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Abstract

Over-actuated systems, such as today’s road vehicle coafigns, have more
motion actuators than controlled motions. For example, ssgrager car has a
combustion engine and four mechanical brakes, all of whauh lze used indi-
vidually to correct any error in yaw rate when the vehicledimes under- or
oversteered. The over-actuation becomes even more obwioers the vehicle is
configured with additional motion actuators such as eleottor(s). This is the
case for Fuel Cell and Hybrid Electric Vehicles where blegdbetween the use
of different actuators is needed.

This thesis proposes how a motion control system for overaéed road ve-
hicles can be made reconfigurable within the context of béftme and online
adaptivity. Offline, the proposed control system is eagljonfigured to handle a
wide range of vehicle configurations, with different typeasl@umbers of motion
actuators, without changing the control law for the desgemlind motion of the
vehicle. Online, the motion control system adapts its uslkeemotion actuators to
the current conditions of the available actuators and diglity to generate tyre
forces on the ground. Another online feature is the smodtftration between
desired actuator use to both minimize energy consumptidraasure vehicle sta-
bility. This smooth arbitration is especially important feehicle configurations
which have an energy buffer.

The proposed motion control system uses control allocatioich separates
the control law for the ground motion from the distributiditloe desired motion
forces among the available actuators for the specific corafiggun. The optimiza-
tion formulation of the control allocator considers theuator limits in both po-
sition and rate of change. Through detailed modelling ded#int vehicle config-
urations and their actuators, drivetrains, and chassigstshown by simulation
that the proposed motion control system is both offline arithemeconfigurable.
The results from different driving manoeuvres showed thatdontrol allocator
not only reconfigured the distribution when the actuatorevgaturated or limited
by low road/tyre friction but also ensured that vehicle 8itgbwas upheld at all
times. This was accomplished by prioritizing vehicle motiagher than energy
management in the optimization formulation of the contilmcator.

Keywords: road vehicle, hybrid electric vehicle, reconfigurable, imotcontrol
system, over-actuated, control allocation
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Chapter 1

Introduction

This chapter introduces the background, motivation, ane@dtve for this thesis.
It also states the limitations and main contributions.

1.1 Background

The automotive industry is undergoing a tremendous chanlgew road vehicles
should be designed and configured in order to meet new l&gislan emissions
and the increasing desire for reduced fuel consumption.v@tygo achieve these
goals is through the hybridization of the vehicle’s powep@y. This means that
a buffer is assisting in the propulsion of the vehicle, stgrihe braking energy
and reusing the stored energy during acceleration. Thera@x several differ-
ent ways for the vehicle to accomplish the desired motionthaccomplexity of
designing these cars increases significantly comparedowittientional cars. To
prepare for the changes within road vehicle design, the Bvegbvernment and
members of the automotive industry started a joint ventesearch cluster called
Grona Bilen/FCHEV. The goal of this venture was to contrbtd vehicle de-
velopment through academic research and to provide thesirnydwith educated
personnel within fuel cell and hybrid electric vehicle taotogy. Several parallel
PhD projects were started within Grona Bilen/FCHEV witHeliént objectives on
component, subsystem, and complete vehicle system I&ustscomponent level
projects considered buffer components, such as batteriesigper capacitors, and
different aspects of fuel cell and electric motor drive desand development. The
subsystem level projects evaluated different conceptylofith electric vehicles.
The complete system level projects studied energy managdty, vehicle dy-
namics [6], and main control, from which this thesis is a lestooperation with
the two other complete system level projects has lead totdiesearch benefits in
approaching how the complete system for any fuel cell orilydlectric vehicle

1



2 Chapter 1. Introduction

should perform when energy management and vehicle dynaargcsonsidered
simultaneously.

1.2 Motivation

The road vehicle performs a basic function, it takes theedrikoad, and some-
times passengers between different locations. Howewergiuirements of what
functionality a modern road vehicle should include areeasing. It should not
only provide transportation, it should also be comfortakilee and energy effi-
cient, safe, assist the driver during driving, and even talex when the driver is
unable to handle the situation. These new functionalig¢seqjuirements on the
embedded control system of the vehicle. For the motion obeyrstem studied
here, these requirements consist of four main items:

1. Integrate and coordinate the use of the available mottuagors to their
full potential to achieve the desired ground motion.

2. Coordinate the available motion actuators energy efffilsieand maintain
vehicle stability.

3. Make the system’s coordination and distribution ad&dtiv sudden changes
in the environment or saturation and failure among the alskelactuators.

4. Make the system reusable for several vehicle configuratio

The first requirement can already been seen in the motiomai@yistems of
today’s road vehicles where the integration and coordinadif available motion
actuators are used to assist the driver when the vehiclecmntiag over- or un-
dersteered. This functionality has many names but for tihegses here it will be
called Electronic Stability Control (ESC). ESC assistsdheer by using the me-
chanical brakes individually to apply a correcting yaw tagdo reduce or increase
the turning radius of the vehicle depending on its over- alausteer tendency. Al-
though the brakes are designed mainly to reduce the speled w¢hicle, they can
also assist in turning the vehicle if they are properly camated. The lifesaving
ability of ESC is said to be second only to seat belts in thasgists the driver in
keeping the vehicle on the road and thereby prevents singéh ¢ripped rollover
accidents [4], [5]. The response to this additional funwidy is impressive,
about 29 percent of all light vehicles with model year 20068 sothe USA were
equipped with ESC systems, [4]. ESC is also proposed to be@minimum
standard by the year 2011 on all light vehicles sold in the U8A[5], [23]. This
is an excellent example of the need to use the full potentidleavailable motion
actuators.
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The second requirement, energy efficient coordinatioateslto vehicles equi-
pped with an energy buffer such as Hybrid Electric VehicleégYs). HEVs are
becoming increasingly popular because they reduce fualuroption without re-
ducing performance or load capacity. HEVs reduce fuel conion by regen-
erating brake energy, shutting off the engine at zero spe®dlenabling the en-
gine to work at more efficient operating points. Regenegadtraking means that
braking is not only performed by the mechanical brakes aa bl the electric
motor(s). To optimally use the available motion actuatarsigh level of integra-
tion and coordination is needed to assure vehicle stakitity energy efficiency.
The use of the electric motor(s) must be smoothly blendet thi¢ rest of the
available motion actuators not only during braking but @ladng traction.

The third requirement is the need for adaptivity to suddeangles in the en-
vironment. For a road vehicle, sudden changes in the tyaé/foction for one
or several tyres is crucial information for making a correstistribution of the
usage between available actuators. Other important pedéatormation are the
actual limits in position and rates of change of the avadatuators. This is not
only to allow for fast coordination but also to know if one evsral actuators are
saturated and need to be assisted by others. The infornstmnd also include
if the actuator has failed or is not working properly. Thea slystem should auto-
matically re-distribute between the properly working attus, generating a safe
and redundant system.

The fourth requirement, reusability, is an industry mdeeaneed for profit
on each new vehicle configuration developed. One way to &ser¢he profit is
to reduce development costs. One cost that is increasirgisrmbedded vehi-
cle control software. In the year 2000, development andiaion of control
functions was estimated to be 4 percent of the total prodnatost of a car. It
is estimated that in the year 2010 that figure will increasé3qercent, [26].
One way automotive manufacturers and suppliers are trgimgetet this increas-
ing cost is to standardize functions and their interfacebiwithe software and
electronics used in road vehicles, [9]. This gives a fundaal@eason to develop
reconfigurable motion control systems which allow them tordugsed for sev-
eral types of vehicle configurations. These systems shdsidhave the potential
to include technology such as steer-by-wire and more fstiarmotion actuators
such as the Autonomous Corner Modules (ACM) which can cottiesteering,
rotation, and position individually at each wheel, [57].

Finally, these requirements motivate the development etanfigurable mo-
tion control system for road vehicles. The system shoulddag@®ve during driv-
ing, online reconfigurable, by the automatic redistribaitad available actuators
based on maintaining vehicle stability in an energy efficigay. If the system
is also applicable for several vehicle configurations, mdflreconfigurable, then
automotive manufacturers can reduce the development@osath new vehicle
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configuration.

1.3 Objective

The objective of this thesis was to identify how a reconfiglganotion control
system can be designed to include a broad variety of oveatarl road vehicles.
The aim was that the proposed motion control system shoul#t a® well for
conventional road vehicles as for vehicles equipped witarergy buffer.

1.4 Method

The research problem was approached in two steps. Step os&lemed how

a reusable functional control architecture for HEVs and BE@en be designed
when focusing on how the driver’s intentions generate Jemmtion. The results
were presented in the thesis for licentiate degree, PaperStép two considered
the conceptual design of how a reconfigurable motion corslystem for over-

actuated ground vehicles can be realised.

1.5 Limitations of Scope

The list below clarifies which areas have not been considertdn this study.
This does not mean that they can be neglected but ratheratlaigan important
research topic by itself.

e The thesis does not consider how the computational ar¢hieshould be
constructed, nor does it address how the proposed systdohlm®uealised
and implemented in a fail-safe manner.

e The thesis does not include how observers or sensors sheudledigned to
achieve accurate estimates of vehicle states and tyreftioidn.

e The thesis does not include how the human machine interfaceld be
designed nor how the signals from driver interface shouldberpreted.
Therefore, the desired longitudinal, lateral, and yaw oroof the driver
is mostly assumed to be known, as in Papers IV-VI, except &peP VII
where a reference model is used for the Driver Interpreter.

e The thesis does not include studies of heavy vehicle cordigunrs. How-
ever, some parts of the main contributions will also be aalie for these
cases.
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1.6 Main Contributions

The main contributions from the research are stated beloavst®rt list and are
also presented in this thesis in more detail.

1.7

It is shown by modelling and simulation how a reconfigurabtgion con-
trol system for over-actuated road vehicles can be realised

It is shown how the limits in position and rate of change ofrtiion actu-
ators, in combination with tyre force limits, can be useddboiave sufficient
information for high level coordination between availabteuators.

Itis shown that the proposed motion control system has a g8naobitration
between vehicle motion control and energy management whiathieved
at all times with priority on vehicle stability.

It is shown by simulation that the proposed motion contr@tesn also
works as an Electronic Stability Control System accordim@ tproposed
test procedure from the National Highway Traffic Safety Adistration.

A simulation platform was developed in Matlab/Simulink whiincludes
the proposed motion control system and the studied vehaciGgurations.
The studied vehicle configurations span from five up to tenioncctua-
tors.

A novel model is suggested for how a permanent magnet synebsomo-

tor’s torque limits depend both on rotational speed and erté¢imperature
of the windings. This type of reference model should be detedrirom

suppliers of motion actuators.

Outline of the Thesis

The outline of the thesis is as follows. Chapter 2 states n@wrésearch project
has evolved. Chapter 3 gives an overview of the proposecmotintrol system.
In Chapter 4 simulation results are presented. In Chapten&leding remarks
and what the next steps could be are given. Finally, Chapsemémarizes the
appended Papers I-VII.






Chapter 2

Evolution of the Proposed Control
System

This chapter starts by giving an overview of vehicle congygdtems and their
architectures. It then continues by illustrating how theposed control system
has evolved during the research.

2.1 Overview

To put vehicle control systems in perspective, this seajigas a short overview
on computerised controllers within automotive applicasio It then introduces
how the computerised controllers are partitioned.

2.1.1 Computerised Controllers

The combustion engine was the first automotive actuatoc&ive a computerised
controller, generally called the Electronic Control UitgU). By the early 1980s
they were introduced into vehicles on a large scale. Soen, athumber of other
application were installed with ECUs as controllers, euvalty leading to a need
for intercommunication between the ECUs. At the time, the@am of required
wiring prevented the signals from being wired individuadly separate cables.
This problem was solved by a method called multiplexing Whalows several
channels to be carried within one cable. In the year 1983gRdnsch GmbH
began an internal project to develop an in-vehicle networke result of this
project was the Controller Area Network (CAN) which was affity introduced
in the year 1986. By 1992 the CAN network protocol was usedaadpction cars
[15] and is now the dominating standard for connecting ECUs.

7



8 Chapter 2. Evolution of the Proposed Control System

The standard CAN protocol is event driven with prioritisgghsils sent on the
network as messages. All messages with high priority arecse cycle, whereas
messages with low priority are cancelled if needed. Thigdde@ a stochastic
transmission of low priority messages. The next generati@omputational net-
works are time-triggered protocols [38], such as the TTCAB [TTPC [37], and
Flexray [55], created in order to accommodate future safgtical applications
such as x-by-wire.

2.1.2 Partitioning

There are two different ways of approaching the structuahgontrol architec-
tures, see e.g. [14] and [25]. The first, computational paning, concerns how
the vehicle system control software is executed. Althodgghmot considered in
this thesis, a brief overview is however provided. The sddsrfunctional parti-
tioning, which shows how the software itself is partition&splanations are also
given as to the different types of functional partitioningdaheir various advan-
tages.

Computational Partitioning

Computational partitioning considers how computing reses should be dis-
tributed across different computer nodes. One typeeistralisedpartitioning,
which concentrates all computer resources and the sensdracuators on to
one node. Another iglistributed partitioning in which the sensors and actua-
tors are attached to several nodes, and in turn are connggtdommunication
bus.Distributedpartitioning can also b®pographically distributedin which the
distribution is placed near the subsystem under contrahdditionally it can be
functionally distributedin which the distribution is decided not by location but
instead by functional responsibility.

Functional Partitioning

Whereas computational partitioning focuses initially ba placement and inter-
connection of nodes, functional partitioning has a congyedifferent approach,
concentrating primarily on how functions are prioritisediaxecuted within the
computational nodes. There are mainly three differentsygfe€functional parti-
tioning, centralised peer-to-peeandhierarchical

In centralisedfunctional partitioning, one top level function is used tmtrol
the whole system, see Figure 2.1. This central functionainstall sensor infor-
mation and can directly send requests to the specific actualbe advantage to
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centralised functional partitioning is that informatiaor all sensors are simul-
taneously received. The main drawback is that the wholetiomds affected if
the hardware configuration is changed.

Top level function(s)

A 5 5

Figure 2.1: Centralised functional partitioning. Dashed and soligdiillustrate informa-
tion and requests, respectively. Hardware is illustratedbActuator and S=Sensor.

In peer-to-peerfunctional partitioning, no top level function is used toneo
trol the whole system, instead only local functions are used Figure 2.2. The
coordination is achieved by sending states as informattwden the local func-
tions. Every local function attempts to sub-optimise itsndiwnction. Peer-to-
peer functional partitioning is the most modular when compar@déntralised
andhierarchical The drawback wittpeer-to-peeifunctional partitioning is that
conflicts between the local functions are hard to avoid.

A A A
v i \'4 i v
Local Local Local
function function function eee

1 & | &

OB O® ©

Figure 2.2: Peer-to-peer functional partitioning. Dashed and sofiddiillustrate infor-
mation and requests, respectively. Hardware is illusirbeA=Actuator and S=Sensor.

Hierarchical partitioning contains top level and local functions, giyiboth
better modularity thamentraliseqd and better coordination between local func-
tions thanpeer-to-peer Hierarchical functional partitioning provides the ability
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to easily add, delete, and modify hardware [14]. It redutesdomplexity of
the system by having requests coming from the top level fanstdown to lo-

cal functions, in this way creating a causal flow of reque®ise drawback with

the hierarchical approach is that enough information must be sent to top level
functions to allow decisions on coordination to be perfadmié the requests and
information signals are made reusable for different hardwanfigurations only
small changes would be needed in the top level functions.

Top level function(s)

5 5 5 l

Local Local Local
function function function

QO@QL

Figure 2.3: Hierarchical functional partitioning. Dashed and solwkk illustrate infor-
mation and requests, respectively. Hardware is illusirbteA=Actuator and S=Sensor.

2.2 Fundamental Question about Control Architec-
ture

The first part of this research tries to answer a fundamen&stipn which serves
as a basis or foundation. This question was motivated by ut@nstive manu-

facturers need for change in how road vehicles are constiwatd built to meet
new demands on reduced fuel consumption and emissionse &reseveral ways
to reduce fuel consumption and emissions. The most obviausdabe to build

smaller size cars, however consumers have a certain setrafasts for the per-
formance and load capacity that a vehicle should have. Tdrereo meet these
standards, technologies such as hybrid electric vehicdgwel cell vehicles are
a viable option. There is not one obvious solution that veiilace the combustion
engine as a propulsion system, it will likely be several dtameous solutions de-
pending on the price of both the alternative fuels and on ¢hected technology,
see also [29]. This puts tremendous demands on the aut@ménufacturers to
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reduce development costs concerning the control archieecf each new vehicle
configuration. An instant reduction of the developments@sgiuld be at hand if
parts of an old control architecture could be reused wheeldping a new vehi-
cle configuration. This leads to a formulation of the fundatakquestion:

How can a reusable control architecture be defined for HEVd BEVs, fo-
cusing on how the driver’s intentions generate vehicle amiti

The question was approached by a conceptual design phaseddlby phys-
ical implementation to validate parts of the reusable adrrchitecture. This is
illustrated by using a V-diagram, see Fig. 2.4, see alsoPélpefor further de-
tails. The scope was limited by not studying how the comjptat architecture
could be realised nor how it could be implemented in a faié saénner.

2.2.1 Conceptual Design

The conceptual design of road vehicles has traditionants=en as a set of sub-
systems that coexist in a peer-to-peer functional paniitip scheme, see Fig. 2.2
in Chapter 2.1.2. The development of functionality has $aclion the subsystem
and not on the integration of subsystems to achieve maxinvaitaale function-
ality for the vehicle. This has to do with the fact that thecambtive suppliers
were only responsible for delivering a specific subsystenchvfunctioned as de-
sired. Because of this, conflicts are hard to avoid when tharagely developed
subsystems are forced to be integrated into a completeiduiraty vehicle. There-
fore, a complete vehicle control system of hierarchicatfiomal partitioning, see
Fig. 2.3 in Chapter 2.1.2, is highly desirable [17].

To address the fundamental question of how a reusable ¢antiotecture for
HEVs and FCVs can be defined, the following system requirésname declared
in Definition 2.2.1, see also Papers Xlll and I.

Definition 2.2.1 Generic/reusable control architecture, from Paper XIII

1. The control architecture should be hierarchical by fuoetl decomposi-
tion.

2. Interfaces between top level and lower level functionsikhbe made hard-
ware independent.

3. The control architecture should be designed so as to accmhate any fore-
seeable future hardware developments for the system uondsrderation.
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Fundamental Question:
How can a Reusable Control Architecture
be defined for HEVs and FCVs, focusing on
how the driver’s intentions generate vehicle motion?

System System
requirements validation
1,XI ]
§°
Q
. 2 ’*
Allocation of 2 & Integration of
functional levels % LIl <§ subsystems
3 &
o VI N
(&«% I,X Xl gg
IX, Xl &

Allocation
of functional units

Integration of components
into subsystems

Detailed design of
hardware

Detailed design of
software

» time

Figure 2.4: lllustration of how the fundamental question was approdche using a
V-diagram. Roman numerals I-1ll and VIII-XIlI refer to theapers that address the fun-
damental question.

The first item in Definition 2.2.1 states that the system sthask hierarchical
functional partitioning, see Chapter 2.1.2, in order toehgeod coordination and
maintain modularity. The second item is to force the topllewéde reusable for
a wide range of vehicle configurations. The third item treeas$sure that the ar-
chitecture will not only handle hardware that is used todatyabso accommodate
any predicted hardware developments.

When the system requirements are defined, the system is dwmgosed
into its main functions. Three main functions were idendifigithin a road ve-
hicle: driver interpreter, energy management, and velmd&on control. These
three main functions supervise the driver interface, posugply, and chassis,
respectively. To formulate a control architecture whicbhvides a high level of
coordination between energy management and vehicle motiotrol, a hierar-
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chical control architecture was found to be necessary. Témtchical control
architecture also provides that lower functions can be axghd in a modular
fashion if the interface signals between the functions aadargeneric. The de-
rived architecture has three functional levels and thetfans are placed into the
levels depending on their coordinating authority over othections. The follow-

ing functions and levels were derived:

e Levellisthe top level which includes functional units tbabrdinate lower
level functions. These functions include the Driver Intetpr (DIp), which
interprets the driver’s input signals into the desired wot\ehicle Motion
Control (VMC), which tries to control the vehicle motion addtribute the
tasks among the available motion actuators within Chagsisygy Man-
agement (EM), which controls the Power Supply as energyiefiiy as
possible, and Strategic Control (SC), which works as artratbr between

VMC and EM.

e Level 2 includes a vehicle’s basic tasks. These includerBaténformation
(El), which is all communication and information sent to draim the vehi-
cle, Driver Interface (DIf), which is the human/man integaChassis (Ch),
which includes all vehicle motion actuators, Power SuppIg); which in-
cludes all energy carriers, and Auxiliary Systems (Aux)jalhncludes all
subsystems not used for generating the motion of the vehicle

e Level 3 is the actuator and sensor level.

The functional units and their levels are shown in Fig. 2.5etdiled infor-
mation about the functions, levels, and their interfaceslmafound in Papers I,

XIII.

Dlp VMC

EM

SC

Functional
level 1

Functional
level 2

O® 0B 60® O® O® runcona

level 3

Figure 2.5: The suggested Functional Units within the generic Vehialattdl System,

from Papers I, XIII.
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The functions and their interfaces were checked for modulfor a wide va-
riety of vehicle configurations by building virtual protgiys with the modelling
language Modelica. Paper VIII was the basis for this modhylamlidation, see
also Fig. 2.2.1. The Modelica language was found to be a gaiweol for this
application. Thoughts on which interfaces should be usédd®n the different
functions were easily tested and validated for a wide wanévehicle configura-
tions.

Dp VMC  SC EM

Figure 2.6: Main Model architecture in Modelica mod@ner i cVehi cl e. The main
functions within functional levels 1 and 2 are shown. Thedibetween the functional
units describe the bus signal interface and the mechanichEkectrical connectors be-
tween Ch, PS and Aux. lllustration from Paper VIII.

The next phase was to study how the authority functions saddljp, VMC,
EM, and SC could actually be realised in a reusable way. &ftstpt of how the
desired global forces and moment of the vehicle could beiliged onto wheel
forces was done in Paper Il. A practical approach was prapiasdiow the forces
could be distributed. In Papers IX and XIlI reusable DIp and®lnctionality
was validated in Matlab/Simulink.

In short, Papers IX and XIlI describe how DIp generates theetbpath and
that the vehicle motion controller consists of a path cdl@rand a force distrib-
utor, see Fig. 2.7. The path controller tries to keep theclelun the desired path
by deriving the necessary global forces of the vehicle. &lgdsbal forces were
distributed out to the wheels by the force distributor. Thecé distributor used
an optimization formulation that finds a minimum use of thecés when they
are subject to both linear and nonlinear constraints an@d@md upper limits
of the wheel forces. The nonlinear constraints of the tyredcllipse of each
wheel were included. Different vehicle configurations wateommodated by in-
troducing additional constraints on how the wheel forcadatbe distributed. For
example an open differential constrains the longitudioedés to be equal for the
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Figure 2.7: lllustration of the proposed and tested functionality \vitkiehicle motion
controller. VMC includes a path controller and force dimttor. The gray shaded boxes
show what parts Papers 1X and Xl focused upon.

connected wheel pair.

A suggestion for how the EM and SC functionality could be meslesable
was shown in Paper X. In short the suggested EM function wisegkas a trans-
portation problem of energy in different networks depegdin what buffers, con-
verters, energy sources, and nodes were included in thdis&s. In the paper it
was shown how the power management of a parallel hybridredeathicle with
an automated manual gear box could be realized. The optignzirmulation
was a mixed integer formulation to include discrete stepthefgear box. The
objective function was formulated to minimize the energysks when using the
power supply. The SC function was suggested to give authtorigither VMC or
EM requests depending on how critical their states wereakseerFig. 2.10 for an
illustration of the critical state in VMC. The VMC state waposed to overrule
the EM state in cases of conflict.

