that at the top, func-
tional level 1, the following functions be included: Driver Interpreter, Vehicle
Motion Control, and Strategic Control. At functional level 2 the vehicle’s ba-
sic functions are introduced: Driver Interface, Chassis, Power Supply, Auxiliary
Systems, and External Information. Functional level 3 includes the actuators and
sensors. The allocation of algorithms within main functions are also discussed.
For example, the main function Driver Interpreter is suggested to include the fol-
lowing three sub functions: De ning the desired path from the driver’s interpreted
intentions, using external information to automate the driver’s intentions, such as
in cruise control, and giving feedback to the driver on the vehicle’s dynamical lim-
its. Finally included in this article is the modelling of the architecture in Modelica
and the demonstration of two different con gurations of Sport Utility Vehicles.

6.2 Paper Il

This paper explores the option of replacing some of today’s most common types of
vehicle safety critical systems, such as Anti-lock Braking System, Anti-Skid, and
Electronic Stability Program, with the function \ehicle Motion Controller. This
function contains two smaller controllers, the Path Controller which calculates
the global horizontal forces and yaw moment needed to keep a desired path and
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the force distributor which distributes the desired global forces into Wheel Unit
forces.

An abstraction model of the chassis is used to allow the same Vehicle Motion
Controller to be used with several different chassis con gurations. This abstrac-
tion model uses the wheel force limitation concept to de ne which wheel forces
can be applied at each wheel.Three different types of Chassis con gurations are
simulated in Matlab/Simulink: A chassis with four Autonomous Wheel Corners,
allowing the wheels to then independently steer, drive, and brake, a front steered
chassis with a motor driven rack steer on the front wheels and rear wheels driven
by a differential, and a conventional chassis which is front steered and rear wheel
driven by a differential. The simulation showed that the same suggested Vehi-
cle Motion Controller could be used for all three cases during different driving
scenarios.

6.3 Paper Il

This paper shows how a reusable functional partitioning of tractive force actuators
can be made for Hybrid Electric Vehicles, which contain several different types of
tractive force actuators, such as electric motors directly connected to a wheel or on
a differential in combination together with an combustion engine. It is also shows
how the interaction between Vehicle Motion Controller and Energy Management
can be handled by introducing critical state controllers. These states are then sent
to Strategic Control which makes the arbritation whether \ehicle Motion Control
or Energy Management will have priority.

Energy Management is suggested to include the following controllers: State
Of Charge, Power Controller, and Critical State. In order to handle the Power
Controller for several different HEV con gurations an abstraction model of Power
Supply is introduced. The abstraction model uses building blocks such as Buffers,
Converters, Nodes, Transformers, Sums, and Connectors to de ne the Power Sup-
ply con guration and the physical connectors between Chassis and Power Supply.
An optimisation function is also suggested for the Power Management controller.
Two different types of parallel HEV con gurations are exempli ed,both with a
combustion engine, Integrated Starter/Generator, clutch, automated manual gear
box, and a battery as a buffer. However one of them has All Wheel Drive, whereas
the other has Electric four-wheel drive. The energy ow within Power Supply is
calculated by Matlab/Tomlab by using a mixed integer solver to handle the differ-
ent gear selections.



6.4 Paper |V

This paper discusses the implementation of a reusable control architecture in the
Digital Signal Processor of a remote controlled scale model car of size 1:5. The
Power Supply con guration is a series HEV with a battery as primary energy
carrier to emulate a fuel cell, and super capacitors as secondary energy carrier.

The reusable control architecture uses three functional levels: Level 1 contains
the Driver Interpreter, \ehicle Motion Control, Energy Management, and Oper-
ative Control; Level 2 contains the Chassis, Driver Interface, and Power Supply;
Level 3 contains the actual actuators and sensors.