2.2.2 Physical Implementation

The last phase in answering the fundamental question wésped by the phys-
ical implementation, as illustrated in Fig. 2.4, of a redsakehicle control archi-
tecture within in a remote controlled Scale Model Car (SMC€}iae 1:5, see
Paper lll. The SMC was equipped with a Digital Signal Prooe¢®SP) card
which controlled all signal input/output. The vehicle wasgelled with one elec-
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tric motor connected to the rear wheels by an open diffeaeniihe motor was
also used for regenerative braking for charging a bufferupfes capacitors. A
lead-acid battery was used for long term power demands. ADDQGIonverter
was used to handle the power flow between the battery, supacitars, and mo-
tor. The vehicle was also equipped with wheel rotation amel@cometer sensors.
In Fig. 2.8 the SMC hardware is shown.

DC/DC

Battery Motor pgp
Super Cap.

Figure 2.8: Top view (left) and Side view (right) of the SMC. It is rear vételriven by
one electric motor with a maximum power and torque of 230 W@&A8 Nm, respectively.
The motor is also used for regenerative braking. It is froneel steered by servo and has
a mass of 16 kg. lllustration from Paper Ill.

The SMC platform gave an understanding of how much effoaliés to make
embedded control software to work with real hardware. TheCSkbrked and
functioned according to the requirements that were setenbtginning of the
SMC project. The conceptual design of the SMC is found in PXjheA reusable
vehicle control architecture was implemented in the DSP-aed&, see Paper .
Fig. 2.9 illustrates how the vehicle control system’s pemgioop was configured.
It shows the order of how the functions were called upon amdsga description
of what each function performed.

In Fig. 2.10 three acceleration tests were performed wilsiC on a ground
surface with low friction. The test illustrates how an ardiiion switch between
energy management and vehicle motion control is used taldeghich of the
functions is critical and has priority. Both functions senstate variable of either
0 or 1 to operative decisions/strategic control for arkitra where 1 stands for
critical. Further details about the arbitration can be fbimIX. The right plot in
Fig. 2.10 shows that the VMC state was critical during thesbaations and that
the angular velocity of the rear wheel oscillated aroundttbiet wheel value and
thus avoided skidding, as shown in the left plot. This mehas YMC decreased
the desired velocity from the DIp during the accelerationd that the desired
velocity from VMC was sent as a request by operative decssdure to VMC's
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Driver Driver’s normalised sensor signals are calculated from the remote
Interface | control receiver.

AN Driver Driver'’s signals are interpreted and converted to physical
"Interpreter| values, such as desired vehicle velocity.

% Vehicle Verifies the dynamical state of the vehicle and
~» Motion makes changes of the desired values from
Control Driver Interpreter if necessary.
Veri_fies the energy state_of the N Energy
vehicle, calculates a desired Buffer ~<, Manage - -
power and makes changes to desired ment S\
vehicle velocity, if necessary. H

Considers the states from Vehicle Motion Control | Operative

and Energy Management and finalises the orders | Decisions '\\

to Chassis and Power Supply. \

v
Orders for chassis actuators are performed, such as steering )
braking, and reading sensor signals such as wheel rotation Chassis & ~
and accelerometers. ~

v

Orders for PS actuators are performed such as for the electric andtor Power
DC/DC - converter. Sensor signals are read, such as voltage and current Supply

Figure 2.9: Program loop of the implemented vehicle control systemiwi8MC, from
Paper .

critical state. Further details of the functionality implented in the SMC can be
found in Paper 11
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Figure 2.10: Anti-skid example, accelerations on surface with low faot close to ice
conditions. The left plot shows front (dashed) and reard$avheel angular velocities.
The right plot shows the VMC state, which is critical when VV&Iate = 1.
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2.3 Consequent Question about Over-Actuated Sys-
tems

The work presented in Section 2.2 exists as a foundatiorh®exploration of a
consequent question. This exploration begins by viewing lemgitudinal mo-
tion is controlled in a HEV where there is the possibility welboth the electric
motor(s) and mechanical brakes to reduce the vehicle speethis situation
there are more actuators than needed to control the motinchws called over-
actuation. During traction, depending on what type HEV igl&d, there can be
several motion actuators that need to be coordinated. Al@lafEV would have
a combustion engine in combination with the available eleatotor(s). A series
HEV with more than one motor would also be over-actuatedantion. Now
if one also studies today’s conventional vehicles whicheeipped with ESC
systems, they use four mechanical brakes individually teegge correcting yaw
torque to assist the driver if the vehicle becomes underversteered. In this case
there are four motion actuators to control one motion, yascaokding to a pro-
posed safety standard from the National Highway Traffic gaé&ministration,
all light vehicles sold in the USA must be equipped with ESGybgar 2011, [4].
This means that HEVs must also have the same ESC functirdbiVs are even
more over-actuated than conventional vehicles in applgorgecting yaw torque
on the vehicle which means that efficient coordination ofioroactuators is espe-
cially crucial for HEVs. The following definition of an ovexetuated road vehicle
is proposed:

Definition 2.3.1 Over-actuated road vehicle

The road vehicle is equipped with more motion actuators ttanrtrolled motions
and/or that more than one actuator influences at least ond@etbntrolled mo-
tions.

The consequent question can now be described as:

How can a reconfigurable motion control system be desigrealfr-actuated
road vehicles?

The requirements of the reconfigurable motion control sysiee motivated
in Chapter 1.2. The question was approached by a concemsigidphase which
is illustrated by using a V-diagram, see Fig. 2.11.

2.3.1 Conceptual Design

This section gives an overview of how the conceptual desigs solved by the
appended papers and how the papers link together. The fitsbfphe concep-
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Consequent question:
How can a Reconfigurable Motion Control System
be designed for over-actuated road vehicles?

System
requirements

System
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Figure 2.11: lllustration of how the consequent question was approadiedsing a
V-diagram. Roman numerals refer to the Papers IV-VIlI whiddrass the consequent
question.

tual design phase was to model a selection of vehicle cotfigums, representing
a wide variety, with a sufficient level of detail so that theyuld serve as a test
platform for the proposed reconfigurable motion controkeys Motion actua-
tors were modelled to include first and second order dynamidge drivetrain
was modelled to include weak drive shafts and open diffetstio make it more
sensitive where the motion actuators were located. Thetwawn model also in-
cludes the inertia of wheels, flywheels, gearboxes, and plmsses. The chassis
was modelled as a two-track model to include load force idigtion on each
wheel due to pitch and roll effects. The tyres were modellét & brush model
which included a first order dynamic relaxation of the tyipsl As illustrated in
Fig. 2.11 the system modelling is found in Paper IV.

The second part of the process was the control design of thyoped mo-
tion control system. This was done in Papers IV-VII. All fquaipers include in
principal the same control design. However the most basigdes found in Pa-
per VII. Here the proposed motion control system is not auliig the front rack
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steer actuator of the conventional vehicle, this is handietthe driver. The design
in Paper IV is more sophisticated and includes all motiomacirs for traction,
braking, and steering for three different vehicle configjores. Paper V presents
basically the same control design, however its a bit moraackd than in Paper
IV and includes automated functionality for gear shiftifigne most sophisticated
control design is found in Paper VI which basically shows hakicle motion
control is prioritized over energy management at all times.

The third part of the process was validation by simulatioiffellent test proce-
dures were used to validate the proposed motion contrasydaper IV focuses
on test procedures where brake blending can be expecte@rsP#)/| focuses
on traction and braking. Some of the test procedures foutrapers IV-VI also
include steering with small angles, less than 5 degreesrRédpincludes the pro-
posed NHTSA test procedure to validate ESC systems andliegligh steering
angles up to 17 degrees.

Fault tolerance and sensitivity analysis has not yet beefonpeed, as is il-
lustrated in Fig. 2.11 by gray shading. This would be the rahtoext step in
implementing the proposed motion control system in pradactehicles.






Chapter 3

The Proposed Reconfigurable
Motion Control System

This chapter starts out by giving an overview of over-aacdatystems and how
control allocation has been used to solve the motion comroblem in different
applications. The system modelling of the studied roadcleltionfigurations is
then discussed, followed by the control design of the preghosntrol system. The
chapter then concludes with the main benefits and considesat

3.1 Overview

The requirements of a modern road vehicle’s motion contrstiesn is reaching a
complexity which has mainly been seen only in flight and neapplications, see
Chapter 1.2. It should be noted that the flight and aerospatesiries have large
budgets with which to design and construct their aircraft trerefore could in-
clude computerised controllers and develop advancedaldutrctionality earlier
on when computers were still expensive. In marine appboati especially when
building large ships, the development cost of the contrsleay is a small fraction
of the total cost, making it possible to develop advance omotontrol systems.
When the prices of computerised controllers became lovesr aéltso started to be
popular in mass produced products such as road vehicled tWg in mind a
literature survey is given on what has been done within fliggfgn marine, and
finally within road vehicles to control over-actuated sysse

3.1.1 Flight Applications

Aircraft are designed with more motion actuators than mm&itm be controlled,
so called over-actuation. The motion actuators in airaraftsist of control sur-

23
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faces on the wings, tail, and even on the body. The contréhses change their
angle to achieve the desired motions in roll, pitch, and ysae, Fig 3.1. The left
figure shows the three main rotations of the airplane. Theeatksotations can
be achieved by several different settings of the contrdbses shown in the right
figure. In this case there are up to 11 control surfaces thabeaised for gener-
ating moments in the main rotation directions. Additiopalhe engine thrusters
are mainly used to control the longitudinal speed but are a¢®d for generating
the desired moments. This is the essence of situations voateol allocation

has been used for coordination within flight control.

Leading-edge flaps  Ejevons Rudder

Canards

Figure 3.1: The left figure illustrates the desired moments, roll, pithd yaw, shown in
the body-fixed reference frame. The right figure illustratesavailable control surfaces
which are used to generate the desired moments. The figlussdte the ADMIRE
model [1], original picture found in [10].

Over-actuation in aircraft was mainly done to improve perfance and redun-
dancy. One of the first attempts to address the over-actuptmblem was done
by using pseudo-controllers such as in [39]. They are alBeccpure mode con-
trollers, for flight modes such as Dutch fgltoll and spiral modes. The pseudo-
control variables are related by eigenvectors of the respamodes to the motion
actuators in a 'mixing’ matrix which is used for allocatiomhe strength and
weakness of the pseudo-controller is that pure modes caahievad but not the
maximum attainable moment in arbitrary directions. Thé feal attempt to sepa-
rate the control law for the roll-, pitch-, and yaw-motiahand control allocation
of the specific actuators, was done in [20], see also Fig. 3.2. The control alloca-
tion is seen as a constrained problem with maximum and mimitmmits of the
motion actuators. In [20] a direct allocation solution igam for the two attainable

!Dutch roll is an aircraft motion which combines out of phasiewagging and rocking to side
to side, a yaw roll combination, similar to the motion madedugtch ice skaters.
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moment set problem, in roll and yaw, that guarantees themmaxi motion can be
generated within the constraints of attainable moments.diitect allocation uses
a geometric approach to solve the allocation problem. Thidiof the actuators
are projected through the control effectiveness mafito give the two dimen-
sional geometry of the attainable moment set. In [21] diedicication solutions
for the three attainable moment set problem is given. In {B2]limits in rate

of change of the motion actuators are addressed and how émegontribute to

catastrophic pilot induced oscillations if they are notluged in the constrained
control allocation formulation.

Control system System
r: Control v, Control u= Actuatpr Vsy; System y
- law allocator | : | | dynamics dynamics [
___________________________________________ e

Figure 3.2: lllustration of how the control law for motion is separated the control
allocator within the control system. lllustrated origilyah [31].

Reconfigurable aircraft that can handle actuator failueehaghly desirable.
In [18] this is accomplished through offline calculationngshonlinear constrained
optimization of different 'mixer’ solutions for differerfilure scenarios of the
motion actuators. If failure is detected, the nominal emytrol mixer is ex-
changed. Real time adaptive control allocation is sugdesttead for handling
the failure of motion actuators for a high performance aiftcby [19]. To be
fully able to use control allocation online to achieve fulanoeuvrability, effi-
ciency, and handle failure/saturation effectively, whismot possible by using
direct allocation methods or pseudo inverses, an optimz&rmulation for the
control allocator has to be included. This has become feasibe to the in-
creased computational capacity available in the contrstiesy. An evaluation of
different optimization formulations is addressed in [1Zjexe error minimiza-
tion, control minimization, and mixed minimization fornation for the control
allocator are discussed. The mixed minimization formolatis solved in [12]
by rewriting it to a linear program formulation and solvirtgwith the simplex
method. Profound work on real-time implementation in afcusing standard
methods of constrained control allocation with optimiaatiormulation was done
in [31]. It uses active set method to solve optimized allmraproblem, see also
Appendix B. [31] also included a nicely packaged contrab@dltion library for
Matlab/Simulink, which has also been used, with minor modifons, in the pro-
posed motion control system for over-actuated road vehmlesented in this the-
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sis. In [46] a reconfigurable motion control system for thacgymanoeuvring
vehicle X-40A is proposed. It uses inverse dynamics forglesg the control

law for roll, pitch, and yaw motion. The three desired motameelerations were
allocated on the six available motion actuators by usingtramed control with

a mixed optimization formulation to minimize the allocatierror and the use
of control signals. Most of the real-time control allocatidiscussed above is
what one could call one-step predictors. They allocate és&réld motions on the
available motion actuators with consideration to the pmsiand rate of change
limits of actuators with what is attainable in one time stéfowever, when it

is possible to include the dynamics of the motion actuators @redict several
time steps ahead, a more sophisticated allocation can bermped, also called

Model Predictive Control Allocation. This is used in [42]cap43] for a re-entry

vehicle’s guidance and control system. The sequential rqtiadorogramming

formulation is rewritten into a linear complementary perbl which can guaran-
tee convergence to an optimal solution within a finite nundbéerations if some

conditions of the problem statement are fulfilled. This vebophen up for real time
implementation of MPC-CA when the computing capacity ig@ased within a

vehicle’s control system.

3.1.2 Marine Applications

Marine vehicles, like aircraft, are also configured to bereaatuated in order to
increase their manoeuvrability and performance. Typiaatiom actuators within

marine applications are rudders and propeller or jet tkerast Depending on
whether the marine vehicle is operating on water or is a sukible, the desired
motions of the vehicle can differ. However, similar to fligigplications, marine
vehicles are often equipped with more rudders and thruttarsneeded to con-
trol the motion. One special issue when steering ships iematthat when the
vehicle is travelling at low speed the rudders only genestgering force when
thrust is used. This complicates the control allocationhaf available motion
actuators and cannot be solved with convex quadratic pnogiag. This is ad-

dressed in [41] where an analytical solution to the non-eamudder and pro-
peller control allocation at low speed is proposed. Due i®ribn-convex control
allocation problem, the allocation law is suggested to kegalculated offline
by using multi-parametric nonlinear programming. Thisae in [35] for ma-

rine surface vessels with rudders. However, the authorcasoludes by pointing
out the weakness that the offline computed control allondéier does not easily
admit online reconfiguration unless several cases are@mpated. This means
that all types of possible failures of the motion actuatasehto be anticipated
in advance. In [34], singularity avoidance is suggesteddiggia locally convex
guadratic reformulation of the allocation problem. In [38]control-Lyapunov
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design approach is used to derive an optimizing nonline@traballocation. This
leads to asymptotic optimality and therefore the optiméltsan is not needed to
be found at each time step compared to a direct nonlinearauroging approach.
The singularities that occur for marine motion actuatoesadyy complicate the
control allocation. A survey of different control allocati methods of ships and
underwater vehicles is given in [24].

3.1.3 Road Vehicle Applications

The main degrees of freedom controlled in a road vehiclersréingitudinal, lat-
eral, and yaw motions, see left the illustration in Fig 3.Be3e motions are gen-
erated with different types of motion actuators. In theyeddys of road vehicle
design, these motion actuators were solely controlled bydtiver. Today, more
and more of the actuator functionality is software con&oll This, in combina-
tion with newly added functionalities, such as individyalbntrolled mechanical
brakes, and the increased number of actuators, makes ibjgsachieve these
three basic road vehicle motions with several differentitspsee right illustration
in Fig 3.3.

Four in-wheel motors

Front and rear steering

Four mechanical brakes

Figure 3.3: The left figure illustrates the Society of Automotive Engine(SAE) coordi-
nate system [51]. The symbals, v,, andw, correspond to vehicle’s longitudinal, lateral,
yaw velocities. These are the main ground motion velocaaegrolled for a road vehicle.
The right figure illustrates a specific vehicle configuratieith following motion actu-
ators: four in-wheel motors, four mechanical brakes, andtfrand rear steering. This
makes a total of 10 motion actuators to generate the thremdnmotions. The 3D model
of a 1964 Ford Thunderbird, is originally found in [2].

Contrary to flight and marine applications, road vehiclesh#ot traditionally
been viewed as over-actuated systems. Instead, diffeodastystems and their
functionalities have coexisted to give the desired pertoroe. These function-
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alities are, for example Anti-lock Braking Systems (ABS)edronic Stability
Control (ESC), and Traction Control Systems (TCS). Theelspecific purposes
without really viewing the complete vehicle performancaisTis elegantly illus-
trated in [27] by using the 'ball in a bowl’ analogy. The bapresents the vehicle
states and how they are kept in the stable region of operatpnesented by the
walls of the bowl, by the system controller. In the left iiiegion of Fig. 3.4 it is
shown how today’s coexistent functionalities do not prevéinooth walls on the
bowl due to the fact that they only become active when theclels almost un-
stable. Additionally, the traditional functionalitieseamot coordinated sufficiently
to give smooth walls as illustrated in the right Fig. 3.4.

Figure 3.4: lllustration of traditional coexistent functionalitiesich as ABS, VSC, and
TCS and their ability to keep the vehicle in the stable redieft) and how a highly
integrated and coordinated control system such as Vehighamics Management (VDM)
can keep the vehicle in the stable region (right). VSC meaimsclé Stability Control and
has the same functionality as ESC, Electronic Stabilityt@bnlllustration from [27].

The concept of the smooth bowl is called Vehicle Dynamics afgment
(VDM) in [27]. The following elements are used to achieve YH2M: hierarchi-
cal functional partitioning, feedforward force and momeantrol for the vehicle
dynamics, and a nonlinear optimum distribution method Whioordinates the
operations of each motion actuator. The distribution ofgludal chassis forces
and moment are allocated onto longitudinal and lateral Wingees by using a
optimization function which minimizes the error in globarées and minimizes
the slip ratio of each wheel. In [44] and [36] different tymésvheel force distrib-
utors are designed for handling a road vehicle with indepetig steered, driven,
and braked wheels.

A quadratic programming based control allocation methoalsisd for coor-
dinating the available motion actuators for an over-aeabad vehicle in [50]
and [49]. The allocation method is similar to what has beedwsthin flight and
marine applications. In [50] it is shown that different vekiconfigurations with
mechanical braking and steering were successfully akoctd achieve the de-
sired side slip and yaw rate of the vehicle. For the side slgbysaw rate a Linear



3.1. Overview 29

Quadratic Regulator control law was used. However, thedimm the motion ac-
tuators included only tyre force and steering angle limAidditionally, no detailed
consideration to actual actuator limits in position or r@tehange for mechanical
brakes or steering was performed. In [56] yaw stabilizabbmoad-vehicles is
suggested by using control allocation. The allocation sehis calculated offline
by using multi parametric nonlinear programming similaf36]. However, of-
fline solutions will have difficulties to include all types miotion actuator failures
that can occur to be safe and redundant.

A traction force distributor for an in-wheel motored eléctvehicle is pre-
sented in [28]. Sequential quadratic programming basetta@ailocation is used
as a traction force distributor. The optimization in the ttohallocation is based
upon error in the desired and actual slip in the wheel motditse desired slip
is based on friction estimation. In [7], inverse dynamias ased to calculate the
global forces and moment of the vehicle and control alleca used to distribute
the task on to the available actuators. A least squares @atiion formulation on
tyre grip potential is used for the control allocator. Thgeahive is to keep each
wheel’s tyre grip potential low and preferably equal.

In [52], untripped rollover prevention is proposed by usingchanical brakes.
A linear control law is used for reducing the lateral accatien. If it is higher
than a certain threshold in lateral acceleration, then throl law applies the
total braking force. The total braking force is then disitéx onto the mechanical
brakes by using weighted least squares control alloca8ah [This will prevent
untripped rollover crashes but with the compromise thatwtitdcle must depart
from the desired path to some extent. This compromise caméstigned when
considering that the vast majority of all real life rollovetashes occur when a
vehicle runs off the road and strikes a tripping mechanisoh sas soft soil, a
ditch, a curb or a guardrail [4]. This is an ongoing reseacogiictat the NHTSA
and will certainly be discussed further within the activeesacommunity.

To summarize, even though road vehicle applications waesvidien com-
pared with flight applications to investigate if controlcaation could be used to
solve over-actuated motion control problems, previousaesh indicates that this
is a powerful way to integrate and coordinate availableatohs. However, there
are also major differences in the time constants in the dycelmesponse of the
vehicle, how the motion forces are generated, and how tlee$are limited when
road vehicle applications are compared with flight and neaaipplications. This
makes it challenging to use control allocation within roathicle applications.
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3.2 System Modelling

The purpose of any system modelling is to try to build a motat tepresents
how the physical system would behave for a certain input. dijective of the

modelling in this thesis is to explore the following questidCan real-time con-
trol allocation methods, like weighted least squares [B&]used in road vehicle
applications? To find an answer, the necessary dynamicsyatehs specific time
constants need to be modelled. The modelling consists ynafnlhree parts,

motion actuators, drivetrain, and chassis, as illustraié&dg. 3.5. These are com-
bined together to study different vehicle configurationshwdifferent numbers
and types of motion actuators.

Uel,\ (a)l’-rbw) uel,requesl

Uel,i (6‘1 ’Thigh) ’ I‘/ %
I uel,actual +
f Wy t o

1. Actuator 2. Drive train 3. Chassis and tyre

Figure 3.5: The system modelling consists mainly of three parts: 1. &ctumodelling.
Observe how limitsize; are not only constrained by rotational speegl; but also by
temperaturel;. 2. Drivetrain modelling of differentials, drive shaftseay ratios, and
inertias. 3. Chassis and tyre modelling to predict versoigbund motion.

One important aspect of the modelling is the motion acttsattynamics and
their limits in position and rate of change. This informatis crucial to achieve
safe control allocation [22]. First and second order modedse used to model
the dynamics of the available motion actuators such as thehamécal brakes
(mb), electric motors (el), internal combustion engine)icand steering. The
disc brakes and electric motors also included a lumped neaggerature model
which reduced the available actuator limits, see Paper I [imits in position
can be described by

Uy i (Wi, Ti) < ety < Teriwi, Th)

Hice(w) < Ujcei < Hice(W) (3.1)

Ump i (T7) < umbi < Umb,i(T7)

wherew; andT; are the angular velocity and temperature of the actuatspee
tively. The limits in rate of changf, p] for the motion actuators modelled as a
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first order system are simply a function of the time constdrthe system. For
a second order model the rate limits can be determined usimgjaivalent time
constant definition as described in [40].

The modelled drivetrain configurations include the mostangmnt time con-
stants. The inertia of the wheels, gearboxes, electric rm@iad their losses were
included. Additionally, drive shafts were modelled as wedienever found in
configurations. Open differentials were also included irstrad the configura-
tions. Effects like inertia, power losses, weak drive shathd open differentials
are quite important because these effects make a diffen@heesver a motion
actuator is mounted in the topology of the drivetrain is aioroactuator mounted
and assisting the motion. For example, an electric motormealibetween the
combustion engine and gear box introduces more delays asddavhen assist-
ing in traction and braking than with a wheel mounted eleatrotor.

The chassis model developed for this study is a so-calledttsaek model
which has five degrees of freedom: longitudinal, lateraly,yall, and pitch mo-
tions. The aim of the model is to be capable of predicting tiessis dynamics on
flat surfaces. The SAE standard coordinate system [51] g¢eovihe main guid-
ance for defining the axis orientations. A brush tyre modé] {¥as used together
with dynamic relaxation to describe the tyre dynamics. Thassis parameters
correspond to those of a medium sized sedan car. Details timomodelling and
used parameters can be found in Paper IV.

The vehicle configurations were selected to represent a vadety of driv-
etrains, from a conventional vehicle to a parallel HEV witbcgric four wheel
drive and a series HEV propelled by in-wheel motors, see Fg 3he models
are implemented as first level s-functions in the Matlab/8ink environment. A
summary of the four vehicle configurations is presentedvzelo

1. Conventional vehicle 1 (CV1Yhe combustion engine has 133 kW at 6000
rpm as the maximum output power and a maximum torque of 230INmn.
connected to the front wheels via an open differential (Lithprhis model
has individual mechanical braking (4-inputs) which givestal of 5 inputs
to control the braking and traction. Used in Paper VII.

2. Conventional vehicle 2 (CV2pame as CV1 but front and rear rack steering
are also included in the control allocation, resulting ind2liional inputs.
This gives a total of 7 inputs to control the traction and Imgk Used in
Papers IV-V.

3. Parallel HEV with electric four wheel drive (HEV E4AWIBvery wheel has
individual mechanical braking (4-inputs). The rear axle ha electric mo-
tor of 50 kW connected by an open differential (1-input). Tioat wheels
are connected to an open differential which connects totagiated Starter
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Generator (ISG) of 11 kW located between the gear box and gstialn en-
gine, same as CV (2-inputs). Front and rear rack steerintgasiacluded
(2-input). This model is seen as a 9-input configuration. disePapers
IV-V.

4. Series HEV with wheel motors (HEV WNEvery wheel has individual me-
chanical braking (4-inputs) and is also equipped with wimaetors of 40
kW (4-inputs). An extra energy source such as a fuel celléslad to allow
a continuous output power of 30 kW. The continuous power fiscgent to
overcome the resistance forces at a constant speed of 130 Hiné total
output power is 30 kW plus 135 kW when the battery buffer mdsd0o
kg is selected. It also includes front and rear rack steg@Agputs). This
model is seen as an 10-input configuration. Used in PapeY4.I1V-

Configuration: HEV E4WD - 9 actuators ~ Configuration: HEV WM — 10 actuators

Figure 3.6: lllustration of the four modelled vehicle configurationsherblack boxes
indicate motion actuators. The humbering 1 to 4 on configama®V1 indicate the order
of the wheels which is also used for the numbering of the &otsia
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3.3 Control Design

The design of the proposed reconfigurable motion contraksyss illustrated in
Fig. 3.7. It is useful to begin with a comparison with Fig. 8vBich is a basic
layout of a control system where control allocation is imgd. The gray shaded
boxes in the illustrations are comparable. This shows thatnbotion control
system consists mainly of a path controller and a controkalior, compare also
with Fig. 2.7. Desired inputs includes the driver interpreeénergy management,
and steering. The control system and the functionalityssdmaller functions will
be explained in greater detail ahead.

Env., SOC
i Control system, functional level 1 ! Vehicle system, functional level 2 and 3 :
; Energy P Actuator 1 ‘
SWA i managemen Uged i 3 T i
| . Actuator 2 ‘ y.
‘ b ctua u ‘
} Driver o steerin Control L °S|  System ;
1 Interpreter [ " [ 9 allocator b dynamics |+
GP,BP ! b 1
i L 1
; Path v o ;
: Controller P Actuatorn ;
A ;
| Tyre fusion | ‘
RN U e “,,,,,,,,,,J U
yl yz uaCl’ uhm' Alm
y

Figure 3.7: lllustration of how the proposed reconfigurable motion colrdystem would
be designed for a future HEV which also includes steer by.wiitee gray shaded boxes
illustrate the similarities with the more basic illustati Fig. 3.2. Used abbreviations
include Brake Pedal (BP), Gas Pedal (GP), Steering WheeleAi8WA), Environment
(Env.), State of Charge (SOC). lllustration from Paper VI.

The separation of the path controller from the control atocis the key issue
and will be explained first. Independent of the specific agpions studied, a
class of nonlinear systems can be described in the affine form

&= f(z)+g(@)u (3.2)
= h(z). (3.3)

Control allocation can be applied if the control input canpeeturbed without
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affecting the system dynamics. The system can thereforeviagtten as

T=f(x)+v (3.4)
y=h(x) (3.5)

wherev = g(z)u, v is also called the virtual control input. The control desigim

be divided into two steps. The first step is to design a cotamkhat controls the
virtual control inputv € R*. The second step is to design a control allocator that
maps the virtual control input to true control inputf) — wu(t), whereu € R™
andk < m. This separation of (z) andg(z)u = v is shown in Papers IV-V for
road vehicle configurations where steering is includedécintrol allocation. In
Paper VIl the separation is shown for a configuration wheeedfiver is solely
controlling the steering.

3.3.1 Desired Input

The desired input functionality in the proposed motion colrtystem can be seen
as feedforward-like controllers. The desired input parsists of the driver inter-
preter, energy management, and optionally steering ifittdkided in the control
allocation.

Driver Interpreter

The driver interpreter uses the driver input and a referemagel of the road vehi-
cle to derive the desired path= [ v, v, w. ]T. By using friction estimation, lim-
its in maximum yaw rate, for example, can be calculated h&neovel proposal
of how a driver interpreter could be realised for a vehiclefguration where the
driver controls the steering is presented in Paper VII. Tineedinterpreter used
a bicycle model to calculate the desired yaw rate This yaw rate was limited
by the maximum yaw rate allowed by the tyre/road friction. &uliront and rear
wheel steering are included in the motion control systenaigas the question
how the desired path of the vehicle should be defined. A veltichfigured with
independent front and rear rack steering can move sidewilyswt any yaw rate
w, = 0 or be turning without any lateral velocity, = 0 meaning that the side slip
of the vehicle is kept at zero. This is a quite complicatedtenand has therefore
been left out from the scope of this study. Therefore, wheersig is included in
the control system the reference signas said to be known. This is the case in
Papers IV-VI.
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Energy Management

The objective of the energy management function is to mimgnfiuiel consump-
tion and assure power availability at any time. A standarekgyr management
function considers only the actual State Of Charge (SOC)vahitle speed and
acceleration to calculate if the buffer should be chargeaoor A finite state ma-
chine energy management function was implemented in Pap@&y\talculating
how much buffer power is desired one also determines thesdesse of the elec-
tric motors during braking and acceleration. The desiredlafslectric motors,
combustion engine, and mechanical brakes is the first paéneaf;., vector illus-
trated in Fig. 3.7, see Paper VI for further details. Mor@iniation about energy
management can be found in [29].

More complex energy management functions would also ircinfbrmation
about the driving route, topography, and traffic informatid his information is
used in a predictive control sense [32]. Such energy manageahgorithms also
fit well into the proposed motion control system.

Steering

A steering function is suggested to be included in vehicliéis steer-by-wire. The
steering function calculates the desired steering anglefsch are the second and
last part of theu,,., vector illustrated in Fig. 3.7. In Paper VI a bicycle modebwa
used to identify the steering angles needed for the front@adwheels to achieve
the desired lateral and yaw motions.

3.3.2 Feedback Path Controller

The purpose of the feedback path controller is to keep theeheebn the desired
path. The error in the path= r — y; is used to calculate the desired global lon-
gitudinal and lateral forces and yaw moment [ F, F, M, ]T of the vehicle,
see also Fig. 3.7. Different control laws could be used toexehthis. In Papers
IV-VII standard PI controllers with anti-wind up strategyewe found to work suf-
ficiently [54]. More advanced path controllers have usedwarse dynamics of
the system to calculate[7]. In a flight application a PID controller was comple-
mented with an inverse dynamics controller [46] to conthe tesired roll, pitch,
and yaw accelerations.

3.3.3 Control Allocation

Control allocation is an option for coordination when one h#ore input signals
u € R™ than virtual signals controlled € R* k < m. The basic theory of



36 Chapter 3. The Proposed Reconfigurable Motion Control 8yste

control allocation is given in Appendix B. The idea is to mhp virtual control
input onto up — wu. If g(z)u in EqQ. 3.3 can be linearised then it can be rewritten
asg(x)u =~ Bu. Then the mapping can be described by a control effectigenes
matrix B with sizek x m and rankk

Bu(t)=wv(t). (3.6)

Now the key issue is how to select the control inputiséiom all possible com-
binations. Here a constrained optimization formulatiorused to achieve the
allocation. The limits in positiom and ratep constrain the feasible solution of

In addition a two-step optimization problem, sequentiastesquares (sls), is used
to for the mapping

u = argmin |[|W,(u — wges)||, (3.7)
uell
0 = arg min ||W,(Bu —v)|, (3.8)

u<u<u

where W, and IW,, are weighting matrices and,., is the desired control in-
put [31]. The two step optimization problem is well suited FCVs and HEVSs.
Eq. 3.8 constrains the possible se€ €2 to be onlyu’s that will be in nullspace
of N(Bu — v) or minimize the error of the desired force8y — v, needed for
fulfilling the desired motion of the vehicle. This can be sasrthe vehicle mo-
tion controller. Eq. 3.7 minimizes the error of the desiredtcol input,ug.s — u.
The desired control input,,.,, coming from the energy management and steering
controller, specifies how the motion actuators should bd wéesn optimizing the
use of onboard energy. This can be seen as a smooth arlitbetioveen energy
management and vehicle motion control. Numerically Egs: 3.8 can also be
solved in one step, using weighted least squares (wls),

u=arg min, [|Wy(u = vaes)|lp + 7[[Wo(Bu = v)]fp. (3.9)

u<u<u

wherep = 2. Setting the weighting parameterto a high value gives priority to
minimize the error in motiomBu — v. The wis formulation was used in Papers
IV-VII. A small comparison of using wis and sls was done in &ayl.

Motion Actuator Limits

The control allocator receives the limits from the motioiared actuatorsy(t), u(t)]
and their limits in rate of changp, 5], as illustrated in Fig. 3.7. This specific
way of designing the control system allows the control lab¢cdindependent of
the available actuators, which makes the controller rdagabdifferent hardware
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configurations, and also allows the control allocator tadh@both limits and even
actuator failure. The rate limits can be rewritten as positonstraints using an
approximation of the time derivative. The position conistiacan now be written
as

u(t) = min(a(t), u(t — tr) + trp) (3.10)
u(t) = max(u(t), u(t — tr) + trp) (3.11)
wheretr is the sampling time.

Tyre Fusion

For road vehicles there are additional limits that need tadiesidered, such as
how much longitudinal and lateral force can be applied orhesloeel. In the
proposed system the actuator limits are limited once moréhbytyre fusion’
function, see Fig. 3.7. Tyre fusion would need estimatesachetyre’s actual
friction and the vehicle’s velocities and accelerationsatculate each wheel's
normal force distribution. This is illustrated by the feadky, in Fig. 3.7. The
force limits of each tyre are a function of friction and noff@ce. When the
tyre force limits are calculated they are used to verify tbiator limits need to be
reduced. When several motion actuators are connected twlueed the following
priority order of the traction and braking actuators is egd:

1. Electric motor
2. Combustion engine
3. Mechanical brakes

The idea is to always let the electric propulsion receiventiagimum of avail-
able tyre force limits. When the limits of the electric mo&oe less than the max-
imum wheel forces the difference is given to the next actuamcathe list. This is
illustrated in Fig. 3.8 where an electric motor is connedtetivo wheels by an
open differential and each wheel also has individual meichhhrakes. The lon-
gitudinal tyre force limits are received by estimating tlctual lateral force used
on each tyre. More details about tyre fusion functionaldythe studied vehicle
configurations can be found in Paper V.

3.4 Main Benefits and Considerations

The main benefits of the proposed system is that it is offliret @mline recon-
figurable. Another main benefit is the optimization formigdatused within the
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Figure 3.8: lllustration of how tyre fusion considers the case of an teleanotor is
connected to two wheels by an open differential with indieidmechanical brakes. This
is comparable to vehicle configuration HEV E4WD’s rear axBashed lines illustrate
actual lateral force’,. From Paper V.

control allocator which allows the vehicle motion controlte prioritized higher
than energy management at all times, see Eq. 3.9. This meainsvhen needed,
the true control inputt can smoothly divert from the desired input signals,
calculated by energy management and steering, see als8.Figrhe main con-
siderations are the need for correct information from théienoactuators about
their actual limits in position and rate of change and thevedion of tyre force
limits. Other considerations are the sensitivities of stmiighly nonlinear actu-
ators.

3.4.1 Main Benefits

This section starts out by giving a summary of the statemmwots/ating the use
of the control allocation scheme within the proposed motiontrol system

a) ltis fast and gives both a feasible solution at each timye ahd an optimum
solution in a finite number of time steps. This is achieveddipgthe active
set method for solving the control allocation problem.

b) The optimization formulation includes both the minintina of the control
erroru — ug.s and the allocation erraBu — v, which has been shown to be
a viable option for hybrid electric vehicles, see Paper VI.

c) Eventhough when the tyre force and actuator limits coeatbare nonlinear
constraints, these can be linearised at each time stepiiradjdhe selected
control allocation scheme to be used, see also Paper V.
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d) Even thougly(z)u is approximated by3(z)u, it has shown to be sufficient
for a wide range of vehicle configurations, see Papers IV-VII

e) The selected allocation scheme, developed by [31], usast squares,
norm 2, in the objective function, has been found to be vebusb and
uses more actuators simultaneously when compared witlg mgirm 1 in
the objective function. Using norm 2 makes the allocati@s leensitive for
actuator failure because it already uses several actydfjrs

Offline Reconfigurable

The proposed motion control system is easily reconfigurediifterent vehicle
configurations. The control law for the path controller cantbe same for dif-
ferent vehicle configurations. In Papers IV-V it was showat tihne same control
law could be used for vehicle configurations CV2, HEV E4WDd dEV WM
without even changing the control parameters of the PI otiatr The separation
of the control law and control allocation gives this spediénefit. The control
allocator is easily reconfigured for different vehicle misderhe only parts that
need to be changed in the control system are the controltefeess matrixs,
weighting matricesV,, for the desired signals, see Eqg. 3.9, the limits in position
and rate of change for the added motion actuators, and fittedlytyre fusion’
function for the specific configuration.

If the inertia of the system is neglected when applying tipaiio the actuators
the approximatiory(z)u ~ Bu can be used. The control effectiveness matrix
basically describes how effective each actuator is in geimgy the virtual control
inputv

— Uy -
Fz b11 e bli N blm .
Fy = b21 ce bli Ce bgm U; (312)
Mz bgl e bli e bgm :
N J - ~ 7 "
v Bvehicleconfiguration L Um, _
——

where the elements ; are the influence of thd'iactuator on the'j global force
or moment.m > 3 is the number of motion actuators available in the studied
configuration. In Papers IV-\B-matrices for vehicle configuration CV2, HEV
E4WD, and HEV WM are derived and in Paper VIl tiiematrix for CV1 is
derived.

The diagonal weighting matrix/, is a design parameter which need to be
considered. It is important to attempt to penalize the usetfators in a way that
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makes brake/traction load distribution on the front and eedes appealing from

a vehicle stability point of view. When braking, for exampiee use of the front
brakes should be penalized lowerlii, than the rear brakes. Another aspect is
that the order in which the actuators are blended is directhtrolled inlV,. In
Papers IV-VI the electric motors are penalized less thamtbehanical brakes.
Then the electric motors are more likely to be used and thénarecal brakes are
blended in when needed. In Paper W1, (v) was designed to be scaled linearly
depending on the desired longitudinal force of the vehigle: F,.

Online Reconfigurable

The limits in position and rate of change of each motion gotuand its ability to
achieve specific tyre forces give the ultimate constraimtsHe control allocator.
Updated information about the actual limits needs to be acok to the control
allocator as illustrated in Fig. 3.7. This allows the coh#ltocator to automati-
cally re-distribute between available motion actuatothefy become saturated or
even fail. How limits in position and rate of change can bewlalted by actuator
reference models is shown in Paper IV.

Another important online reconfiguration feature is the stharbitration be-
tween energy management and vehicle motion control atraélgi This is pro-
vided by the optimization formulation within the controlladator, see Chap-
ter 3.3.3. This is crucial for hybrid electric vehicles ttoal for correct blending
of the electric motors and to preserve vehicle stabilitylatimes. In Paper VI
this smooth arbitration is exemplified for vehicle configioa HEV WM.

3.4.2 Considerations
Information

One consideration when using control allocation is the tlaat correct informa-
tion about what abilities each motion actuator has at eastatiecation time step
is needed. This information exchange from lower controtfions is not clearly
standardized between suppliers of motion actuators arcdraahufacturers, see
Fig. 3.9 for an illustration.

Actuator information is crucial for any type of successfobadination within
a hierarchical control system. For example, a supplierphatides electric mo-
tors should also include a local controller that sends atyut achieved and
updated limits and rates of torque. For an electric motatgstsuch as the rota-
tional speed and temperature would reduce the limits. Bratsio important from
a responsibility point of view. The electric motor will no¢ lnsed above its capac-
ity according to limits provided from the supplier develddecal controller. A
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Figure 3.9: lllustration of functional levels within a vehicle systerordroller and the
information about limits in position and rate of change freath motion actuator.

novel suggestion on how these limits are made rotationadspad temperature
dependent for a permanent magnet synchronous motor isdechin Paper 1V.

Updated and sufficient estimations for each wheel’s tyegfriviction and re-
liable estimates of the normal force distribution betweaenavailable wheels are
needed. Friction estimation is a highly prioritized resbaopic. However, if the
friction estimation is not updated fast enough the authggssts that the wheel’'s
longitudinal slip is used in addition to the friction estitiwa within tyre fusion to
control the limits of the mounted motion actuators for thesidered wheels.

Information about actuator failure should also be propadgressed. This can
be done by using a observer model that calculates what themraxttuator should
have performed for a certain input. If the observer model®pot differs signif-
icantly from the actual output from the motion actuator théhar suggests that
the limits are set equal to zero if the actuator is not respandf the actuator is
stuck in a certain position, jamming brakes, for example Jithits of the actuator
should be reduced to be equal to the jam torque. This infdnmsantrol allocator
which can then account for and counteract the jamming brake.

Highly Nonlinear Dynamics

Highly nonlinear dynamics is one of the most sensitive issieontrol allocation.
The mapping from virtual control input to actuator inputisplified by using the
linearization ofg(x)u ~ Bu. However, there are times when thér) term is
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highly nonlinear, for example when gear shifting is perfecmWhen the clutch
is open some motion actuators will not have any effectivetesccomplish the
desired global forces and moment This can be accomplished by letting the
B(z)-matrix become vehicle statedependent. This was done in Paper VI which
illustrated how gear shifting can be accounted for withia ttontrol allocator.
Another example, found in Papers IV-VI, is that the steersngssumed to have
linear cornering stiffness withiim. This could be modified by using a nonlinear
cornering stiffness inside the vehicle state dependgmy-matrix.

Slow Actuators

The use of slow actuators should be avoided. A good examhe isitroduction
of steer-by-wire in production road vehicles. It is impaoittthat the steering actu-
ators are made fast enough so that catastrophic driveréadoscillations, similar
to what have been seen in flight applications can be avoi@2dl, [f really slow
steering actuators are used, the driver will not get theaesp he is expecting. If
the driver then starts to turn the steering wheel back artti fond the system is
responding too late, the result is driver induced oscdladi It is also important
to give correct feedback to the driver by resistance in teerstg wheel which
matches the time constant of the steering actuators. Efeechow steering gain,
steering response, and steering torque should be appligde¢dgood’ driver’s
feeling are studied in [16] and [30].

3.5 Suggested Approach for Implementation

The proposed motion control system has shown that it candxkfos a wide vari-
ety of vehicle configurations and can handle both conveatiand hybrid electric
vehicles, see Papers IV-VI. It has also been shown in Pageth¥i the control
system passes the proposed test procedure for ESC. It cealahatural first step
for implementation to use part of the proposed motion cdoisystem as an ESC
system in a conventional road vehicle. The conventionaickels assumed to
have five motion actuators, combustion engine and indiligleantrolled me-
chanical brakes, to achieve the correcting yaw torque. Tean over-actuation
increases with increased number of available motion amtsiathe full version of
the proposed motion control system could be implementedats® Fig. 3.10 for
illustration.
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Figure 3.10: lllustration of how the proposed motion control system dobé imple-
mented.






Chapter 4

Simulations and Results

This chapter shows through simulations that the systeminemgents defined in
Motivation Chapter 1.2 are fulfilled by the proposed motiamtrol system de-
scribed in Control Design Chapter 3.3.

A simulation platform was built in Matlab/Simulink to vahte the proposed
reconfigurable motion control system. The overall aim washow that even
though a linearised control effectiveness malix ~ ¢(x)u was used, it achieved
the desired performance on a nonlinear system modelled-asf(x) + g(z)u.
This is one of the key issues when using control allocatispgeially for road
vehicles where nonlinearities are found in the motion gonsahemselves. The
nonlinearities in the drivetrain, chassis, and tyres, [p@helently or in combina-
tion, influence the final effectiveness of each actuator

The simulations and the results presented in this chapteprasented from
the point of view of the system requirements, see ChapterTh& outline of the
Chapter is as follows:

e Section 4.1 addresses system requirement one; the integeatd coordi-
nation of the available motion actuators to their full pdigirto achieve the
desired ground motion.

e Section 4.2 addresses system requirement two; energyeeffamordination
with priority on vehicle stability.

e Section 4.3 addresses system requirement three; onlipgiatiafor sud-
den changes in the environment or saturation and failurengrtize avail-
able actuators.

e Section 4.4 addresses system requirement four; the proposérol system
is reusable for several vehicle configurations.

45
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e Section 4.5 discusses robustness for vehicle parametegeba

e Finally, Section 4.6 contains concluding remarks abouptiesented simu-
lations and results.

4.1 Integration and Coordination of the Available
Motion Actuators

Two test procedures are used to illustrate how the propos¢idmcontrol system
functions on this requirement. The first test procedure espitoposed standard
test by the NHTSA [4] for Electronic Stability Control systs, sine-with-dwell.
It is shown that the NHTSA ESC test is passed by the proposetiat@llocation
based controller. The second test procedure is circlerdyiwith low constant
acceleration on low friction. This illustrates how the nooticontrol system uses
available motion actuators for three different vehiclef@urations when the ve-
hicle velocity is reaching the physical limit that can be dise keep the circle
constant.

4.1.1 Sine-with-Dwell

This section gives a short review of the results found in P&e The aim with
the simulations is to show that the proposed motion conyrstiesn functions also
as an Electronic Stability Control System for a conventieedicle. The steering
angle is given as input for the test procedure and is thexedaly applicable on
vehicle configuration CV1, see Chapter 3.2. Because of tisproposed mo-
tion control system is reduced to not include steering incthrérol allocation as
illustrated in Fig. 4.1.