The Scale Model Car also has the following actuators and sensors within Chas-
sis: mechanical braking by a servo on the front wheels, rack steering by a servo on
the front wheels, a front wheel speed sensor, motor speed sensor, and longitudinal
and lateral accelerometers. The

Driver Interface includes a remote control receiver. Finally, Power Supply
Contains an electric motor for traction and regenerative braking, a DC/DC con-
verter, and current and voltage sensors to measure the motor and buffer. The
reusable control architecture was shown to easily allow actuators and sensors to
be added and exchanged with minimum affect on the top level functions.
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Abstract

For future vehicles it is a necessity to have tight integration between different actuators/sensors. Here,
functional decomposition is utilized on a Hybrid Electric Vehicle to construct a generic hierarchical
control architecture.

Specific functions are identified and allocated in different functional levels. Three functional levels are
suggested; main control level, subsystem level, and actuator/sensor level.

The main control contains a driver interpreter, energy management, vehicle motion control and a
strategic control. These main functions are made hardware independent and independent of hybrid
configuration. The subsystem level contains the following: driver interface, chassis, power supply, and
auxiliary systems.

The suggested control architecture is validated in an object oriented modelling language. Two different
power supplies (serial) and (parallel) were implemented for a Hybrid Electric Sport Utility Vehicle and
changed without affecting the contents of the Main Control level of the architecture.

Keywords: control system, communication, hybrid strategy, HEV.

1 Introduction

In order to handle the complexity of several actuators/sensors interacting in future Hybrid Electric
Vehicles (HEV) one has to aim for suitable control architecture. The control architecture should not only
perform well but also be reusable for different hardware configurations.

One way to achieve this goal is to construct both hardware and software in a modular fashion. These
modules would have their own controller. The interface signals between the modules should be general
and non specific for the actual hardware to allow easy switch of configurations. A set of modules are then
grouped together to form a HEV.



From Proceedings of Electric Vehicle Symposium (EVS) 20, Los Angeles, CA, Nov 2003

Central controller Central controller
Local Local Local
controller| | controller| | controller
Local Local Local
controller| | controller| | controller

O® O® O®

O® O® O®
Figure 1: lllustration of a centralized (left), hierarchical (middle), and peer (right) control architecture.
S=sensor, A=actuator.

In Figure 1 three main types of architectures for partitioning are shown i.e. centralized, hierarchical, and
peer architecture. The centralized architecture collects data from all sensors and computes data to all
actuators. The benefit is that all signals are available simultaneously. The drawback is the lack of
modularity that makes it hard to add new functionality. The hierarchical structure consists of a top level
control block and several low level control blocks. This allows good modularity and also a central
controller is available to coordinate the interaction between the actuators/sensors. The Peer architecture is
the most modular one, but without a coordinator between the different actuators/sensors conflicts will be
hard to avoid.

The architecture should be generic and work for several types of HEV configurations such as parallel,
serial, and split etc. It must also fulfil the requirements on interfaces between automotive supplier and
manufacturer so that brand specific qualities can be kept in-house. For both these demands, the
hierarchical control architecture is suitable.

The paper discusses future automotive aspects, a terminology is given and different types of control
architectures are discussed, and a definition of the generic control architecture is given. The method
functional decomposition is utilised and applied on a Hybrid Electric Sport Utility Vehicle and modelled
in an object oriented modelling language, Modelica [1].

2 Future automotive aspects, short review

The control architectures commonly used in today s vehicles do not handle the complexity efficiently
when subsystems are integrated. The automotive subsystem suppliers develop more or less independent
subsystems [2]. This leads to increasing complexity when a new subsystem is introduced, as illustrated in
Figure 2 (left). The vision is to have an integrated Complete Vehicle Control (CVC) where all the
functions of the subsystems are emerged (right). This is even more important when new technologies
based on hybrid propulsion are to be implemented.

Today Future

cvC

‘actuatorHactuatorH sensorl ‘actuator‘ |actuat0r‘ Isensor‘

Figure 2: Illustration of how today s commonly used control architectures (left). For each new sensor,
actuator or function, the complexity increases drastically. For future wvehicles using a functional
architecture (right), the complexity increases minimally [2].

driver
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When more onboard electric power is available by the hybrid electric propulsion the potential to replace
mechanical and hydraulical actuators by electrical ones increases. This will introduce the by-wire
technique in large scale in automotive vehicles. This technique will allow easier algorithmic partitioning
and tighter integration of actuators to achieve better performance of the vehicle. Already some
applications are implemented such as electronic throttle control and power windows. Safety critical
subsystems such as steer- and, brake-by-wire must be redundant and fault tolerant before they can be
implemented without mechanical backup [3]. Safety related fault tolerant x-by-wire systems for vehicles
were investigated in [4]. The suggested fault tolerant architecture was demonstrated in prototype for steer-
by-wire without mechanical backup. In this paper, a driver interface and a driver interpreter is introduced
to handle x-by-wire control of the vehicle.

When HEVs are introduced, different configurations will be utilised and reusable control system
architectures will be needed to make vehicle development feasible. In [5], a reusable architecture for
hybrid powertrains is suggested. The system architecture must include a hierarchical structure that
handles various engine, motors, transmission, and buffer configurations. The powertrain supervisory
controller uses a torque based strategy and suites fine for parallel HEVs. In this work we try to go a step
further and look at the vehicles energy sources as a Power Supply function and use force and power based
strategy to control the Power Supply. This allows serial, parallel and split HEV configurations.

An open architecture for networking the control systems of an automobile called CARTRONIC was
developed by Bosch GmbH [6]. It is an ordering concept for all vehicle control. The communication is
divided into orders, responses, inquiries and requests. A hierarchical flow of orders is used where the
vehicle coordinator places the orders and detects conflicts. Here, a similar function is performed by
Strategic Control.

In this paper, all components in a wheel are seen as one function for applying force to the ground. The
wheel unit function allows tight integration of the different actuators for applying longitudinal, lateral,
and vertical forces within a wheel. This Wheel Unit can contain actuators such as braking, traction,
suspension, and steering. The wheel as the centre of motion is also acknowledged as second x-by-wire
generation in [3]. An example of how future wheel units can be designed is shown in [7]. A more detailed
description of how the desired global forces are distributed to the wheel units is shown in [8].

3 Terminology

To be able to define a generic control architecture for HEVs some of the used terms are explained in this
Section.

Complexity: The number of actuators/sensors that have to interact defines the level of
complexity.

Centralized control architecture: A single controller which computes control signals for all
actuators of the vehicle and has complete knowledge of the entire system.

Peer to Peer control architecture: All subsystems have their own control block has
knowledge of some (or all) remote states in addition to all local states. There is no
supervisory control block with global knowledge of the system.

Function: When something is performed, e.g. applying driving force to the wheels. This
should not be confused with the specific actuators. Different actuators or sensors can
sometimes perform the same task.

Functional decomposition: By identifying the different functions a vehicle have one can
declare the dependency between the functions and decide the hierarchy within the functions.
Functional level: Depending on the function it is placed in different levels. The lowest
functional level is the control of a specific actuator e.g. an electric machine for applying
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driving torque, next level is the subsystem control, and the highest is the main control which
controls and integrates all subsystems.

Generic interface signals: The interface signals between different functions should be made
hardware independent.

Generic control architecture: A reusable control architecture that is not hardware dependent
or configuration dependent.

Hierarchical control architecture: All subsystems have their own controller (with local state
knowledge) and there also exist a supervisory controller with knowledge of the entire vehicle.
Power supply: Onboard energy sources in the vehicle.

Reusable: The same software/hardware can be utilised in different configurations. Only small
modifications should be needed. Examples of hardware configurations are parallel, serial, and
split for HEV.

Subsystem: A part of the whole system with clearly specified purpose, e.g. mechanical brake
actuators/sensors with its control. Note that several subsystems may corporate to perform the
same function, e.g. the mechanical brake subsystem together with the wheel motors can
generate brake torque.