The configuration is front wheel steered by the driver. Theletlong of the
motion actuators, chassis, tyre, and drivetrain are shaviAaper IV. Verification
simulations were also made with a commercially availablei&le Dynamics Li-
brary(VDL) [3] to assure that the proposed motion contraiteyn functions on a
system not developed by the author.

Assumptions

The control system is assumed to control the combustiomeragid the mechani-
cal brakes at each wheel, giving a total of five motion actsatbhe tyre/road fric-
tion is assumed to be equal to 1. This is assumed to be knowmelyriver inter-

preter, which uses a linear bicycle model to calculate tfereace yaw rate. The
reference yaw rate was limited by the attainable maximum rae at tyre/road
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Vehicle system
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Vehicle motion

System >
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| Driver |t Path |!V_| control |i U !
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— : '
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Figure 4.1: lllustration of how control allocation is suggested to bedisvithin the con-
trol system for a conventional road vehicle. Observe howShkeering Wheel Angle
(SWA) is passed directly through to system dynamics. Usédeatations include Brake
Pedal (BP), Gas Pedal (GP), internal combustion enging, (@&l mechanical brakes
(mb). lllustration from Paper VII.

friction 1. The steering input, sine-with-dwell is assumedbe given directly to
the motion actuators within the modelled system, see FR). #he control ef-
fectiveness matrixB € R**% is assumed to be linear. This means that no inertia
effects or nonlinearities are accounted for in the conyystem for the mapping of
the virtual control input into the true control input of theotion actuators +— w.
However, the system modelled and controlled includes nealities which are
found in actuators, chassis, tyres, and drivetrains. WgighmatriceslV,, and

W, in the control allocation scheme are kept constant, and ¢saeti control
inputu,.s for the motion control actuator is given as a zero vectorads® Chap-

ter 3.3.3.

Overall Results

The vehicles equipped with the proposed motion controkesygiass the NHTSA
standard test procedure for ESC. In Fig. 4.2 the resulting nges for different
SWA amplitudes are shown for the chassis modelled accotdifaper IV. The
ESC system is on and the max amplitude of the Steering WhegleABWA) is
varied between 100 and 270 degrees. The black dots indicatevb stability
criteria that need to be fulfilled. The results show that yates are well below
the these black dots.

The results are also confirmed with a commercially availahbssis and tyre
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Figure 4.2: SWA input as function of time (upper plot) and yaw rate res(tbwer plot)
for Chassis modelled according to Paper IV when ESC is ac8#WA max amplitude
was varied between 100-270 degrees. Results from Paper VII.

model [3]. No changes in the control system’s parameterg weade when the
chassis was switched. The only modification was to changsdine of the lateral
velocity and yaw rate when the VDL model was used. This is dube fact that
the VDL chassis is modelled with ISO coordinates whereaslizssis in Paper
IV uses SAE coordinates.

Detailed Results

The simulation results show not only that the mechanicatdsare mainly ap-
plied on one side of the vehicle at a time, but also that thebwmtion engine
is used which gives positive torque on one of the front whedisn the other is
locked by the mechanical brakes, see Fig. 8 in Paper VII. Beeofithe combus-
tion engine was also switched off by sending a maximum totupwi¢ of zero to
the control allocator. The new vehicle configuration sispes the test procedure.
The VDL chassis is actually easier to control and the prabagdson for this is
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that the elasticity modelled in the steering makes the Veladit more under-
steered. This is shown in that the vehicle handled a SWA of5l8&grees when

ESC was switched off in comparison to the chassis modeltareing to Paper
IV, which only handled a SWA of 75 degrees.
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4.1.2 Circle Driving with Constant Longitudinal Acceleration

In this test procedure the aim is to see how the proposed mabatrol sys-
tem’s control allocator manages three different vehicldigurations, CV2, HEV
E4WD, and HEV WM, see Chapter 3.2 for configuration detailsewthe path
controller is kept unchanged. The selected test procedueadle driving with

constant acceleration of 0.05g with a driving radius of 20@md the tyre/road
friction set to 0.3. The aim is to study how close each conéiion can come
to the limiting velocity and how the control allocator uses tavailable motion
actuators. The limiting;;,, velocity can be calculated as

m - U-2

init

Ffric = Lcentripetal S u-m-g= 7
Viim = A/ - g - R = 24.26 m/s. (4.1)

The control system not only controls the tractive and brgkmotion actuators,
but also the front and rear steering actuators. The sinomsfpresented here are
found in Paper V.

Assumptions

The control system is assumed to know the actual frictiontari able to prop-
erly estimate each tyre’s force limits. This informationuised within the tyre
fusion function to combine the limits of the motion actuataiith the tyre forces.
The weighting matrice$V,, and W, are kept constant in addition to the control
effectiveness matri®(z). The desired control input for the motion actuataegs,
was set equal to a zero vector.

Overall Results

The most interesting result is that even though differemticle configurations
are used, the proposed motion control system handles eadigwation quite
well. Fig. 4.1.2 shows the reference and simulated longialdlateral, and yaw
velocities for the three configurations CV2, HEV E4AWD, andHE M. It can be
noted that all three configurations reach about 90 percetfieofnaximum speed
before they start to diverge from the reference yaw velo@dyother interesting
observation is that configuration CV2, with only a combus#émgine connected
to the front wheels, starts to use the mechanical brakes tiearehicle is almost
reaching the critical velocity, which can be seen by thelladimins occurring at
about 18 seconds in lateral velocity and yaw rate.
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Detailed Results

In Fig. 4.4 the use of the actuators and their combined liarsshown for CV2.
Observe how actuator 1, the combustion engine, increasd&attive torque when
the mechanical brakes, actuators 3 and 5, are beginninguedztas yaw stabi-
lizing actuators at time 15 s. This is basically what toddySC systems do,
however here it is automatically performed by the contrimictor. The actuators
and their combined limits for configuration HEV E4AWD and HEMMA\during
the test procedure are shown in Fig. 4.5 and Fig. 4.6 reséctin configuration
HEV E4WD the electric motors, actuators 2 and 3, are maingduer traction,
but the combustion engine, actuator 1, is also used. Theanexdi brakes are
not used at all as yaw stabilizing actuators in comparisacotdiguration CV2.
Similar behaviour could be observed for HEV WM. More detali®ut the results
can be found in Paper V.
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constant circle.
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bustion engine, 2: integrated starter generator, 3: rdamaator, 4-7: mechanical brakes,
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4.2 Energy Efficient Coordination of the Available
Motion Actuators with Priority on Vehicle Sta-
bility

Constrained control allocation with mixed optimizationrfalation is used for
solving the over-actuated HEV problem to allow smooth aatibn between de-
sired inputs from energy management and vehicle motionralonthis will be
illustrated for vehicle configuration HEV WM, see Chapte2 &r configuration
details. Two test procedures are used for illustration. firseis straight braking
with different deceleration demands. The second is crgisina fixed velocity
and slowly increasing yaw rate up to the friction limited yeate. The aim is to
show how true control input is smoothly diverted from theidgs control input
from energy management and steering law for front and reaeistwhen needed.
Details about Energy Management its finite state machinaiaed rules, and the
steering law can be found in Paper VI. In these simulatioescttmplete com-
plexity of the proposed motion control system as illustlateFig. 3.7, is used.

4.2.1 Straight Braking

The purpose with this test procedure is to change the datelerduring straight
braking on asphalt with a friction of 1.0. The initial velocivas set to 100 km/h.
The first part begins with soft braking of -0.1g until 80 kméreached then
applies hard braking of -0.8g until 40 km/h is reached. Tha faart of the braking

is performed with -0.1g again until standstill. This is ddoé¢rigger re-generative
braking in the first part, then blended braking in the secartignd then again re-
generative braking for the final part. This was done for th@ale configuration

HEV WM. This test procedure is also presented in Paper VI.

Assumptions

The control system is assumed to know the actual frictiontari able to prop-
erly estimate each tyre’s force limits. This informationuised within the tyre
fusion function to combine the limits of the motion actuatwith the tyre forces.
The weighting matriXV, (v) is linearly weighted against the desired global longi-
tudinal force. This will influence whether the front or reaotors are penalized.
The weighting matrixiv, is kept constant in addition the control effectiveness
matrix B. The desired control input for the motion actuatays, is decided by
the energy management and steering law. Further detailbedound in Paper
VI. The wheel motor and disc brakes have an initial tempeeatd 30°C. The
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initial SOC of buffer was assumed to be 0.6. The SOC windowseaso be 0.4
to 0.99.

Overall Results

The overall deceleration is performed well by HEV WM. Theerehce velocities
and actual velocities for the straight braking test proce@uwe shown in Fig. 4.7.
The fast response is evident as the braking acceleratioisased from 0.1g to
0.8g. When the braking acceleration is reduced again to, @tlgbout 7 s, the
actual longitudinal velocity slightly overshoots.

t [s]

Figure 4.7: Reference and actual longitudingl velocities during test procedure straight
braking.

Detailed Results

The desired and actual input signals for wheel motors andltekes are shown
in Figs. 4.8 and 4.9, respectively. The interesting part isee how smoothly the
actual input signals are diverted from the desired inpui., when needed. This
is thanks to the smooth arbitration provided by the contifotation optimization
formulation, see Eq. 3.9.

The steering input signals were neglected because norgjegas needed in
this test procedure. The overshoot in velocity is due to élcethat the rate limits
of the mechanical disc brakes take some time to release #ke pressure. This
is however attempted to be compensated for by the wheel sgiing a positive
torque at about 8s. Further details about the test procedurée found in Paper
VI.
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Figure 4.9: Input setu for the disc brakes and their limits;.s during test procedure
straight braking. The black solid lines correspond to dctyathe dashed green lines
correspond to desired,.;, and the dotted/dashed red and blue lines are the upper and
lower combined limits, respectively.
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4.2.2 Constant Velocity with Slow Increase in Yaw Rate

This test procedure aims to show how energy managementtedesotor inputs
are diverted when other actuators are reaching their liamitsin order to maintain
vehicle stability. The HEV WM configuration is again studieere with the full
functionality as explained in Paper VI. The test procedtaets out with straight
driving at a constant cruising speed of 100 km/h and then #ivenate is slowly
increased to the friction limited yaw rate. The minimum fagradius that can be
taken at 100 km/h with tyre/road friction 1 is about 78.65 makigives a limiting
yaw rate of about 0.35 rad/s. In the simulations the yaw satamped up to the
limiting value over a period of 30 s. This is an additional siation which is not
found in any of the appended papers.

Assumptions

The same assumption exist as in the straight braking cas€&sapter 4.2.1.

Overall Results

Usually when energy management functions are designedenmdioghed they ne-
glect the yaw rate. This is natural in most cases, here is ampbe when it can
become a problem. Here the vehicle is forced to try to reaelptiysical limit

for yaw rate for the selected cruising velocity and roa@/tiyiction. The vehicle
almost reaches the physical yaw rate limit for the studiedsarg velocity of 100

km/h. In Fig. 4.10 the reference and actual velocities aoevsh A jump in the

yaw rate can be observed at 18 s. The final steady state maxjrawmate that
can be achieved with the current model is about 6 percentrlthva@ the physical
maximum yaw rate limit calculated by hand.

'[m/s]

Y
y'oyrel

0.5

I ]
U L
N wn = wn o

e([rad/s]

w,
7 2

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

-0.05

10 20 30 40
t[s]

0 10 20 30 40
t[s]

-0.1

0

10 20 30 40
t[s]

Figure 4.10: Reference and actual longitudinal, lateralv,, and yaww. velocities dur-
ing test procedure constant velocity with slow increasean¥ yate.
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Detailed Results

In Fig. 4.11 the actual and desired actuator inputs arequotfhe mechanical
brakes are not plotted because they are not used. Upon dbhsir how the
allocator handles this case it is apparent that the desima from energy man-
agement for the four electric motors is followed quite nycehtil about 18 s.
Similar results are shown when the actual steering is coedpaith the desired
steering input of the front and rear wheels. The desiredtiigfor the steering is
calculated with the inverse of a linear bicycle model whiels hot been given any
cut-off values for the steering, see also Paper VI. At times 1Be front steering
hits the limit estimated by the tyre fusion function, seedtay for details. The
minimum of the maximum lateral force of each wheel on thetfieord rear axles
is used and multiplied by two. This force is then used to dateuthe maximum
allowed steering angle. This method is quite conservatiMbexplains why the
limit for front steering is already reached at 18 s. Soonraftar steering also
hits the limit. This is now compensated for by the wheel m®tod all six active
motion actuators divert after 18 s from the desired inputsr&frgy management
and steering law.
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Figure 4.11: Input setu for the wheel motors and front and rear steer with their Bmit
during test procedure constant velocity with slow increalsgaw rate. The black solid
lines correspond to actual the dashed green lines correspond to desiggd, and the
dotted/dashed red and blue lines are the upper and lowerigechlimits, respectively.



60 Chapter 4. Simulations and Results

4.3 Online Adaptivity for Sudden Changes in the
Environment or Among the Available Actuators

Already in Sections 4.1 and 4.2 the proposed motion congrstiesn has been
shown to be adaptive. In this section this will be illustchfarther by studying
two alternative test procedures. The first includes sudtdanges in friction dur-
ing straight braking, here called braking with step friatiorhe second includes
repeated hard braking and acceleration, which illustratesg term adaptivity
when the electric motors saturate due to heating. Both tesedures are studied
using vehicle configuration HEV WM, see Chapter 3.2 for canfidion details.
These test procedures are not found in any of the appendedspdphe full com-
plexity of the proposed motion control system as illustlateFig. 3.7 is used, see
also Paper VI.

4.3.1 Braking Step Friction

Braking with a deceleration of 0.7g is performed when thealehs coasting at
100 km/h. At 1 s the tyre/road friction is suddenly reduceatrfrl.0 to 0.3 for

2 s after which the friction returns to 1.0. The aim with thstterocedure is to
see how the proposed motion control system adapts its lemidsmanages the
situation during low friction.

Assumptions

The same assumptions exist as in the straight braking ces&tsapter 4.2.1.

Overall Results

In Fig. 4.12 the reference and actual longitudinal velesitire shown. During the
low friction time window of 1 to 3s it is noticeable that theodderation steepness
is reduced. After the low friction window deceleration ieases again. The last
part of the braking is soft until the velocity becomes clasedro. This behaviour

is tuned by the PI-controllers within the path controller.

Detailed Results

During the braking situation it is visible that the wheel wrstin Fig. 4.13 have
a reduced minimum limit during 1 to 3 s. This limit reductianabeyed in the
simulations. The mechanical brakes assist before the stgjoh but during the
step friction all four brakes are limited to zero in minimuondue. This is due to
the proposed tyre fusion function which always prioritieéesctric braking before
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Figure 4.12: Reference and actual longitudinal velocities during test procedure brak-
ing with step friction.

mechanical. In short, the function checks the tyre forcédimre and if the electric
motor limits are smaller, as in this case before and aftgy Bietion window,
then full limits are given to the electric motors. The resilis then given to
the mechanical brakes. If the tyre force limits are smalteegual to the limits
of the electric motor then only the electric motor will reeeiimits not equal to
zero. More details about tyre fusion function can be foun@lvapter 3.3.3, see
also Paper V. The front wheels lock for a moment when theidricts suddenly
reduced at about 1 s, which gives a longitudinal wheel slidofThis is because
it takes some time for the mechanical brakes to release dihe tonits in rate of
change. However, by using a tolerance of about 10 percerthélongitudinal
force limit and the release of the mechanical brakes, thkirigcof the wheels
disappears during the low friction window. The slip leveheches a steady state
of -0.04 during the residual part of the low friction windowhe rear wheel stays
unlocked during the whole braking procedure.

After 3 s the control allocator adjusts to the new limits oe thechanical
brakes and starts again to use the front mechanical brakeaximize the decel-
eration efficiency, see Fig. 4.13. Brake blending with antgan electric braking
is important for HEVs and especially for those having a highcpntage of their
tractive force coming from electrical propulsion. This gltbalso be applied in
cases where the tyre/friction is at a permanent low leveldanthg repeated hard
braking situations. For configuration HEV WM the electriopulsion percentage
is 100.
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Figure 4.13: Input setu and its limits for configuration HEV WM during braking with
step friction. The black solid lines represent actwalvhile the dashed red and blue lines
represent upper and lower combined limits, respectively.

4.3.2 Repeated Hard Braking and Acceleration Test

This test procedure is inspired by the brake test develogefiubo Motor und
Sport (AMS) [8]. They use this test on premium cars to inggge the braking
performance. These types of test procedures are not sthftdddEVs but based
on how they are marketed, usually as premium cars, it canpiiecéxd that similar
tests will soon become standard for premium HEVs as well. sthdied configu-
ration is again HEV WM, see Chapter 3.2 and Paper VI for detdihe selected
test procedure is a combination of two parts of the real AMS. t&he first part
of the test begins with the vehicle at 80 percent of its maxmwelocity. For the
HEV WM the following performance data is derived by simubais: it takes 7 sto
accelerate from 0 to 100 km/h and 38 s to reach maximum vglo€i232 km/h.
This means that the initial velocity was 185.5 km/h from whiard braking with
1.0g to zero was desired. After standstill in 4 s, ten rejoeist with hard accel-
eration are performed to 103 km/h which is kept for 2 s and lisvieed by hard
braking to zero with a 2 s standstill before the next accétaraThis is given as
a reference velocity for the proposed motion control system

The aim with the test procedure is to show that the proposeémoontrol
system always prioritizes the use of the electric motorsdgenerative braking.
This is important in HEVs with a high percentage of their time coming from
electric propulsion. If only mechanical braking is usedidghard braking, then
the buffer will not be recharged for the next acceleratiomisTwill eventually
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lead to reduced acceleration performance due to low SOCffarbiBy encour-
aging the use of the electric motors for regenerative brgkihe problem with
degraded acceleration performance at the end of the testquce can potentially
be avoided, increasing the marketability of premium HEVs.

Assumptions

The same assumptions exist as in the straight braking ces&lsapter 4.2.1.

Overall Results

The overall result is that the HEV WM fails to follow the reéerce velocity after
about 80 s during the acceleration phases. However, thi isaw the real AMS
test would be conducted. There the desired velocity of 10&hkwould have
been reached between every braking even though it wouldatddeger time in
every acceleration. When using a predefined referenceityelbtlustrates how
the performance in acceleration is reduced. This is dueg@ihcooled electric
motors heating up. To prevent the electric motors from osating, the limits
in maximum torque are slowly reduced. The braking is coretligtithout any
degradation. The last part of the braking is somewhat soitlwis due to the
selected settings of the path controller's Pl parameters.

60,

Ve Vet [m/s]

Figure 4.14: Reference and actual longitudinal velocities during test procedure re-
peated braking and acceleration, inspired by the AMS-test.

Detailed Results

The electric motors and mechanical brakes on the front wslagelblended during
every braking phase. In Fig. 4.15 the electric motor’s d¢turgues and combined
limits are shown. It can be seen how the maximum and minimuguslimits
reduce with time. This is due to the thermal model for theteleemotors. The



64 Chapter 4. Simulations and Results

electric motor is assumed to have only air cooling. A lumpesgsmodel calcu-
lates an estimated temperature for the electric motors@srsim the lower plots
in Fig. 4.15. The initial temperature is 3C which rises slowly to about 18@.
The model is tuned so that when the temperature increasees abo°C it starts
to linearly reduce the maximum torque and power of the mata@niy be able to
produce continuous torque and power at 2Q0 This illustrates how long term
adaptivity is included in the proposed motion control sgstey having detailed
models of what the motion actuator’s limits actually ares Baper 1V for further
modelling details.

The SOC of the buffer starts at 0.8 and cyclically chargespmodides power
during the braking and acceleration, respectively. The®0@€ is about 0.48, the
fuel cell is only used during accelerations to assist théebufThe used energy
management rules do not permit any charging of the buffehbyuel cell during
the test procedure conditions. Paper VI describes the usedye management
algorithm.

The front mechanical brakes, based on their thermal maut#ikates that the
temperature goes up to about 7&Dalready during the first braking from 80 per-
cent of maximum vehicle velocity, as shown in Fig. 4.16. Tadeldrake fading
in the brake model, the friction between the braking padsdiad is assumed
to be temperature dependent. This reduces the minimunslwhithe brakes al-
ready during the first seconds of using the mechanical byaassright plot in
Fig. 4.16. The test procedure is somewhat demanding whebioorg the two
braking phases of 80 percent of maximum velocity with theelititions of brak-
ing from 103 km/h. This can be seen in the temperatures etgtthiiy the thermal
model for the front brakes: they come close to 10Q0yet still continue to pro-
duce good braking except for the reduction in limits in th&@ahbraking. In real-
ity, additional degradation of the mechanical brakes cbeldxpected. Thisis due
to that the friction materials are used above their opegagmperatures. Another
possible scenario is that the brake fluid could reach itsrigppoint which would
also reduce the performance of the brakes. Neither of théseteare included
in the temperature model of the mechanical brakes, see Péger modelling
details. The rear mechanical brakes are used much less. ding@ason for this
is the weight shift which gives the front wheels larger ldadinal force limits
whereas the rear wheels have to cope with smaller forcedindihus electrical
braking limits are accommodated first and then secondly ar@chl brakes. The
final temperature of the rear brakes is about 130

The results show that if models similar to the ones suggedsted for the
electric motor and mechanical brakes are used to calcutataldimits, it will not
only save the health of the motion actuators but will alsegiital information
for the control allocator about how the actual limits chadgeng different states
such as rotational speed and temperature.
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Figure 4.15: The two top plots show the input setand its limits for configuration HEV
WM and its motors during the repeated braking and acceterdadist. The black solid
lines represent actual, while the dashed red and blue lines represent upper ana lowe
combined limits, respectively. The two lower plots showtidsperature of the motors.
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Figure 4.16: The top plot shows the input setand its limits for configuration HEV
WM and its front brakes during the repeated braking and acatbn test. The black
solid lines represent actual while the dashed red and blue lines represent upper and
lower combined limit, respectively. The lower plot showe tiemperature of the front
mechanical brakes.
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4.4 Offline Reconfigurable for Several Vehicle Con-
figurations

Offline reconfigurability is an appealing feature for vehicbntrol systems, espe-
cially commercial automotive systems. To cut developmests; as much of the
embedded software as possible has to be reusable wherediffezhicle configu-
rations are developed. The aim here is to show that the pedpm®tion control
system is offline reconfigurable for a wide variety of vehiobafigurations.

4.4.1 Different test procedures

In Papers IV and V different test procedures are conductddtiviee vehicle con-
figurations, CV2, HEV E4WD, and HEV WM, see Chapter 3.2 forfaguration
details. The test procedures in Papers IV and V focused deelini@nding cases
and on traction and braking, respectively. In Paper VIl auoed version of the
proposed motion control system is used for vehicle configpmaCV1 to study its
Electronic Stability Control capabilities.

Assumptions

In Papers 1V, V, and VII the following assumptions are madetfi@ control sys-
tem. The control effectiveness matridgs,, € R**°, Bovs € R, Bypy pawp €
R3¥*? andBypy wu € R**10 are assumed to be linear. This means that no inertia
effects or nonlinearities are accounted for in the contysteam for the mapping
of the virtual control into the true control input of the numtiactuators — w.
However, the modelled and controlled system includes médrilgeomajor non-
linearities. Weighting matriced/,, for each configuration and’, in the control
allocation scheme are kept constant, and the desired ¢tortd v, for the mo-
tion control actuator is given as a zero vector, see alsorBégand V for details.
The only parts changed in the control system are the corffesitareness matrix
B, the weighting matriXV,,, the new motion actuator limits, and a modified tyre
fusion function for each configuration. The path contrcdl&l -parameters are
kept identical when different vehicle configurations amadated in Papers IV
and V.