4 The suggested generic control architecture

There are different reasons for choosing a certain type of architecture. The centralized control architecture
can always outperform the hierarchical and the Peer architecture. The hierarchical architecture also
introduces additional conditions by using generic control signals. But if one considers the design and
engineering benefits then the hierarchical architecture is a suitable partitioning scheme for HEV. In [9]
hierarchical partitioning is recommended. Different partitioning schemes are also discussed in [10] and
[11].

4.1 Definition of a generic control architecture for HEVs
By using the terminology stated in Section 3 one can now define the generic control architecture:

The control architecture type should be hierarchical by functional decomposition. Generic interface
signals should be used between the functions. By minimum effort the architecture should be reusable and
allow new subsystems to be implemented.

Evaluation of the control architecture should be made by measuring the handled complexity,
performance, reusability, and the sensitivity of communication- and computational delays.

4.2  Functional decomposition
In [12] a method for functional decomposition is given considering vehicle control systems. The highest
functional level is denoted here as main control. Based upon [12] the following guidance is given:

1. The function needs to be at a level high enough to allow it to coordinate lower level functions that
it has authority over.

2. The information, i.e. system status, can be observed by many and is allowed to flow in all
directions; up, down, and across in the hierarchy.

3. The orders to actuators are only allowed to flow down to lower level functions. This upholds a
causality of the orders within the hierarchical architecture.

4. If a particular function effects the vehicle s brand characteristics (can be observed by a customer)
it is qualified to the highest level (main control) only if it does not jeopardise the reusability of the
main control for different HEV configurations.

5. Durability is also a consideration for choosing the level at which partition a function. Local
control of any potentially damaging functions is recommended.

6. The interfaces within the control system should be generic, i.e. not hardware dependent.



From Proceedings of Electric Vehicle Symposium (EA0SLos Angeles, CA, Nov 2003

Item 4 allows manufacturer to retain ownership leé brand specific functions while suppliers can
provide controls for various subsystem functionsisTalso allows the manufacturer to change theclehi
characteristics from optimizing the drivability fieel economy. Item 5 also matches well with thepsiep
and manufacturer relationships. Item 6 allows hardwo be changed without redesigning the functiona
architecture.

4.3  Main architecture

The Main Control consist of three major parts; Brivnterpreter (DIp) interprets the driver's demsnd
Vehicle Motion Control (VMC) controls the vehiclea@rding to these demands and Energy Management
(EM) assures that this is done in a energy efficiesty. Additionally there is the Strategic Cont(8IC)
which summarizes the input from them both and makesoverall decisions considering reliability and
safety. The functional decomposition with threerdmehical levels is shown in Figure 3. The highefst
these levels is the Main Control. The communicaisomandled with a network.

Figure 3: Schematic sketch of the functional asgttiire. It contains three levels.

In Figure 4 the signal flow from the Driver Integper to Chassis and Power Supply is shown in more
detail while auxiliary systems and Driver Interfagee excluded for simplicity. This illustrates how
driver’s intentions generate vehicle motion andrtheded energy.

4.3.1 Driver Interpreter

Driver Interpreter handles the communication witte tDriver Interface. The incoming signals are
translated into a desired path and according tdithigations given by Energy Management and Vehicle
Motion Control, feedback signals are sent to theddrinterface.

4.3.2 Vehicle Motion Control

Vehicle Motion Control calculates the global fordes, Fy, and Mz that are required to generate the
desired accelerations received from Driver IntegreThen it determines how the forces should be
distributed between the Wheel Units (WU). More dethdescription of the VMC and WU functions are
found in [8]. The idea is to already from the bedjiry determine the force distribution between thneel
units and by this achieve overall performance sitiooth behaviour that considers the maximum force
surface (fx fy;, fz) for each Wheel Unit to generate desired forcethiwithe stable region. Similar