Overall Results

The overall results show that the proposed motion contrsiesy can easily be
adjusted for the different vehicle configurations. The pathtroller's parameters
do not need to be tuned for different vehicle configurations.
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Detailed Results

The parts of the control system that need the most attentr@nwgwitching be-
tween the different vehicle configurations are the tyredndunctions and the
setting of the weighting matrixV,, for each configuration. However, the sepa-
ration of the control law and control allocation opens updastructural way to
handle a wide variety of vehicle configurations.

4.5 Robustness for Vehicle Parameter Changes

All of the previously presented simulations results haverbgerformed with the
prerequisite that the controller has knowledge of sevenglortant vehicle pa-
rameters such as the centre of gravity, vehicle mass, aed¢rdgad friction, for
example. An important aspect when designing or proposiranéaller is its ro-
bustness to parameter variations. This however has notareissue in this work,
but various simulations have been performed in order toess$cthis problem and
to see how the controller handles some interesting casesnAgs the HEV WM
configuration that is studied with the full functionality esplained in Paper VI.
Four different types of parameter changes are tested. Tidyfpe is related to
vehicle mass, the second type is related to the locatioreaféhtre of gravity, the
third is related to the inertia in the yaw direction and thertb is related to the
tyre/road friction.

For the four different cases, the test procedure is to drive circle with a
constant of radius 200 m on ice with friction 0.3. The initralocity is set to 10
m/s. The vehicle is accelerated with 0.1g until 90 percenheflimiting velocity
is reached. Then the velocity is kept constant for 5 s. The fiag is braking
with -0.1g until reaching 10 m/s. During the whole procedilme aim is to keep
the driving circle radius constant.

The proposed control system handles the tested cases vibryBimeulations
indicate that the controller is robust and can handle nbpaieameter variations
like change of mass and centre of gravity, but further amalgsiecessary to make
a more general statement. The test cases are summarizebléTa. Plots are
omitted for brevity. The evaluation criteria is the meanaguerror between the
actual and reference trajectories. The results can be aqechpmthe nominal case,
when all parameters are known for the controller. For théttmge test scenarios
no major deviation can be noticed, but for the last test steftacan be noticed
that the mean square error in longitudinal velocity for angeain wheel radius is
a magnitude larger and this is due to an initial wheel speex.er

When the known friction for the controller is assumed to b@, the error
actually reduces in lateral velocity in comparison to thenimal case. The tyre
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Table 4.1: Robustness test for vehicle parameter changes. Mean sguargmse) for
longitudinal, lateral, and yaw velocities.
| Changed parameter | Value (Nominal) | mse_v, | mse_v, | mse_w, |

Nominal case - 29.16 | 237.95 0.91
Mass, m 1875 kg (1675) 36.00 | 235.39 0.90

2175 kg (1675) 47.61 | 214.75 0.93

Centre of gravity, 0.963 m (1.07) 31.36 | 292.57 0.93
distance to front axlel 1.177 m (1.07) 29.24 | 196.51 0.88
Yaw inertia, I, 2355kgm? (2617) | 29.46 | 242.23 0.89
2879kgm? (2617) | 29.43 | 240.59 0.92

Tyre/road friction R, =027m(0.3) | 226.95 | 178.72 0.59
tetrr = 1 (0.3) 33.33 10.07 0.87

fusion function is conservative when calculating the afldvgteering angle limits,
thus by using 1.0 in friction, steering can be used withoatheng the combined
limits which in this specific test procedure leads to a smeiotehicle motion.

4.6 Conclusions about the Simulations and Results

The results from any simulations should be viewed criticaBimplifications in
models and neglecting to model important aspects can makeesults hard to
interpret or even misleading. Usually these shortcomimgsdacovered, at the
latest, when real hardware is used in the loop. However, lsions are a very
strong tool to use in the conceptual design phase to valditi¢eent concepts and
have here been used solely due to the cost and time involiethiementing the
proposed motion control system in real hardware. With thimind, the following
conclusions about the simulations are drawn.

The simulations indicate that the system requirements ekfim Motivation
Section 1.2 are fulfilled by the proposed motion control sysfound in Control
Design Section 3.3. One of the most interesting overallltess that the con-
strained control allocator with mixed optimization is fgah viable option for
solving the over-actuated HEV problem, allowing for a snhoatbitration be-
tween the vehicle motion controller and energy managenigrg.proposed tyre
fusion function together with motion actuator limits in jtam and rate of change
provide sufficient information between the highest conkegkl and the system
level to make proper allocation decisions.



Chapter 5

Concluding Remarks

This chapter concludes the findings of this thesis and alspgses what the po-
tential next steps could be.

5.1 Conclusions

This thesis shows that a motion control system for overatetliroad vehicles
such as Hybrid Electric Vehicles can be made both offline amohe reconfig-
urable. Detailed conclusions are stated below as a list.

¢ A reconfigurable motion control system for over-actuatedireehicles was
proposed and validated by simulations. The simulationsveldahat even
though a linearised control effectiveness matrix was usedhe control
allocation it achieved allocation on a road vehicle systeadetied with
realistic nonlinearities and dynamics. The control systetagrates and
coordinates the available motion actuators in an energgieiti way with
priority on vehicle stability. The control system uses colallocation with
a constrained optimization formulation to separate théroblaw of motion
from allocation on the available motion actuators. It wasvah that the
proposed system suits as well for conventional as hybrictritevehicles.

e The control system is hierarchical in its functional pastitng and it was
shown how energy management, vehicle motion, and arloitrdtinction-
ality can be performed in the highest functional level byngstonstrained
control allocation with an optimization formulation. It walso shown that
actual limits in position and rate of change from availabtgion actuators,
combined with tyre force limits, are needed as interfaceagbetween the
high level functions and the low level functions to allow fetiable coordi-
nation.

69
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e The control system was offline reconfigurable. It was showahiths easily
reconfigured for different vehicle configurations with dint types and
numbers of motion actuators.

e The control system was online reconfigurable. It was shovan ithcan
blend and handle saturation of motion actuators such asanes brakes,
electric motors, combustion engine, steering, and tyreefdimits. The
control allocation makes the system redundant; if an astifatls it auto-
matically redistributes the task among the available fionatg actuators.
This feature will be important when more safety critical dtions such as
steer-by-wire are included. Another important online fieatis the smooth
arbitration between energy management and vehicle motitm piority
on vehicle motion at all times.

¢ It was shown by simulation that the control system also fionst as an
Electronic Stability Control (ESC) system according to greposed test
procedure for ESC from the National Highway Traffic Safetynfidistra-
tion in the USA.

e It is possible to implement the used control allocation asa-time opti-
mization formulation because it uses an active set methachvguarantees
to find the optimal solution within a finite number of iterat®and always
finds a feasible suboptimal solution for each iteration [31]

5.2 What are the Next Steps?

During this research the following topics emerged as ingrdrareas for future
research and development linked to the work presentedsritigsis.

e Study how observers can be designed to achieve reliablematoon for the
control allocator.

e Make a sensitivity analysis and fault tolerance study oftfogposed motion
control system.

e Discuss how interface signals could be standardized betseppliers of
motion actuators and automotive manufacturers to allowdbable coor-
dination in the vehicle control system.

e Compare the difference in results when the constrained-@oaitocation
with mixed optimization is solved with different methodsdais stopped
before the optimal solution is reached. In particular, careghe active set
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method with the Primal-Dual Interior Point method [48]. TPemal-Dual

IP method not only seems to have smoother premature re48ltdjut can
also handle significantly larger over-actuation problenthout needing to
increase the number of iterations to find the optimal sotudiad without
having the cpu time increase exponentially with the oveuatton num-
ber, as is the case for active set. The active set methodtey fhough if

the over-actuation is lower than 15 actuators [48] but abvegnverges to
optimal solution in finite number of iterations independehthe level of

over-actuation.

e Study how a dynamical control allocation scheme which peealthe rate
of the specific actuators can be used to allow slow and fasiatms to
take the slow and fast dynamic responses of the vehicleecésply. See
Chapter 9 in [31].

e Study steer-by-wire, focusing on the design, to ensure to@ance of
driver induced oscillations. Test procedures for the \alah of steer-by-
wire systems, e.g. the sine-with-dwell procedure for ES§€lesys, need to
be modified to include steer-by-wire. Define the desired péth vehicle
equipped with front and rear steering capabilities.

e Study if Model Predictive Control (MPC) with control allagan could be
used to predict several steps ahead to ease allocation afrnmaattuators
with highly different dynamics and effectivenesses to eetithe desired
global forces and moments of the vehicle.

e Study how the system could be implemented as an ESC systerndn-a
ventional vehicle. Then in later stages, when more motidnadors are
introduced by hybrid electric or fuel cell vehicle techngypa full version
of the proposed motion control system could be implemented.

e Study how roll and pitch prevention can be included by addmegroll and
pitch moments to the virtual control signals within the cohallocator and
only use the active suspension to distribute correctingiabforces to min-
imize the roll and pitch angles.






Chapter 6

Summary of Appended Papers

This chapter gives a short summary of each appended paper.

6.1 Paper!l

This paper discusses how the control architecture of fuehoe hybrid electric

vehicles can be be generic. It proposes a hierarchical ituradtpartitioning of

the control system. The hierarchical system is proposecdndam three func-
tional levels. The highest level includes functions sucldmger interpreter, en-
ergy management, vehicle motion control, and strategitrabrThe second level
contains the driver interface, chassis, power supply, anxdiary systems. The
third level is the actuator sensor level. The paper alsaudses where different
functions are located.

6.2 Paperll

This paper is the first paper in this thesis to discuss how ésged global forces
F,, F, and moment\/, of the vehicle can be allocated onto a specific wheel's
longitudinal and lateral forces. A practical approach iscu allocate the global
yaw moment by splitting the task into longitudinal and latdorces by a weight-
ing functionk(F,, F,) such that, = kAF, + (1 — k)AF,. The idea is to not
allocate wheel forces near saturation, which was accouotedith k(F,, F,).
Simulations showed that this practical approach gaveyfgwbd results.
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6.3 Paperlll

This paper shows how a reusable control architecture wagresband imple-
mented in a remote controlled scale model car. The sameadmsdbund in Paper
VI were implemented and tested with specific functionalityltive and steer the
fuel cell emulated vehicle with an energy buffer of superacdjors. Test driv-
ing showed that both energy management and vehicle motioinatavorked as
desired.

6.4 PaperlV

This paper includes the main system modelling of chassigetdains, and mo-
tion actuators for the three studied vehicle configuratian&, HEV E4WD, and
HEV WM. The configurations have seven, nine, and ten motitumedors respec-
tively to control longitudinal, lateral, and yaw motion. @ motion control system
uses control allocation with a constrained optimizatiamfolation to separate the
control law of motion from the allocation of the available tioo actuators. This
makes the control system reusable for a wide variety vebmhdigurations. It is
shown by simulation how control allocation can be used withe control system
to generate the brake blending of different motion actgathiralso identifies the
importance of weighting and prioritizing the blending oéthvailable motion ac-
tuators during braking by using the weighting matrik, within the optimization
formulation used in the control allocator.

6.5 PaperV

This paper focuses on the traction, braking, and steeritigeodame three vehicle
configurations modelled in Paper IV. It is shown how nonliitess such as gear
shifting can be included in the control allocation schemeniaking the control
effectiveness matrixB(z) vehicle state dependent. It also explains in more de-
tail how the actuator limits in position and rate of change @mbined with the
tyre force limits and sent back to the control allocator. sishown by simula-
tion how the motion actuators are automatically re-disteld when needed due
to saturation or the reaching of tyre force limits. It alsentifies the importance
of differently weighting and prioritize the blending of tlheailable motion actu-
ators during traction and braking by using the weightingrirat/’, within the
optimization formulation used in the control allocator.
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6.6 Paper VI

This paper is the most futuristic, studying the vehicle auntition HEV WM
and how energy management and vehicle motion control amsic@ted in the
proposed motion control system. A finite state machine togetvith a set of
rules are used as an energy management function to deridesived input of the
motion actuators. A bicycle model is used to calculate therded front and rear
steering angles. It is shown by simulation how smoothly itea input signals
u for the motion actuators are diverted from the desired ismgnalsu .. This is
accomplished by the optimization formulation used withia tontrol allocator.
A proposal is also given on how the weighting matii (v) can be made longitu-
dinal force dependent and how linear interpolation can leel fier the weighting
and blending of the available motion actuators.

6.7 Paper VIl

This paper studies how the proposed motion control systenfiugaction as an

ESC system for vehicle configuration CV1. This vehicle camfigion is the clos-

est configuration to today’s mass produced road vehicled tiexstudied con-

figurations. The steering is solely managed by the drivere Eontrol inputs are
used to control the longitudinal force and yaw moment. It wlaswn by simu-

lation that the motion control system, based upon conttotation, passes the
proposed test procedure by NHTSA for ESC systems. It is atealaded that

the proposed test procedure cannot be applied to vehicfegooations that have
steer-by-wire facilities because the steering wheel aigglesed as the input for
the test procedure sine-with -dwell. In a software baseetstg control the input

can be manipulated. Therefore a desired yaw rate is suggestead as the input
for the test procedure to also include vehicle configuratihich are equipped
with steer-by-wire.
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Appendix A

Nomenclature and Glossary

The Nomenclature found here is only for the thesis part, maippended papers.

Symbol Definition
Greek letters

I} vehicle’s slip angle
~ weighting parameter in CA optimization
I road/tyre friction

W, vehicle’s yaw rate
P rate of change, curvature of road
p true control input’s minimum limit in rate of change
7 true control input’s maximum limit in rate of change

Latin letters

B control effectiveness matrix

F;; i wheel’s forces in i=x,y direction

I, vehicle’s yaw inertia

Ly length from front axle to centre of gravity

m vehicle’s mass

r=[v. vy w }T vehicle’s reference velocity

Tfg final gear ratio

R, wheel radius

tr sampling time of the CA function
T temperature of mechanical brakes or electric motors
U true control input, vehicle’s motion actuator input
Uel input for electrical motor

Umb input for mechanical brake

Udes desired control input from energy management and steering
U true control input’s minimum limit
[ true control input’s maximum limit

v = [ F, F, M, virtual control input, global forces and moment
Vg vehicle’s longitudinal velocity
Uy vehicle’s lateral velocity
W weighting matrix for true control inputin CA optimization
W, weighting matrix for virtual input in CA optimization
x vehicle system states, vehicle’s longitudinal direction
Y vehicle system output, vehicle’s lateral direction
z

vehicle’s vertical direction



79

Glossary

Actuator (A) Device responsible for activating or putting into action.

Arbitration Process of evaluating and prioritizing request signal€rlthe number of incoming
requests is greater than outgoing requests. The oppositeatiination.

Architecture Organisation of system hardware and software.
Auxiliary Systems (Aux) Vehicle functionality not required for generating vehioletion.
Brake Pedal (BP) Driver’s brake pedal for controlling the level of braking.

Buffer (bf) Energy carrier which stores a limited amount of energy amdooentribute both pos-
itive and negative power to the system.

Chassis (Ch) Part of the vehicle responsible for the generation of grauotion including con-
verters located after differentials and excluding Powesby

Connector (c) Physical interface between Functional Units, such as mrcalkand electrical.

Control Allocation A function used for the coordination of actuators within aremactuated
system.

Converter (Conv) Hardware which converts energy into a different form, foample, a com-
bustion engine converting chemical energy into mechanicah electric motor converting
electrical energy into mechanical.

Coordination Process of splitting request signals by evaluation, wheeenumber incoming
requests is less than outgoing requests. The opposite iobdidn.

Drivetrain The transmission, shafts, and the differential.

Driver Interface (DIf) Device which receives driver input and provides sensorrmédion in
order to change certain sensor values and drive the vehicle.

Driver Interpreter (DIp) Function that interprets the driver’s intentions and sedssired driv-
ing path.

Electronic Stability Control (ESC) A function which assist the driver when vehicle is becoming
over- or understeered.

Energy Carrier (EC) Apparatus which carries energy in the vehicle. Examplesiofigry ECs
are the gasoline tank and hydrogen tank. Secondary ECs daatteeies or super capaci-
tors.

Energy Management (EM) Function that controls the power coordination between Wadable
energy carriers within Power Supply.

Fuel Cell Vehicle (FCV) Vehicle containing a converter where chemical hydrogengns con-
verted to electrical which is then used mainly to propel thbigle.

Function (Fn) Action or activity that must be accomplished to achieve arddsoutcome.

Functional Decomposition Process of identifying fundamental functions within a systand
decomposing the system into Functional Units.

Functional Unit (FU) Entity of software and/or hardware capable of accomplgtarspecific
function.
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Gas Pedal (GP) Driver’s gas pedal for controlling the level of acceleratio

Interface Shared boundary between two Functional Units, such aslsignd/or connectors.
Information signal Estimates of performed requests or request limits.

Generic Hardware independent.

Hybrid Electric Vehicle (HEV) Vehicle containing two or more energy carriers used for prop
sion, where at least one is electrical.

Limits (lim) Upper and lower boundaries of request signals.

Limits in position Upper and lower boundaries of request signals relating tmthe steering
angle input in the steering system and the torque for the arécal brakes and electric
motors.

Over-actuated system A system with more actuators than controlled motions. Tlstesy has
more than one actuator to influence at least one of the motions

Oversteered When less steering angle is needed compared with a neweaéstvehicle for the
desired motion.

Power Supply (PS) Part of the vehicle responsible for the main energy careedsalso convert-
ers such as a fuel cell.

Request Signal used for controlling a function.

Reconfigurable Control System Offline: A control system that is easily adapted to different
types and number of actuators. Online: A control system dluématically adapts to
new conditions and re-coordinates in between the actuttonget the desired demand.

Regenerative braking Using the electric motors to control the braking of the v&hidhe elec-
tric energy from the electric motors are stored in a buffer.

Sensor (S) Device that responds to a signal or stimulus.
State of Charge (SOC) Level of energy within a buffer.

Steering Wheel Angle (SWA) The turning angle of the steering wheel. When divided by the
steer gear ratio wheel angle is achieved.

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

Understeered When more steering angle is needed compared with a newteakst vehicle for
the desired motion.

Underdetermined When the number of unknowns exceeds the number of systenti@ugia
Same as over-actuated system.

Vehicle Motion Control (VMC) Function that controls the vehicle’s ground motion and deor
nates the Wheel Units.

Wheel Motor (WM) An electric motor for individual wheels that controls thestational speed
or torque.

Wheel Unit (WU) Wheel with controlled actuators.



Appendix B

Control Allocation

B.1 Introduction

Consider the system described as

~—

z) + g(z)u (B.1)

L= f
u<u (B.2)

= &
IN

whereg(x)u = v, v is also called the virtual control input. A control law reg-
ulates the virtual control input. The demand <€ R* is mapped onto the true
control input of the actuators — u, whereuw € R™ andk < m. The alloca-
tion problem lies in that there are several input sets tifat can give the control
demandv. Additionally, the true control input, is constrained which limits the
feasible solutions. The outline of the appendix is as folo®ection B.2 gives a
simple brake blending example to illustrate control altara This example will
be revisited throughout this appendix. Section B.3 dessrgolutions by using a
pseudoinverse and direct allocation. Section B.4 disautbsemixed optimization
based control allocation and how it can be solved by usingthige set method.

B.2 Brake Blending Example

To illustrate the practicality and usefulness of contr@eation, consider the fol-
lowing system for a simple case of brake blending of a vehicle

T = U + Usg (B3)
—0.39g < uy <0.3g (B.4)
—1lg<uy <0 (B.5)
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wherez is the vehicle velocityu; is the input for the electric motot, is the
mechanical brakes, arnds the gravity constant. Because the model in Eq. B.3 is
simple, f(x) = 0 andg(x) = B when compared with Egs. B.1-B.2, the desired
braking acceleration is directly related to the virtual control input= &

v = Bu (B.6)
B=[11]. (B.7)

To achieve a desired braking of= —0.7¢ there are several possible solutions.
Mechanical brakes could solely be used~ 0 andus, = —0.7¢. Brake blending
could be usedy; = —0.3 anduy = —0.4¢g. Even full traction of the electric mo-
tors and full mechanical braking could be used,= 0.3 andu, = —1.0g. The
latter is of course not an energy efficient solution. Thewessbset of linear com-
binations of feasible:;; andwu, that fulfil the actuator constraints and the desired
virtual control input ofv = —0.7g¢, as illustrated in Fig. B.1.

|
o
N
CE R RN

-0.4 -0.2 0 0.2 0.4 0.6

YU

Figure B.1: lllustration of how the subset af € (2, the large dashed square, constrains
the solution ofv = —0.7¢g, the black line. The part of the black line inside the dashed
square denotes all possible solutions. The green squakermandicate specific solutions
mentioned in text. The circular and diamond markers aredusaverse solutions. The
red diamond marker, calculated with a standard Moore-Renpseudoinverse, is not a
feasible solution. The green circle marker, calculatedh &itveighted pseudoinverse, is a
feasible solution.

If the control effectiveness matri® in Eq. B.6 had been square and full rank
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the inverseB~! would have existed and it would have been possible to djrectl
compute the solution = B~!v. In this case, however, the inverse®fdoes not
exist. This simple example illustrates an over-actuatestesy where the number
of true control inputs: € R™ exceeds the number of virtual control inputs R*,
where in the above example = 2 > k& = 1. To solve the coordination of the
available actuators control allocation can be used.

B.3 Pseudoinverse and Direct Allocation

Pseudoinverse

As mentioned earlier, the inverse of the matrix B does nostexithin exam-
ple B.3. One way to solve the underdetermined system of thatexp is to calcu-
late the pseudoinverse, also called the generalized m{&8$ The pseudoinverse
is the solution of the minimurfy norm of u

in [fuf, (B.8)

subject tov = Bu

whereB € R¥*™ andk < m. The pseudoinvers8' then basically gives the
minimum length vector, = Bfv. In [13] it is shown howB' can be derived
by using a classical approach to solve constrained opttioizproblems. Here,
constrained refers to= Bu. By introducing the scalar function, Eq. B.8 becomes
unconstrained

L(u, \) = 0.5u”u + A\ (v — Bu) (B.9)

where) € RF*! s the Lagrangian multiplier vector. An extremum is foundenh
the gradients aré,L(u,\) = 0 andd\L(u,\) = 0. Taking the gradients of
Eq. B.9 gives

OuL(u,\) =u’ —AB=0su" =B s u=B") (B.10)
MWL(u,\) =v— Bu=0< v = Bu. (B.11)

Insertingu from Eq. B.10 into Eq. B.11 gives
v= BB\ (B.12)

Solving \ gives
A= (BB") . (B.13)

Inserting the solution for Eq. B.13 into Eq. B.10 gives figall
u= BT (BB")"'v = B'v. (B.14)
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To assure that this is still a minimum, the second derivatarebe studied to verify
thatd? L(u, \) = 1 anddiL(u, \) = 0 are non-negative.
Using Eq. B.14 on the example Eq. B.3 for achieving the ddsimgual con-

trol input of v = —0.7g givesB" = [ § 3 }T with the solutionu, = uy, =
—0.35¢, see also Fig. B.1. The achieved solutioruinis not feasible due to the
minimum limit of the electric motot;, = —0.3g. One way to still use the pseu-

doinverse and more likely achieve a feasible solution isitmduce a weighting
matrix W, in a minimum 2-norm

min ||W,ull, (B.15)

u

subject tov = Bu

wherelV, is a diagonal matrix of size: x m. In [53] it is proposed that the
weighting of the true control input can be penalized by isits z to assure fea-
sible solutions, accordingly/,, = diag[ Vay ... 1/up, ] In a similar way as
described before, the weighted pseudoinverse can be ddawmcluding\V,, in
Eqg. B.9

L(u, ) = 0.5u" W,u + AT (v — Bu). (B.16)

Now the derivative 0B, L(u, A) = 0 to find the extremum becomes
OuL(u,\) =u' W, —AB=0<u" = \BW,' ©u=W,'B'\. (B.17)
Insertingu from Eq. B.17 into Eq. B.11 gives
v=BW, BT\ (B.18)

Solving A gives
A= (BW,'B") . (B.19)

Inserting the solution Eq. B.19 into Eq. B.10 gives finally
uw=W,'B"(BW,'B")"v = Bf, v. (B.20)

To assure that this is still a minimum, the second derivaifie(u, \) = W, and
03L(u, \) = 0 can be examined which says thatiif, is a positive definite matrix
then the solution is a minimum.

Example Revisited

In revisiting example Eq. B.3 by using the weighted pseudsise the weighting
matrix W, = diag[ 1/0.3 1/1 | is selected. This will penalize the use of elec-
tric motors more due to the smaller limit band when comparid the mechan-

ical brakes. This gives a weighted pseudoinversB{bI = [ 0.231 0.769 }T.
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The solution ofv = —0.7¢ then becomes; = —0.162¢g andus, = —0.538g,
which is a feasible solution, see Fig. B.1. Even if the deegien is increased to
maximum brakingg = —1g, a feasible solution is given by the weighted pseu-
doinverseu; = —0.231g anduy = —0.7699. However, the full potential of the
electric motor is never used during the braking. For examplenly regenera-
tive braking is wanted during-0.3¢g < v < 0, the weighting matriX/,, has to
be changed depending on the desived/lost methods solving control allocation
can be defined as pseudoinverse methods [31]. However, qisgatse solutions
have their disadvantage in that the limits of the true cdninout z are not ac-
counted for directly, and therefore adjustments have to &denon the achieved
solution.

Direct Allocation

Another method of achieving control allocation is by usihg tirect allocation
method [20], [21], and [13]. This method uses the geometrthefAttainable
Moment Subset. The—dimensional geometry of AMS is achieved by using the
limits of the control inputz and mapping them through the control effectiveness
matrix B. A geometric search is used to find a feasible inpdbr v with the
maximum magnitude. This is described by [12] and [31] as

max a (B.21)
-~

subject toav = Bu

u<u<u

and ifa > 1 thenu = Lu elseu = u.

B.4 Optimization Based Control Allocation

In [31] it is shown how constrained mixed optimization basedtrol allocation
can be solved by using the active set method. For furtheigazh the active
set method, see also [45], [11], and [48]. This section willyogive a short
overview of this concept. The section is outlined as folloWssubsection B.4.1
the constrained mixed optimization formulation of the u§&dis revisited. Sub-
section B.4.2 discusses why thenorm is preferred in the objective function.
Finally, in Subsection B.4.3 the active set method is shown.
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B.4.1 Mixed Optimization Formulation

A two-step optimization problem, sequential least squésts), see Eqgs. B.22-
B.23, is one of the optimization formulations used for stherthe allocated input
of the feasible:, the subset within the constraints of the specific actuators

u = arg min |[|Wy,(u — tges)||2 (B.22)
ueld
Q = arg min ||W,(Bu — )| (B.23)

u<u<u

wherelV, is the weighting matrix for penalizing the use of specificuatbrs and

W, is the weighting matrix for penalizing the specific virtuahtrol input, in this

case the global forces and moment of the vehiglg, is the desired control input.
The two step optimization formulation in Eqs. B.22-B.23 denrewritten as an
one step optimization by approximation. This is done by gsirscalar weighting
parametety for the allocation error B.23, accordingly

u = arg EEE} |IWa(u — tges)|l2 + || Wo(Bu — v)||2. (B.24)

u<u<u

Eq. B.24 is a mixed optimization formulation. It not onlyetsi it to minimize
the allocation errof Bu — v) but also the error in the desired inplt;.; — u)
is minimized whenever feasible. The formulation in Eq. Bi24eferred to as
weighted least squares (wls).

B.4.2 Why thel, Norm?

In Subsection B.4.1 the norfm was used for the optimization formulation. This
subsection illustrates some of the differences in usingtlaad/, norms in the
optimization formulation. Consider the simplified contadibcation formulation

min, [[ul], (B.25)

subject tov = Bu

u<u<u

wherep is the norm of the objective function. The matrix and vectoase the
following sizesB € R**™ andk < m, v € R¥*!, andu € R™*!. If the norm is
set top = 1, the problem can be solved by linear programming method$, as
the simplex method. These methods are both fast and robhistappears to be a
natural choice instead of using thenorm withp = 2.
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Example Revisited

In revisiting the brake blending example stated in Eqg. BoBtours can be drawn
for when the objective function in Eq. B.25 is using thendl, norms, respec-
tively, see Fig B.2.

)
N
""""""""‘t"}\*\:\'\v '

Figure B.2: The left plot shows the contours when the objective functipr| ,, uses the

{1 norm. The right plot shows the contours whentheorm is selected. The large dashed
square corresponds to the boundary of the subset®f(2. The black line corresponds
to the solutionv = —0.7¢. The part of the black line inside the dashed square denltes a
possible solutions. The circular green marker in the laft @ the solution when using
linear programming to solve the problem. The circular armardind markers in the right
plot are the pseudoinverse solutions discussed in Secti&n B

In the left plot in Fig. B.2 the contours are drawn for thenorm, which
forms square contour shapes. The linear programming seotut the problem
forv = —0.7g iIsu; = 0 anduy = —0.7g, see the left plot in Fig. B.2. The
linear programming solution does not use theelectric motor at all, only the
mechanical brakes,. In the right plot in Fig. B.2 the contour shapes are circular
for when thel; norm is used in the objective function. The pseudoinverse so
tions for when using thé norm are also plotted. The norm solutions use both
u; # 0 andus # 0 to achieve the desired = —0.7¢. This illustrates the main
benefit of using thé, norm. Instead of only using a few of the available actuators
asl,, it tends to use several. This makes theorm less sensitive for actuator fail-
ure as more actuators are automatically used and when nebegdhen easily
compensate for the loss of the failed actuator [48].

1Thel i npr og function within the Matlab optimization toolbox was used.
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B.4.3 Active Set Method

The word active set refers to that when the inpig calculated, the’s are divided
into saturated controls, named the active set, and unsatlicantrols, named the
free set. The wls optimization formulation in Eq. B.24 is rigtgn as a least
squares problem of the form

win|Au = )] (8.26)
Bu =wv (B.27)
Cu>U (B.28)

I
C = ( O ) (B.29)
U= ( - ) (B.30)

where the actuator constraints< « < w are rewritten as an inequality by using
Egs. B.29-B.30. The rewriting of the wis Eq. B.24 becomes

Wulu = tdes)ll2 + v[[Wo (Bu — v) |2

:H 71/2WUB . 71/2va Hg.
Wu Wuud

= || Au — bl (B.31)

Initiation of the Active Set Method

If it is the first time the active set function is called upom #mlving Egs. B.26-
B.30, allu’s belong to the free set, unsaturated controls, and araligtiess is
set toup = (u + u)/2. The next time, the initial guess is equal to the previous
calculated solutiom, = u,,., Which was calculated in maximum iterationsAn
initial residuald is then computed from the initial guesswof

d="b—aAu (B.32)

wherea a scaling parametér < « < 1. For the initial residuadv is set to 1.
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Iteration within the Active Set Method

The iteration starts out by eliminating any controls thatsaturated, i.e. the active
set. Then an improved solution for the free set is calculadéuthe pseudoinverse

Prree = Al (B.33)
Ufree = Ufree + Ptree (834)

wherepy,.. is the perturbation vectouy,.. is the free set, and,.. are the cor-
responding columns ofl for the free set. The newy,.. is then checked for
feasibility, Upree < Ufree < Ugree-

e If the solution is infeasible, then the most infeasiblg.. ;... is used for
calculating a step length to achieve a feasible solution. The step length is
decided by studying they, . i»s. Normalized distance to its limits;,.. ;,, .

Of Usree.infe- 1NEN & feasible solution is updated by calculating a newdl+es
ual, see Eq. B.32, and a feasible update gf. = u .. + ap is made.

¢ If the solution is feasible, a step length@f= 1 is used for calculating the
residuald and update ofi ... This is then checked to see if the solution is
optimal by calculating the Lagrange multipliers for theihaetet

)\active set — Agctive setd' (835)

If all Auciive st >= 0 then the optimum solution is found and the iteration
is terminated. Otherwise, the one among the active setrédatlicontrol)
with the most negativa is removed from the active set and becomes a free
set control and a new iteration starts.

This iteration continues until all Lagrange multipliergar >= 0 or the number
of maximum iterations are reached. The convergence is fashva good initial
guess is chosen. This is the case when the virtual controt irip) changes slowly
over time, making the previous,.., a good initial guess for the next mapping of
v — u. The active set method will reach an optimum solution in @dinumber
of iterations.

Example Revisited

The simple braking problem stated in Eq. B.3 is now revisitéd begin with,
the design parameters of the wis optimization formulatieedto be set, see
Eq. B.24. The weighting matrix of the control input is se&etto belV, =
diag[ 0.1 1 } which means that the electric motors are penalized ten tiesss
thus encouraging the use of the electric motors. The desiped is selected to be
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Uges = [0 0 }T which means that the optimum is when the actuators are used
as little as possible. The weighting parameter is setto1e4, which means that

the erroriV,(Bu — v) is prioritized more than the desired inpldf, (v — wges)-
Sufficient accuracy is found whenis selected to be high enough. The weighting
matrix for the virtual control input is set td/, = 1. Now A andb, see Eq. B.31,
become

100 100
1/2
A:(7 W”B): 0.1 0 (B.36)
Wy
0 1
—70
1/2W
_ (VW
_< -~ >_ 8 . (B.37)

Initiation

The initial guessy; = 0 anduy, = —0.5 gives the initial residual

d=[-20 0 05]",seeEq.B.32.

First Iteration

The iteration process is then started and during this fiesaiion, all actuators
are in the free set, none are saturated,.. = A. A new updated solution
is calculated with Egs. B.33-B.34, which gives the perttidmavectorpy,.. =

[ —0.693 0.493 " and the updated solutian= [ —0.693 —0.007 ]". Is the
solution feasible? Noy, is below its lower limitu; < u,. Fig. B.3 illustrates
how the updated solution by the weighted pseudoinversetsdeuthe feasible
solution for the studied problemu, is now placed in the active set, due to the
fact that it is saturated and, is still left in the free set. The next step is to
modify the step length by checking which distance to its t@nsts is small-
est, in this case\ = (u; — u)/py = 0.433. Now the solution is updated by

Ufree = Ugree + ap Which givesu = [ —0.300 —0.287 ]T, see Fig. B.3. The

residuald = [ —11.343 0.030 0.287 ]T is also updated by Eq. B.32.

Second Iteration

The second iteration starts with in the active set and .. = [ 100 0 1 }T
which corresponds to the column fes in the free set. A new perturbation vec-
tor, now scalar, is calculated with Egs. B.33-B.34 whichegivy,.. = —0.1134.
The solution is updated = [ —0.3 —0.4 ]T. Is it a feasible solution? Yes,
both are within the boundaries. The residual is updated d — A ccppree =

[ 0.004 0.03 0.4 ]T. Is it an optimum solution? Yes, the Lagrange multipliers
are checked by = A”d which gives\; = 0.397 and ), = 0, the optimum is
found. The iteration is terminated.
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Figure B.3: lllustration of how the active set method iterates to findapgmal solution.
The subset of, € (), the large dashed square, constrains the solution ef —0.7¢,
the black line. The part of the black line inside the dashaghsg}denotes all possible
solutions.

Concluding Remark

In comparison to earlier solutions where only a weightedigeaverse was used,
which did not consider the actuator constraints, a weightiatrix 17/, penalized
the usage of the electric motors more due to its smaller caingt +0.3g. This
leads to the undesirable result that the usage of the elentior is small, com-
pared with the mechanical brakes, during low deceleratemahds. The active
set method for wis instead allows for maximizing the use efekectric motors
and the rest is then blended with the mechanical brakes teackhe desired
brake acceleration of -0.7g.
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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.
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Figure 1: Illustration 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

‘actuator‘ |actuator‘ Isensor‘

driver

sensor

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 vehicles using a functional
architecture (right), the complexity increases minimally [2].
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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.



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

Item 4 allows manufacturer to retain ownership of the brand specific functions while suppliers can
provide controls for various subsystem functions. This also allows the manufacturer to change the vehicle
characteristics from optimizing the drivability to fuel economy. Item 5 also matches well with the supplier
and manufacturer relationships. Item 6 allows hardware to be changed without redesigning the functional
architecture.

4.3  Main architecture

The Main Control consist of three major parts; Driver Interpreter (DIp) interprets the driver’s demands,
Vehicle Motion Control (VMC) controls the vehicle according to these demands and Energy Management
(EM) assures that this is done in a energy efficient way. Additionally there is the Strategic Control (SC)
which summarizes the input from them both and makes the overall decisions considering reliability and
safety. The functional decomposition with three hierarchical levels is shown in Figure 3. The highest of
these levels is the Main Control. The communication is handled with a network.

Main Control
Driver Interpreter

Energy Management | ‘ Vehicle Motion Control

Functional
level 1 (highest)

Strategic Control

External
Information

Driver

Auxiliary Systems
Interface

Power Supply
Functional

ﬁﬂ
level 2

Driver Actuators | [Wheel units| [Bodies| [tnter PPU  |[Buffer Aux consumers Functional
- A \
level 3

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

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

4.3.1 Driver Interpreter

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

4.3.2 Vehicle Motion Control

Vehicle Motion Control calculates the global forces Fx, Fy, and Mz that are required to generate the
desired accelerations received from Driver Interpreter. Then it determines how the forces should be
distributed between the Wheel Units (WU). More detailed description of the VMC and WU functions are
found in [8]. The idea is to already from the beginning determine the force distribution between the wheel
units and by this achieve overall performance with smooth behaviour that considers the maximum force
surface (fx;, fy;, fz;) for each Wheel Unit to generate desired forces within the stable region. Similar
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approach is also used in [13]. A conventional vehicle have different safety systems such as ABS, VSC
(Vehicle Stability Control, TCS (Traction Control System), these functions are usually only used in
critical situations, and thus don’t have a smooth behaviour.

4.3.3 Energy Management

EM calculates the desired power needed from Power Supply considering the total tractive force and
needed auxiliary power. EM calculates a State of Charge (SOC) target where it considers vehicle speed. A
coefficient of desired electric regenerative braking is also calculated and sent to both Chassis and Power
Supply. It considers if the SOC is higher or lower than SOC target. Logic for maximum auxiliary power
use is also located in EM. The overall traction force is estimated by Energy Management and is sent to
Strategic Control that finally sends the order to Power Supply.

4.3.4 Strategic Control

The SC is the part in Main Control that finally places the orders from EM and VMC. It considers if EM or
VMC signals that the vehicle status is critical and then Strategic Control gives priority to primary
functions as suggested from either part.

Driver Vehicle Motion Control Strategic Chassis
Interpreter Controller WU,
DEMANDS .
°
(F x’F V’Mz)dex f""y i
- —
Path Force WU, WUy,
Controller Distributor Controller Plant
(
FoFo M) e Simax fres
< &
< < °
°
LIMITS °
WU,
Place
orders

Chassis states |

Power Supply
Energy Management
DEMANDS
Buffer
ETF, ERB 11 F P
SOC Force/Power PS
Controller Controller Controller
~ F, P, PPU
< <
LIMITS

Power Supply states

Figure 4: Signal flow between Driver Interpreter, Chassis and Power Supply. All demands have to be
authorized by the Strategic controller.

Generic interfaces are utilised for the orders and the information e.g. vehicle states. By using generic
interfaces, hardware can be changed without re-designing the Functional level 1. Some of the allocated
functions in functional level 1 are summarized in Table 1. Table 2 shows a subset of functions for level 2.
The signal interfaces between functional level 1 and 2 are made generic. There are specific subsystems
within the different classes in functional level 2.
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Table 1: Some of the allocated functions in Functional level 1 -Main Control.

Driver Interpreter

Definitions

Driver intentions

Determines the desired global accelerations by interpreting the
information given by sensors in Driver Interface and the feedback from
the Vehicle Motion Control, Driver Interpreter.

External information

If it is activated, it uses available external information, e.g. distance to
vehicles ahead, traffic flow and road conditions to automate the
driver’s intentions. This includes functions as cruise control (keeping a
desired speed)

Driver feedback

By limit feedback input from Vehicle Motion Control and Energy
Management the level of feedback is determined and sent to Driver
Interface. This could be force feedback on steering wheel and pedals.

Vehicle Motion Control

Definitions

Global forces Determines the desired global vehicle forces from Driver Interpreter.

Wheel Unit forces Determines the longitudinal, lateral, and vertical wheel forces for each
wheel unit for vehicle dynamic optimal driving for current vehicle state
and the desired global forces.

Limit feedback Interprets and feeds back limitations on achievable accelerations to the

Driver Interpreter.

Energy Management

Definitions

State of charge (SOC) target

By considering vehicle state (vehicle speed), driver’s intentions, and
environmental data (e.g. known topology, traffic information) a
suitable SOC target for the buffer is determined.

Buffer

SOC regulation according to SOC target.

Traction force/power

Determines a traction force for energy optimal driving.

Split Traction force

If a parallel or split HEV configuration is the current system then the
suggested level (0...1) should be generated by the electric motors.

Split Braking force

Defines the level (0...1) that should be used to regenerate energy.

Auxiliary load

Determines the maximum power allowed for the auxiliary system.

Strategic Control

Definitions

Arbitration of demands from

EM and VMC

Summarizes the demands from Energy Management and Vehicle
Motion Control and decides which is most critical.

Vehicle mode

Here, different vehicle characteristics are accounted for by driver’s
choice. The different modes could be sport, normal, or economical
driving.

Authorisation of orders

Sends final orders to functional level 2.

Shut down logic

When bad state of health is sent from some actuator/sensor it is
allowed to shut down by Strategic Control.

Table 2: Some of the allocated functions in Functional level 2 —Driver Interface, Chassis, Power Supply,

Auxiliary systems.

Driver interface

Definitions

steering, accelerator,
mode

brake,

Determine the level and rate of change of the pedals and steering wheel
or joystick. Sends the information to Driver Interpreter along with
mode settings as e.g. sport/normal/economy.

Forward / Reverse

Determines the direction of the vehicle

Chassis

Definitions

Wheel unit control

The forces are distributed by the VMC is generated at each WU.
Typically, the desired forces are translated into steering angle and
tractive/braking torque.

Actuator coordination

Several actuators may perform the same function, this requires
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coordination. Typically this could be to split the requested
tractive/braking force between current available actuators according to
guidance given by Strategic Control.

Inter-restrictor coordination

When introducing inter-restrictors, one actuator may affect several
wheel units, typically a rack steering which constrains the steering
angle of two wheels.

Power Supply Definitions

PPU Control of the Primary Power Unit. For an ICE and transmission this
would include elementary engine functions such as spark, air, fuel etc.
plus shift scheduling for the transmission.

SOC/SOH level Determines the SOC/SOH level of the buffer and send this information
to Energy Management.

DC-DC Determine the charging or discharging mode for DC to DC voltage

converter.

Auxiliary Systems Definitions
Climate control Regulate the cabin temperature.
Lights Regulate lights.

4.4 Power supply

The conventional powertrain concept with a combustion engine, transmission, and driveline is not a valid
description for a HEV. The HEV concept includes handling of a major electricity source in combination
with a conventional or parts of a conventional powertrain. A more suitable name of this function is Power
Supply. The Power Supply includes both the Primary Power Unit (PPU) and a buffer and can be anything
from an internal combustion engine to a fuel cell. The buffer can be an electric buffer such as a battery,
super capacitor or a mechanical one e.g. flywheel. Figures 5 and 6 show how the power supply is defined
for a serial, parallel, and split HEV configuration. The examples include inter-restrictors between Wheel
Units. The restrictors illustrates that the driving torque applied to two wheels is restricted by e.g. a
differential or an electric machine connected by a differential. Restrictors are explained in Section 4.5.3.

Power Supply

Primary Power Unit

ICE Gen

Chassis

Wheel Unit

—

estrictor

r

Wheel Unit

Power Supply

Primary Power Unit

=

Chassi

. Wheel Unit

Wheel Unit

Buff;:

Figure 5: Illustration of power supply for serial with internal combustion engine (left) and serial with fuel
cell (right) HEV configuration. ICE=Internal Combustion Engine, Gen=Generator, FC=Fuel Cell, Black
line=electrical power, and Grey line=mechanical power.
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Figure 6: [llustration of power supply for parallel (left) and split (right) HEV configuration.
ISG=Integrated Starter/Generator, GB=GearBox, PG=Planetary Gear, Elm=Electric machine.
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4.5  Chassis

The chassis is thought of as a body onto which a number of wheel units are mounted, see Figure 7. Each
wheel is then considered as an autonomous unit and by default decoupled from the other wheels.
Depending on the linkage carrying the wheel as well as the available actuators, there are different
possibilities to generate ground contact forces. A very simple case is a wheel with only brakes and no
steering possibility and passive suspension, while other wheel units may have drive, steering, camber
control and active damping. -

Chassis

Inter Inter

restrictor restrictor

Differential \_/l w E jRack steer|
—

o o o O

Figure 7: Schematic sketch of a chassis containing 4 wheel units and the inter-restrictor differential and
rack steering.

There are various kinds of restrictions for each wheel's motion. An obvious case is the steering of a
traditional car which couples the steering angle of the front wheels. To handle this in a clean and efficient
way, the chassis is thought of as consisting of three types of components at any amount each; bodies,
wheel units and restrictors.

4.5.1 Body

The body's main task is to frame the vehicle which essentially means to carry the wheel units as well as
passenger and goods. In addition to this, the body also carries properties such as mass, inertia, and a
geometric reference frame as well as sensors to measure its states. The main idea with the function body
is that more than one body can be used when defining articulated busses, semi trailer combinations or
week chassis. The body includes the specific wheel units that are attached to the specific body inter
restrictors define the connections between the bodies.

4.5.2 Wheel Unit

The distributed forces from the Strategic control is realised at each WU that also sends information about
maximum achievable force. To generate the tractive force, fx;, the wheel unit checks how much rotational
torque is available directly by Power Supply on the actual wheel unit and then coordinates the available
actuators to meet the desired order. Typically the wheel unit could be realized as in [7]. More details
about vehicle motion control and wheel unit are presented in [8].

4.5.3 Restrictors

Today’s conventional chassis have constraints and limit the controllability of each wheel unit. To handle
this in a systematic way restrictors are introduced. A restrictor can either restrict the wheel's motion
relative to the body, i.e. within the wheel unit or relative to another wheel unit; these are referred to as
intra-acting and inter-acting, respectively. Furthermore, these could be either 'active', meaning that they
could be controlled, or 'passive’ units like e.g. a standard strut. Some examples are presented in Table 3.
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Table 3: Example of different type of utilised restrictors. Note that parts of a traditional powertrain that
are used to distribute tractive force are as restrictors within the chassis.

Inter-restrictor Intra-restrictor
Active Limited slip differential Wh.eel motor ‘
Rack steering Mechanical brake unit
Passive Diffe.rential Suspension linkage
Anti-roll Strut

5 Modelling of Hybrid Electric Sport Utility Vehicle

An object oriented modelling language is used to test how the control architecture works [1]. Two models
of a Hybrid Electrics Sports Utility Vehicle are modelled. The first configuration uses a combustion
engine with Integrated Starter Generator (ISG), automated manual transmission, battery buffer and
electric motors at the rear wheels. This concept allows a more economical utilisation of the four wheel
drive and a similar concept study was made in [14]. The second example is a future version with serial
HEV configuration with a fuel cell, buffer, and autonomous Wheel Units. In Figure 8 (left) the total
vehicle model is shown and in the right screen shot shows how different Power Supplies can be used due
to the modularity in the architecture.

vehicle in Generic¥ehicle.Examples HESUY 21x|

General | Ak Modiiers

Db VMC SC EM

Name  [vehicle

Comment | ’

—Model
Fath GenericYehicle. Examples.Vehicle
Comment

Fararne

WMC| 0 redeclare GensricWehicle.MainControl YehicleMotionControl WhC_simple YMC ¥ |
Ch | redeclare GenericYehicle. Chassiz.Chassis_simple Ch |

SC | redeclare GenericYehicle.MainContral StrategicControl SC_simple 5C x|

Dlp | redeclare GenericYehicle MainContral Driver nterpreter. Dlp_simple Dip ¥ |

EM |m redeclare GenencYehicle. MainControl Energy anagement EM_simple EM 7 |
AUK | B redeclare GenericV/ehicle. AuiliarySystems AllKsimple ALK |
P -

vy v v v vy

i PS_simple

ncel
& P5_ICEISG2
& PS_FChuff

Figure 8: Total vehicle model (left). Due to the generic architecture, the configuration can be changed by
selecting options from drop down boxes and no remodelling is necessary (right).

In Figure 9 the two chassis configurations are shown. The first configuration has rotational power (dotted,
black) is distributed to the front wheels via the differential. In the front there is also a rack steering to
constrain the wheels’ steering angle and both front and rear, there are anti roll linkages. The dashed,
purple line shows the bus connection and the solid, blue lines are mechanical connections. In the second
configuration only electric power is used and no inter-restrictors are used since all wheel units are
independent. Roll control is managed by active components in the suspensions.
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Figure 9: Chassis models corresponding to the first configuration (left) and the second configuration
(right).

The two different Power Supply configurations that were implemented could be changed without
affecting the rest in the generic control architecture. The chassis configuration could be changed, but
further work on handling the inter-restrictors in an efficient will be made.

6 Conclusions and future work

Here a methodology and a definition for generic control architecture for HEVs are given. Hierarchical
partitioning and functional decomposition is utilised to place the functions in different functional levels.
The highest functional level includes the functions Driver Interpreter, Energy Management, Vehicle
Motion Control, and Strategic Control. The second functional level includes the sub functions Driver
Interface, Chassis, Power Supply, External Information and Auxiliary Systems. The generic control
architecture has been implemented in object oriented modelling language and is proven to work.

In this paper, the Wheel Units are seen as a function to apply forces to the ground and by default are
decoupled. But today’s cars have constraints between the wheels. This is suggested to be handled by
defining inter-restrictors. These will be further studied in future work along with other vehicle
configurations.
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DRIVING DYNAMICS FOR HYBRID ELECTRIC VEHICLES
CONSIDERING HANDLING AND CONTROL ARCHITECTURE

Johan Andreasson* and Leo Laine’

SUMMARY

The use of hybrid techniques together with the increasing demands on vehicle perfor-
mance require an improved vehicle architecture to be feasible in the long run. In this
paper, a generic control architecture is suggested and especially the information flow
between driver’s intentions to vehicle motion is discussed.

The idea is that the driver’s intentions are transformed to a global force equiv-
alent. Then, a practical approach is utilised to solve the control allocation problem
of distributing the global forces to local wheel unit forces. A strategy to find wheel
angles and wheel spin from desired wheel forces has been suggested and implemented.

1 INTRODUCTION

Although the research on Hybrid Electric Vehicles (HEV) is driven by envi-
ronmental reasons, it is relevant to study the new technology from a driving
dynamics point-of-view to be able to design competitive vehicles in the future.
Except for the environmental advantages, two other aspects can be identified;
the potential of improved handling as well as a need for a more structured
control architecture.

Additional electric propulsion improves controllability of the vehicle be-
haviour compared to a conventional power-train for several reasons [1]. The
torque applied to the wheels axes can be faster and more precise than with
an Internal Combustion Engine (ICE) and hydraulic brakes. For an Anti lock
Braking System (ABS), a more precise brake torque makes it possible to reduce
vibrations and quicker response can be used to improve performance. Also, it
is reasonable to have more than one electric motor for propulsion and thus it is
possible to achieve active wheel torque distribution without advanced differen-
tials. Even bidirectional torque distribution is possible with electric machines

*Div. of Vehicle Dynamics, KTH, SE-100 44 Stockholm, Sweden, e-mail: johan@fkt.kth.se,
phone: 446 8 790 77 14, fax: +46 8 790 93 04

TDiv. of Mechatronics, Chalmers University of Technology, SE-412 96, Gothenburg, Swe-
den, e-mail: laine@muvs.chalmers.se, phone: +46 31 772 58 52, fax: +46 31 772 13 80
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Figure 1: Schematic sketch of the functional architecture for a vehicle.

which adds possibilities to enhance the functionality of today’s Vehicle Stability
Controllers (VSC).

The other aspect relates to the fact that different subsystems are needed to
be integrated in today’s vehicles for better drivability and handling [2]. This
increases the complexity of the vehicle system. Also, there are a variety of HEV
configurations and most of them add more components to the vehicle. To handle
this in an efficient way a hierarchical control architecture is suggested with
generic interface signals. This opens up for reusability for different hardware
configurations in a modular fashion [3].

2 GENERIC CONTROL ARCHITECTURE

Functional decomposition was used to identify functions within a HEV and place
them in an hierarchical structure. The purpose was to make a generic control
architecture! for HEVs [4]. Generic interface control signals was utilised between
the identified functions to make it easy to change configuration [5]. Different
components may perform similar tasks, e.g. electric wheel motors can perform
as braking discs and in this work, all components within a wheel unit is seen
as a function for applying force to the ground. This to allow tight integration
of the different actuators for applying longitudinal, lateral, and vertical forces
within the wheel unit.

The suggested functional architecture is shown in Figure 1. It is based on
generic assumptions such that a vehicle must have a driver interface, an inter-
action with the ground (Chassis), power source(s) (Power Supply) and possibly
also external information functions and auxiliary systems that are not involved
in the vehicle motion. The system needs to communicate with the driver (Driver

LGeneric Control architecture: A reusable control architecture that is not hardware depen-
dent or configuration dependent.
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Figure 2: Signal flow between driver interface and chassis wheel units (WU). Note
that only one WU is shown.

Interpreter), to control the vehicle’s motion (Vehicle Motion Control), and to
manage the energy flow (Energy Management). The chassis is considered as
number of bodies, each with number of wheel units that can generate forces. A
more thorough description is found in [3].

In [6], a structured and hierarchical way to handle the integration of different
wheel controls is shown. However, all systems are based on a traditional car
in the sense that there is a division into power train, chassis, brakes etc. that
makes them less suitable for HEVs in general. Here, a Vehicle Motion Control
that considers the desired motion and distributes forces to the wheel units is
presented.

3 STRUCTURE FOR DRIVER’S
INTENTIONS TO VEHICLE MOTION

Figure 2 shows the signal flow between Driver Interface and Chassis in more
detail. Four isolated functions are used to transform the Driver Interface signals
into vehicle motion and respond with suitable feedback; driver interpretation,
path control, force distribution and wheel unit control. Each function has to set
demands to the next one and send limits to the previous in order to guarantee
that it can fulfill its own demands.

3.1 Driver interpretation

The task is to interpret the signals from the driver interface to a suitable path
that is achievable according to the limitation set up by the path control. Also
feedback signals are calculated and sent to the driver. The communication sig-
nals exchanged with the driver interface are all in percentage of their maximum
values, respectively. Thus, the driver interface hardware can be exchanged from



steering wheel and pedals and to e.g. a joystick. This step is left out of the
further discussion within this work and instead a predefined path is given.

3.2 Path control

The task of the path controller is to follow the path set up by the driver inter-
preter by giving force and torque demands to the force distribution. The path
is described by the velocity v, the vehicle’s slip angle ¢ and the curvature p.
These values are chosen to give the opportunity to keep the path well defined
even at low speeds and standing still. Both the current and desired path are
treated as public information within the vehicle since they are considered to be
generic signals. Together with the force distribution, this is the Vehicle Motion
Controller. Within this work a P-controller is used but the structure opens up
for more advanced solutions as well.

3.3 Force distribution

The distribution of forces depends on the controllability and the number of
wheel units. This can be considered as a linear control allocation problem

Bu(t) = v(t) (1)

where v(t) is the desired global forces Fy, Fy, M, u(t) is the desired wheel unit
forces fyi,fy,s and B is a 3 x 8 transformation matrix. This is similar to control
allocation problems for flight control, see e.g. [7] for a good overview.

However, while aircrafts normally have to deal with componentwise rud-
der deflection limitations, vehicles equipped with tyres instead have nonlinear,
coupled constraints due to tyre friction ellipses. In [8], circular constraints are
replaced by polygons, allowing standard solvers to be used. Possibly, the prob-
lem can also be rewritten into a second order cone program [9] that can be
solved by e.g. interior point method.

For ground vehicles, a nonlinear optimisation algorithm is suggested for the
case where individual torque control can be applied [6], but a combination of
individual steering and drive is not found by the authors. Within this paper,
finding an optimal solution is not the main focus and thus a practical approach
was chosen for the control allocation problem, that is carried out in a few steps.

Consider Figure 3, first the division of yaw torque M, between lateral and
longitudinal forces are done with a weighting function k(F;, Fy) such that M, =
EAF, + (1 —k)AF,. The weighting function k is here realised by summation of
two second order polynomials, shown in Figure 4.

1
k= §(am+bm’Fw’+CxFa?+ay+by’Fy‘"’CyFy2)

az = 0.5, by = (1 +V2)/Fumaz, cz = —0.5b2 (2)
ay =05, by = —(1+ V2)/Fymaz, ¢y = 0.5b7

The idea is to avoid using forces that are near saturation so k should be small
for high F.. Also very low F} should generate small k since it otherwise requires
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Figure 3: Vehicle model used for force distribution.

reversed forces left-right or front-rear. For mid range F, k is instead maximised,
see Figure 4, left. For F}, (1 —k) is instead considered, making k antisymmetric
around Fy/Fymar = Fy/Fymaz. The polynomials are used to give a smooth
behaviour but of course, any other appropriate mapping could be chosen for
this purpose.

Then, left and right longitudinal forces as well as the front and rear lateral
forces are calculated according to:

w X (fml +fa:3) + (T2;_4)

(fm2 + fw4) + (fwl + fm3) = Fw

(fyr + fy2) + (fyz + fya) = F

The last step is to decide the internal distribution to each wheel and it is
done to distribute the force reserve at each wheel evenly. The maximum contact
force for each wheel unit are assumed to be a function of ground conditions and
the normal force. Thus, the distribution of the longitudinal forces between front
and rear are defined by the lateral force reserve at the front and rear respectively.
The lateral forces are distributed correspondingly between left and right.

X (fx2 + fm4) = AFw

(fy3 + fy4) = AFy

3.4 Wheel Unit control

At each wheel unit, the desired forces have to be transformed into proper steer-
ing angles §; and wheel spin velocities w;. This is not done in the vehicle motion
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Figure 4: Normalised weighting surface k(Fy, F), left, and k(Fy, F, = 0), right.

control since it requires that the vehicle has knowledge about each tyre’s prop-

erties and thus (6,w); cannot be generic.
Assuming that the tyre properties can be found by the wheel unit itself,

there are two main problems to overcome when calculating (4, w); from (f5, fy)i-
These are the nonlinearities of the tyre and the nonlinear transformation from

chassis frame to wheel frame T(9;).
The tyre nonlinearities are handled by approximating the tyre characteristics
with a polynomial
f(s) = bs + cs* + ds® (4)

where s is the magnitude of the slip and f the force respectively. The coefficients
can be calculated from the Magic Formula [10] parameters according to

b= BCD
¢ =—1/2(BCD + 3D(BCSsmaz — 2)/Smaz)/ Smaz (5)
d = D(BCSmaz — 2)/Smaz"

In Figure 5, a comparison is shown between a variety of tyre properties generated
by the Magic Formula and the corresponding polynomials.

The advantage with this representation is that f(s) is easily invertible using
Cardanus’ formula. Since f(s) < D for all relevant s there are always three real

solutions to s of which the following is the proper one:
ST g g T 3a eV A Tt a0,
Q1 = 36bed + 108 £ (s)d? — 8¢® + 12v3Qad
Qo = \/—c2b2 + 4db3 + 18bcdf (s) + 27f(s)2d? — f(s)c3

Once the slip magnitude s is found, the components are calculated as (s, s,) =
%( [z, fy). However, due to the steering angle the following nonlinear relation
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between the slips expressed in chassis frame 5; = (sg,s,) and wheel frame

Siw = (k, oz);fp

_ _ cosd; —sind; \ _
si=T(0:)siw = ( sind;  cosd; ) Siw (7)

Since o; = f; — d;, it is difficult to find §; from equation 7. Instead T(0;) is

linearised around d; = 3; which corresponds to zero tyre side slip, giving

T(5)) 5, = ( cos3; —sinpf; ) + ( sin3;  cos [(3; )Oéi (8)

sinf3; cospf; —cos(3; sinp;

This is relevant as long as the maximum side force is generated at small angles.
To improve accuracy for larger slip angles, §; from previous time step can be
used.

Equation 8 is now used to solve equation 7 giving a system of polynomial
equations with the solution

1 13 (14 Qs)
i = = (108Qq +12Q3)"/* — 2
o1 = 5 (108Qa +12Q5) Qs (—108Q4 + 12Q3)"°

/‘ii:QE)—CY?

(9)
Os = \/—12Qg +36Q2 — 36Q5 + 12 + 8102
Q4 = —sIn f;54; + 08 Bsy;
Q5 = —cos 355 — sin 3;sy;

Finally, the desired steering angle and wheel speed are calculated as
VW

R,
0 =0 —

W; = (1—|—K,z)

(10)
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Figure 6: Desired and achieved forces for one wheel unit mounted on a test rig with
predefined motion. Desired f, (dotted), desired f, (dashed), actual f, (long-dashed)
and actual f, (solid).

4 SAMPLE SIMULATIONS

As a test bench for the control architecture for driving dynamics, a vehicle
model in Modelica [11] is built according to Figure 1. Driver Interface, Driver
Interpreter, Energy Management and Auxiliary Systems are made simple to
facilitate evaluation of the results. The path control and the force distribution
described above are implemented in the Vehicle Motion Control. The wheel
units are realised with the controller suggested above together with a mechanical
linkage suggested for autonomous corner modules presented in [12], steering
actuators and wheel motors are modelled as first order filters with rate limits.
To illustrate the ability of the implemented structure, two example simulations
are shown, more information about the model can be found in [13].

In the first simulation, one WU is forced along a pre-defined path and is com-
manded to generate forces in series of steps(fs, f,). An available tyre model [14]
with dynamics was used and the tyre characteristics was estimated separately.
The simulation result is shown in Figure 6. During time=1-3s, the WU is
commanded to generate more force than possible and the actual force is thus
downscaled. Due to the linearisation in equation 8, actual f, is sligthly too high
for large slips as seen when time=>5-Ts.

The second simulation is of a full vehicle model following a lane change path,
Figure 7. At this stage, only a simple P-controller is used to follow an intended
path. In figure 8 a screen shot from the animated result is shown.

5 CONCLUSIONS AND FUTURE WORK

e A generic control architecture for driver’s intentions to vehicle motion as
described in Figures 1 and 2 has been implemented.
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Figure 7: Desired (dashed) and achieved (solid) path for a vehicle with four wheel
units.

e Forces are used as control signals between Vehicle Motion Control and
Chassis which have been proven to be generic.

e A practical approach is utilised to solve the control allocation problem of
distributing global forces to local wheel unit forces.

e A strategy to find wheel angles and wheel spin from desired wheel forces
has been suggested and implemented.

The work is intended to continue with the following aspects in mind: 1)
As suggested in section 3.3, the control allocation is not optimised. It will be
further examined whether available control allocation theory can be used to im-
prove performance of the force distributor. Especially when taking into account
the dynamic limitations of tyres and actuators 2) The tyre characteristics has to
be estimated continuously onboard the vehicle. Possibly, the friction circle as-
sumption and the polynomial approximation must be refined to handle all types
of tyre characteristics. 3) Today’s cars have constraints between the wheels such
as rack steering, differentials etc. These restrict the wheels’ motion and thereby
the force generation. This must be handled by the force distribution in a proper
way. 4) Currently, the sensor information used is always accurate. It has to be
examined how inaccuracies affects the performance.



Figure 8: The animated vehicle with wheel unit linkages according to [12]. Vectors
at the wheels indicate the generated tyre forces. Side slip angle (3), velocity (v), path
curvature (p), Body Geometric Reference (BGR) and Centre of Gravity (CoG) are
also indicated.
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Reusable Control Architecture Implemented in a Scale Model of a
Hybrid Electric Vehicle

Leo Laine*, Jonas Hellgren*, Henrik Kinnunen, and Magnus Rénnberg

Abstract

A reusable control architecture for Vehicle System Control has been implemented in a scale model 1:5, of
a series Hybrid Electric Vehicle with a Power Supply containing a fuel cell emulator as a primary power
unit and supercapacitors as a buffer. The aim is to verify the effectiveness of the reusable control
architecture with real hardware by using a scale model car. This type of architecture allows for easy
exchange of hardware configurations without having to change the functional structure of the Vehicle
System Controller. The structure for the Hybrid Electric Vehicle system is obtained through functional
decomposition, which orders the system functions into different functional levels. Three functional levels
have been defined. The highest level contains functions that are common for all foreseen Hybrid Electric
Vehicles: Driver Interpreter, Vehicle Motion Control, Energy Management, and Operative Decision
Control. The second level contains the necessary subsystems for a vehicle: Driver Interface, Chassis,
Power Supply, and Auxiliary Systems. The third level is the actuator/sensor level. Using hardware
independent signals between the functions allows for hardware configurations to be changed in modular
fashion without affecting the higher functional levels. The Scale Model Car was tested and the logged data
verified against simulation models both for ordinary drive cycle results and anti-skid behaviour with
decent agreement.

Keywords: Vehicle System Control, Hybrid Electric Vehicle, Reusable Control Architecture, Scale model

1 Introduction

Already today vehicles are becoming increasingly dependent on computers and their software controllers.
Therefore, it is important that the control architecture be reusable, enabling different vehicle
configurations to be designed with minimum effort. In order to handle the complexity of several actuators
and sensors interacting in future Hybrid Electric Vehicles (HEVs) and to allow for easy exchange of
hardware configuration, it is necessary to have control architecture with suitable functional partitioning
[1], [2]. The architecture should not only be reusable but should also work with several types of hybrid
powertrain configurations. It must also fulfil interface requirements between automotive suppliers and
manufacturers so that brand specific qualities can be kept in-house, [3], [4]. Brand specific qualities of
vehicles are more and more dependent on the algorithms within the software, making it important for
manufacturers to protect 'their' algorithms.

The objective of this study is to implement a reusable control architecture in a Remote Controlled (RC)
Scale Model Car (SMC) of a series HEV, see Figure 1. The length of the car is 0.9 meters. The
implemented reusable control architecture is based on hierarchical partitioning. This hierarchical structure
then contains three functional levels. Functional level 1 consists of a main central controller. Functional
level 2 includes several low level control blocks. Functional level 3 is the sensor and actuator level, as

" This work is supported by the Swedish national research programme Grona Bilen/FCHEV. Grona Bilen is financed
by Swedish automotive industry and the Swedish research foundation Vinnova.
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shown in Figure 1. The hierarchical partitioning allows for good modularity and coordination between the
different low level control blocks.

‘ Central Controller ‘ Functional

\ level 1

Y

Local
Controller

Local
Controller

Local
Controller

Functional
level 2

Functional
level 3

Figure 1: Hierarchical control architecture implemented in the Scale Model Car. Functional level 1
includes the central controller; Functional level 2 includes the local controllers; Functional level 3 is the
actual hardware.

Computer based vehicle modelling and simulation are useful tools for examining different vehicle control
architectures. However, since it is necessary to simplify modelled hardware in simulations, it is therefore
crucial to verify and test ideas with real hardware. A generic hierarchical control architecture was
developed, modelled, and tested on different simulated hardware configurations [5]-[8]. The main features
of this generic control architecture were implemented and tested on the SMC.

There are two major aspects to consider when using scale model HEVs. Firstly, building a full scale HEV
would be very expensive and time consuming. A more cost effective alternative is to use scale models to
study vehicle behaviour and controller development [9]-[14]. Secondly, it is important to be able to predict
what the vehicle dynamics of the scale model would correspond to in a full scale version. This can be
done with dimensional analysis, such as the PI Buckingham Theorem, [15]. This method has been used to
study controllers for vehicle lateral dynamics, [16] and [17]. With this dimensional analysis the SMC can
easily be configured as different types of vehicles such as cars, buses, and trucks by changing weight
distributions and power output. The dimensional analysis on the current SMC configuration indicated that
the lateral and longitudinal dynamics of the SMC correspond to a Hybrid Electric Sports car in full scale.

The outline of the article is as follows. Section 2 describes how the reusable control architecture is
structured and gives an overview of implemented control strategies and algorithms. Section 3 shows the
actual hardware used in the SMC. Section 4 illustrates how the control architecture and algorithms are
implemented in the control unit. Section 5 compares the SMC prototype against simulation models.
Section 6 describes the conclusions.

2 Methodology used to design a reusable control architecture

A hierarchical control architecture was chosen for various reasons. One of these reasons is that it has been
shown to provide better modularity compared to that of a centralised architecture [1]. Additionally, the
coordination between local controllers is also improved compared to that of a peer architecture. Different
partitioning schemes are also discussed in [2].
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Generic interface signals were used between the local and top level controllers because they allow for
hardware to be exchanged without affecting the top level controller. Generic control signals are
exemplified here with a simple example, considering that we have different hardware to drive and steer a
vehicle, see Figure 2. In Case 1 we have a steering wheel, brake and gas pedal. In Case 2 we have a

joystick with longitudinal and lateral motion. Case 1 has three sensor signals, [¢,,,;], sent from

functional level 3 to level 2, while Case 2 has only two, [, 5,]. Generic' control signals are used if and

only if the signals S; and S, between Functional level 2 and 1, are equal S,=S,. This allows Functional
level 1 to be reused despite changes of hardware configurations.

1. 2.
Central Central
Controller Controller | Functional
As, AS; level 1
Local Local
Controller Controller
A Functional
Oy Oty Oty BBs  jevel 2
ﬂ\% Functional
A4 (' § B, level 3
o o B
Steering wheel Joystick with
brake pedal, vertical and horisontal
gas pedal motion

Figure 2: Two Simple examples of using generic interface signals with different hardware. Case 1:
Steering wheel, brake and gas pedal. Case 2: Joystick with longitudinal and lateral motion.

The vehicle system can be seen as a set of functions. Functions within hierarchical control architectures
are consigned into different levels through functional decomposition, see Definition 2.1 In this article,
reusable control architecture and functional decomposition are defined as follows:

Definition 2.1 Functional decomposition
The following statements characterise an architecture with functional decomposition:

(1) Functions are placed into different levels due to their coordinating authority over other functions.

(2) Information on the system status can be observed by all functions and is allowed to flow in all
directions, up, down, and across in the hierarchy.

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

(4) Vehicle brand characteristics should only be contained within the top level functions.
(5) Low level functions should have control over hardware health and durability.

Item 4 in Definition 2.1 allows manufacturers to retain ownership of brand specific functions while
suppliers can provide controls for various subsystem functions. Through this, manufacturers can change
vehicle characteristics such as optimizing drivability and fuel economy. Item 5 in Definition 2.1 makes the
supplier responsible for the durability of its hardware.

Definition 2.2 Reusable control architecture for HEVs

(1) The control architecture should be hierarchical by functional decomposition.
(2) Interfaces between top level and lower level functions should be made hardware independent.

'Generic here means hardware independent.
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(3) The control architecture should be designed so as to accommodate any foreseeable future hardware
developments.

Item 2 in Definition 2.2 allows hardware to be exchanged without redesigning the functional architecture.
For example, Item 3 in Definition 2.2 could include future versions of HEVs with Wheel Units, which can
independently apply traction, steering, and suspension forces.

2.1 Functional levels

The control architecture's overall function is to collect and analyse information about the vehicle's internal
and external conditions and to initiate appropriate responses.

The control architecture is divided into three functional levels. Level 1: The highest functional level is the
main switching unit within the vehicle's architecture. It is where signals flow to and originate from. It
relays messages, and compares and analyses information. Using generic interface signals allows Level 1
to become hardware independent. Level 2: The second level contains the basic functional tasks of any
ground vehicle. These functional tasks can include, for example, generating ground motion, interaction
with the driver, power supply and auxiliary systems. Level 3: The third level is the sensor and actuator
level. These are controlled and coordinated by different basic functional tasks in level 2.

2.2 Functional level 1

Functional level 1, Main Control, consists of four major parts. Driver Interpreter interprets the driver's
demands. Vehicle Motion Control controls the vehicle according to these demands. Energy Management
assures that this is done in an energy efficient way. Additionally, Operative Decisions summarizes the
input from Energy Management and Vehicle Motion Control and makes the overall decisions considering

reliability and safety. Functional level 1 and its subsystem dependencies within the hierarchical
architecture are illustrated in Figure 3.

<<system>>
Vehicle Control
<<level 1>>
MainControl

<<subsystem>> <<subsystem>> I <<subsystem>>
Driver | ______ > Vehicle | _____ | Energy
Interpreter MotionControl Management

i H 1

' ' 1

' '

[<esubsystem>>_| . J
Operative
Decisions

<<level 2>>

h 4

PP I

¥

<<subsystem>> | <<subsystem>> <<subsystem>> ‘ <<subsystem>>
Driver Chassis Power Auxiliary
Interface Supply
T +

<< level 3>> |

PR R

2 ¥ v

<<subsystem>> <<subsystem>> ‘ <<subsystem>> | <<subsyst‘em>>

Sensors/ Sensors/ Sensors/ Sensors/
Actuators Actuators Actuators | Actuators

Figure 3: System architecture and subsystem dependencies according to Unified Modelling Language

(UML). The architecture is made up of three functional levels. Level 1 is responsible for system

coordination. Level 2 contains the basic functional tasks of a ground vehicle. Level 3 is the actual vehicle
hardware.
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2.2.1 Driver Interpreter (DIp)
The driver's instructions are translated into desired motion within Driver Interpreter (DIp). This is done by
reading and analysing the sensor signals received from Driver Interface on level 2.

2.2.2 Vehicle Motion Control (VMC)

Vehicle Motion Control (VMC) handles the safety aspects of the vehicle's dynamics. It assures that the
vehicle is avoiding a critical dynamic state. For example, typical sub functions could include traction
control, anti-lock braking or vehicle stability. It uses the desired motions received from DIp and the
Chassis sensor readings to consider what motions are possible without reaching the critical dynamic limits
of the vehicle.

The vehicle's dynamic state must be within a certain allowed set of states, otherwise it is determined to be
critical (state=1). For example, a simple slip controller is used here with the following expression

0, if (A4_,)€S,

rear

(eq.1)

S0 nac = {1 else

where S, is the allowed set of slip values for the rear wheel. When the state is equal to 1, VMC suggests
that the desired longitudinal velocity from DIp is reduced with the following expression

VMC.x,,=DIP.x , (1-14 ) (eq.2)

The desired signals and state are then sent to Operative Decisions, see further in Section 2.2.4.
A more advanced VMC is planned to be implemented in a SMC according to [7].

2.2.3 Energy Management (EM)

Energy Management (EM) controls the vehicle’s energy sources for efficiency with regards to fuel
consumption and wear. It decides how the energy flow is distributed between the Primary Power Unit
(PPU) and the Buffer considering the current power demand for generating ground motion and auxiliary
systems.

EM determines if the Power Supply is in a critical state and passes the information along to Operative
Decision. If the EM state is considered critical the desired speed of the vehicle is evaluated by the
following expression

0, if (SOC,)e S,
statey,, = (eq.3)

1, else

where S, ;={SOC;: 0<SOC; ;,;;<SOC;<SOC; n.x} and is the i™ buffer within Power Supply.

EM calculates a State of Charge (SOC) reference value for current vehicle states such as vehicle velocity.
The SOC reference is a numerical value representing the current desired SOC for the buffer. One example
of a simple Power Management algorithm using a SOC reference within EM is as follows

SOC.,, =o.5+c0(0.5-(%)2) (eq.4)

where the Cy and C,; are constants.

By using SOC reference values and sensor readings of the current SOC, EM distributes the requested
power to both the PPU and the buffer. In the test run, presented in Sec 5, the buffer power is controlled as
follows



In Proceedings of Electric Vehicle Symposium (EVS) 21, Monaco, Apr 2005

—k,(SOC,, —S0C), if (x,.) < q
Poi =1k, F,, if (X,..) > a, (eq.5)
kP, else

where a;, a,, ki, k,, and ks are constants.

A more sophisticated rule based algorithm for calculating the buffer power demand will be implemented
according to [18] in a future version of the SMC.

2.2.4 Operative Decision (OD)

Operative Decisions (OD) considers the vehicle state values given by VMC and EM. If the vehicle status is
critical, OD then gives priority to either VMC or EM. As an example, if VMC is in a critical state=1, OD will
allow mechanical braking. If instead EM has critical state=1, OD approves the use of maximum
regenerative braking and charging. In Table 1 an example is given as to how the OD state controller could
be configured.

VMC EM Priority Comment

State State VMC/EM
0 0 > EM Prioritise efficiency if no Critical state
1 0 > VMC Prioritise vehicle stability if VMC critical
1 1 > VMC Prioritise vehicle stability if both critical
0 1 > EM Prioritise efficiency if EM critical

Table 1: Operative Decisions gives priority to either VMC or EM depending on the vehicle's states. When
both states are critical focus is on vehicle stability. While under normal driving conditions minimizing fuel
consumption and wear is prioritised.

The desired actions from VMC and EM are finalised into orders by OD. These orders are then sent to level
2.

2.3 Functional level 2

Functional level 2 contains the basic tasks of any ground vehicle. Driver Interface reads the sensor signals
from the driver. Chassis generates the ground motion. Auxiliary Systems includes all subsystems which
are not necessary for generating ground motion. Finally, Power Supply generates the needed mechanical
and electrical energy for Chassis and Auxiliary Systems.

2.3.1 Driver Interface (DI£)

Driver Interface (DIf) reads the sensor signals from the driver. These are normalised to be values
between [-1,1]. All software functions associated with reading hardware used by the driver are located in
DIf.

2.3.2 Chassis (Ch)

The local controllers of actuators and sensors that directly affect Chassis (Ch) dynamics are placed within
Ch. Brake servos and wheel motors are examples of Ch actuators. Accelerometers and wheel rotation
sensors are examples of Ch sensors. Ch is mainly controlled by VMC.

2.3.3 Power Supply (PS)

Power Supply (PS) contains all energy sources and local controllers of energy converters, buffers, and
sensors which are needed to produce the vehicle's power demand. The energy can be stored in different
forms such as electrical, fluid, and mechanical. A topology 'cut' is used to determine whether tractive force
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actuators such as electric motors are placed within PS or Ch. For example, if an electric motor is mounted
before a differential its function is placed within PS. PS is mainly controlled by EM.

2.3.4 Auxiliary Systems (Aux)
All subsystems not directly related to generating vehicle motion are contained within Auxiliary Systems
(Aux). Aux is supervised by EM. In the SMC there are currently no subsystems included in Aux.

3 Scale Model Car (SMC) Configuration

The Scale Model Car (SMC) is a standard model car of size 1:5. The Ch includes suspension, wheels, and
body from a manufacturer named 'FG Modellsport'. Pictures of the present configuration of the Hybrid
SMC are shown in Figure 4. A Schematic drawing of the Ch and PS is shown in Figure 5. The car is rear
wheel driven by an electric motor. Details about the design and development process of the Hybrid
Electric SMC are found in [19].

DC/DC Conv.
PPU Motor  DSP card
Buffer

Figure 4: Top view (left) and Side view (right) of SMC.

In Table 2 a summary of vehicle dynamic parameters are listed. Further details can be found in [20].

Vehicle mass, m 16 kg
c.o.g. to front axle, L¢ 0.3499 m
c.0.g. to rear axle, L, 0.1813 m
Wheel radius, Ry, 0.06 m
Track width, T, 0.12 m
Cornering stiffness front, Cg¢ 96 N/rad
Cornering stiffness rear, Cy, 187 N/rad
Yaw inertia, I, 0.6 kgm2
Air drag Coeff., Cy 0.28
Frontal Area, A 0.0804 m?
Roll resistance, f,.; (concrete) 0.04

Table 2: Vehicle dynamics data of the hybrid SMC [20].

3.1 Chassis Configuration

Chassis contains two main actuators. The first actuator is the steering servo, Ay, which is connected to the
rack steer. The second actuator is the mechanical brakes, Ay, which are located on the front wheels and
servo controlled. A schematic sketch of the Ch configuration is shown in Figure 4. The Figure shows also
how the actuators between Ch and PS are divided by the mechanical connector 'Mc'.

There are three main sensors within Ch. The first is the rotational sensor circuit, S,s, mounted on the front
right wheel WU,, see Figure 5. Details about the wheel rotation sensor can be found in [21]. The other two
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sensors are accelerometers which are mounted on the car giving the longitudinal, S, and lateral
acceleration, S,y.

One of the basic functions of Ch is to estimate the actual vehicle speed. The following simple but efficient
algorithm is used

Xoet nobrake = @y prom Ryys 1f N0 mechanical brake
X = k (eq.6)
vel
'xvel,brake - xvel,nobrake + z 'xaccdt’ else

i=Knobrake
If mechanical brakes are not used, the vehicle velocity is calculated as rotational speed multiplied by
wheel radius. If mechanical brakes are applied, the front wheels may slip and thus the last velocity value
with no braking, Xyer, nobrake> at Step Kuobrake, 1S Used and the accelerometer reading is numerically integrated
and used to estimate the actual vehicle velocity [22]. Another basic function of Ch is to estimate front and

rear slip.

3.2 Power Supply Configuration

The current PS configuration contains many components. It includes a battery for a PPU, used as a fuel
cell emulator. Super Capacitors are used as a buffer and a DC/DC converter directs the electrical power
flow. An electric motor is used to convert the electrical power to mechanical power in order to propel the
vehicle. Four implemented external voltage, S,, and current sensors, S;, allow for supervision of the actual
power flow to the buffer and electric motor. These will explained in further detail and a schematic
diagram of the electrical connections of PS is also shown in Figure 5.

The fuel cell PPU was emulated by two lead acid batteries in series, each with a nominal voltage of 12
volt and 2.3 Ah. The buffer is made of 3 super capacitors, Maxwell 2.5 V 350 F, that are connected in
series. The energy flow in and out from the buffer is handled by the full bridge DC/DC converter through
a requested buffer voltage, Upys, req- A local controller was implemented in PS to control the requested
buffer voltage by the input signal desired buffer power. It has a continuous current of 70 A, an input
voltage of 24 V, and an output voltage of 0-24 V. The electric motor is a brushless synchronous DC-
motor. Power electronics are included so that the rotation speed, MWem req, 1S €asily controlled. The machine
can operate in four quadrants, in other words, it can be used as a generator. It has an operating voltage of
24 V, a maximum output power of 230 W and a maximum torque of 0.98 Nm. The driveline has a total

gear ratio of 4.174.
i ®
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Figure 5: Chassis configuration (left) and Power Supply configuration (right), A: Actuator, S: Sensor,
WU: Wheel Unit, and Mc: Mechanical connector.

WU,
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4 Implemented Vehicle System Control Code and Structure

The control architecture with its algorithms was implemented in the SMC. A technician downloads the
Vehicle System Control (VSC) code to the Digital Signal Processor (DSP) card.” The downloaded VSC
code, programmed in C, must interact with different input and output signals. A Driver gives input such as
desired longitudinal and lateral motion, braking, or power switch. The SMC is controlled by a RC
system.” Due to the fact that is a hybrid electric vehicle, the VSC Code decides between the mechanical or
regenerative braking. Sensor signals are interpreted and used to estimate the vehicle internal states.
Examples of such sensor signals are WU rotational speed, motor speed, accelerometers, and current and
voltage sensors. These input signals are processed by the VSC and final output request signals are sent to
the actuators such as electric motor, DC/DC voltage, steering servo, and mechanical brake servo.

The functions within VSC, as discussed in Section 2, are defined as C-functions. The functions are called
within a main loop in a certain order as shown in Figure 6.

U n
| Initiation Initiation Routine and Functional Configuration (INIT)
—

- | Driver . . " .
-, Driver's normalised sensor signals are calculated
Interface Y
Driver - Driver's signals are interpreted and converted to
Interpreter Y physical values, such as desired vehicle velocity
H]
Vehicle ~ Verifies the dynamical state of the vehicle and makes

Motion Control | ™, changes of the desired values from Dip if necessary

e

Energy "j Verifies the energy state of the vehidle, calculates a desired buffer
Management "“-‘ power and makes changes to desired vehicle velocity, if necessary
Operative "' Considers the states from VMC and EM and finalises
Decisions “"‘\.‘ the orders to Chassis and Power Supply
. = Orders for chassis actuators are performed, such as steering braking,
Chassis - . . .
""\‘ and reading sensor signals such as wheel roation and accelerometers
Power ~" Ordersfor PS actuators are performed such as for the electric motor and
Supply DC/DC - converter. Sensor signals are read, such as voltage and current

J
Figure 6: Program loop used in the Vehicle System Control.

The signal interfaces between the functions are structure based and are made as reusable as possible for
different hardware configurations.

5 Test run of SMC

The SMC was tested on how it performs with the implemented functions within VSC. See Section 2.2 for
further details about the used algorithms within VMC, EM, and OD.

5.1 Traction Control testing

A simple traction controller is located within VMC function, see Section 2.2.2. A max acceleration test was
performed on a surface with low friction, close to ice conditions. The implemented traction controller
within VMC improves the acceleration performance, see Figure 7. The time to reach the longitudinal

% The DSP used is a TMS320LF2407A processor from Texas Instruments which is mounted on an evaluation
module from Spectrum Digital.
3 Hitec Laser 4 FM transmitter, and a Hitec HFS-04MG receiver.
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velocity of 1.5 m/s or 25 rad/s in the front wheels was 2.65 s without the controller, and 2.2 s with the
controller activated. Further details can be found in [23].
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Figure 7: Front (continuous line) and rear (dashed line) wheels, with VMC function activated (squares) and
without (triangles).

5.2 Drive cycle testing

The SMC was evaluated during a drive cycle test, driven indoor on concrete. This tested the simple energy
management algorithm that is located within EM function, see Section 2.2.3. The drive cycle is shown in
left Figure 8.
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Figure 8: Drive cycle velocity as function of time (left). Actual motor power (black dashed), buffer power
(red solid), and State of Charge (black solid) as function of time (right).

The right Figure 8 shows how the buffer is charged during the first 25 s, to reach the SoC target level of
50 percent. Motor power demand is high during accelerations and the buffer assists during accelerations.
The level of buffer assist during acceleration can be changed by increasing the constant k,, see eq. 5. Here
in this drive cycle test, k,=0.1, was used. During deceleration one can see that the buffer power is negative
and is charged by the regenerative braking by the electric motor.

6 Conclusions

The overall conclusion is that scale model cars are an appealing option for universities and the automotive
industry to use for teaching and research about vehicle systems. They are relatively inexpensive compared
to full scale vehicles, safe to drive, and do not require large storage spaces.
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The control architecture allowed easy exchange of hardware and the top level functionality was not
affected during changes in the lower lever functions, for example when different sensors were changed
within chassis and power supply.

The simple traction control implemented in VMC and the state controller within OD worked overall as
desired. However, due to the fact that different speed rotational sensors, with different accuracy, were
used for front and rear wheels introduced for the implemented traction controller compared to the
simulated results.

Logging data from the test run shows that PS of the SMC works as intended. The test run also verifies that
the computer model of the SMC is accurate.
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Abstract

Coordinating the actuators that generate vehicle ground motion will be-
come the next challenge in the development of hybrid electric vehicles.
The actuators should not only be coordinated in an energy efficient man-
ner, they also must not jeopardize vehicle stability. In this paper three
different ground vehicle configurations, with different numbers of motion
actuators, are modelled and analyzed with consideration to the main time
constants in the vehicle and motion actuators when generating the desired
motion. The purpose is to study how to accomplish brake blending. Here,
a reusable control system is suggested which can handle a broad variety
of configurations. This is possible when the control law for generating the
desired ground motion and the coordination the motion actuators are sep-
arated within the control system. A reusable control law is designed for
generating the desired ground motion and an optimization based method
called control allocation, which also handles actuator limits, is used for
coordinating the motion actuators. Simulations confirm that control allo-
cation is a powerful option for brake blending for all three vehicle config-
urations.

Keywords: Hybrid Electric Vehicles; Brake Blending; Modelling; Control Al-
location.

1 Introduction

New technology in vehicle design has lead to more motion actuators and more
subsystems to be controlled and coordinated to achieve the desired vehicle mo-
tion. Today’s vehicle systems usually make an arbitration when the actual ve-
hicle motion differs from the driver’s desired motion. Then stability programs,
such as the Electronic Stability Control system (ESC), [1] and [2], take over
control, coordinating the mechanical brakes and a reducing of the engine torque



to achieve a correcting yaw motion. Another example of necessary coordina-
tion due to new technology is the braking functionality within hybrid electric
vehicles (HEV) which requires which requires the disc brakes and the electric
motors to be blended. In a premium HEV with a high degree of hybridiza-
tion, i.e. a significant part of the traction force is generated by electric motors,
one would with classical arbitration, only use mechanical brakes during hard
braking. The car magazine Auto Motor und Sport, [3], has developed the AMS
braking test for analyzing the performance of premium cars which in the future
would likely include premium HEVs. The AMS-test is basically a repetition of
several hard accelerations directly followed by hard braking. Premium HEVs de-
signed with classical arbitration in HEVs exhibit different vehicle performances
in the beginning and the end of the test due to the fact that the buffer is never
re-charged and therefore cannot assist in accelerating hard again. Who wants
to buy a premium HEV that performs like a small sized vehicle just because one
is repeatedly doing hard braking? This paper concerns how the coordination
between the different motion related actuators for a ground vehicle can be made
to achieve the desired vehicle motion.

Overactuated systems are systems with more actuators than controlled degrees
of freedom. They are commonly found in application areas such as flight and
marine vessels, but are also found in automotive systems. One promising way
to manage the coordination of overactuated systems is to use control allocation.
Control allocation deals with the problem of distributing the control demand
among the available set of actuators. The control allocation problem is posed
as a constrained optimization problem which provides automatic redistribution
of the control effort when one actuator saturates in position or in rate. Control
allocation has been used successfully within flight applications, see [4]. It has
also been used within marine vessels, see [5] and [6]. Ground vehicles can also be
seen as overactuated systems, and control allocation has previously been used
for yaw stabilization, see [7], [8] and [9]. In these articles the mechanical brakes
and steering were in focus without direct consideration to the actuator limits.

In this paper a reusable control law is set up for the longitudinal, lateral, and
yaw-motions of a ground vehicle. Since many researchers are involved in the
area of energy management for HEVs, this paper is instead focusing on the
vehicle motion controller. The problem studied here is how to blend between
re-generative and conventional mechanical braking for a hybrid electric vehicle
during different situations such as soft and hard braking on different types of
surfaces with fully or partly low tyre/road friction. The goal is to avoid alloca-
tion problems in HEVs like the one seen in the AMS-test. The idea with the
controller is that it should, in a safe way, follow a desired trajectory, interpreted
from the driver’s current steering actions. The presented vehicle motion con-
troller is designed based on feedback linearization of a nonlinear vehicle model,
followed by control allocation, which is used to distribute the task of generating
the desired motion. It is also shown how the system controller can be reused
for different vehicle configurations when control allocation is used for coordina-
tion of the actuators to generate the vehicle motion. The vehicle system is also
modelled and analyzed with consideration oto the main time constants found
in a vehicle when generating the desired motion and includin the internal states
within the motion related actuators that will affect its limits and rate of change



of limits.

The outline of the paper is as follows: The background is presented in Section 2.
Section 3 describes the modelled systems. Section 4 describes the used control
law and how the control allocator is set up. In Section 5 some simulations
of different braking situations are presented to show how the proposed control
system is working. Section 6 concludes the findings.

2 Background

Standardized interface signals, [10], and reusable controllers, [11], are highly de-
sirable for reducing future vehicle development costs. This is of special impor-
tance for hybrid vehicles, where a number of configurations can be considered.
To handle this efficiently a hierarchical control architecture is preferable. In [12],
a vehicle control system architecture for fuel cell- and hybrid electric vehicles is
proposed. The control system architecture is generic in the sense that the infor-
mation flow structure allows for the adding and removing of components, which
is essential. The control architecture is derived from functional decomposition
and is configured in a modular fashion, see Fig. 1.

Level 1 - Control system

Vehicle motion Energy Arbitration
control management
] w W}} e Pos Level 2 - Local controllers |
Local Local
controller(i) s controller(m)
”””””””””””””””””””””””””””””” Level 3 - Hardware
Actuator(7) Sensor(7) L Actuator(m) Sensor(7)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1: Illustration of functional levels within a vehicle system con-
troller.

Functional level 1 includes the overall functionality and decision making needed
to generate vehicle motion such as the vehicle motion controller and energy
management. One can say that vehicle motion controller is a short-time horizon
controller tries to keep the desired vehicle course. Energy management is a
more long-time horizon controller for how the on-board energy sources should
be used consideration to the vehicle states and the environment. Functional
level 2 includes the local controllers for different functions. This can be for
example a local controller for an electric motor. Here in this paper it is shown
how the interface signals between level 1 and level 2 should be formed in order
to design a vehicle controller considering both vehicle motion control and energy
management. In Fig. 1 this is illustrated in that the local controller ¢ is sending
the limits w;,, and the rate of change limits py;,, to functional level 1. Functional
level 3 is what could be called an advanced actuator/sensor level (hardware



level). The general idea is that the highest level remains unchanged no matter
how the vehicle is configured or changed.

As mentioned earlier control allocation is an option for coordination when one
has more input signals going into the system than the number of output states.
An optimization objective is used to select the input set vector for the avail-
able actuators. Control allocation also handles the redistribution of the control
signals, when one or more actuators saturates. Using control allocation allows
for the vehicle to be reconfigurable, meaning that the same controller(s) can be
used for different hardware configurations, i.e. it is well suited for the proposed
vehicle system architecture.

For the vehicle motion controller, which is of in the focus of this paper, the
control system architecture can be rewritten as illustrated as is shown in Fig. 2.
The control system is comparable to functional level 1 in Fig. 1 and the system
is comparable to functional level 2 and 3. In [13] and [14] it was shown that the
control system can be divided into two parts, one controller and one force dis-
tributor where the input vector is selected as the longitudinal and lateral wheel
forces. The control law only tells what net effort of global forces needs to be
produced to meet the driver’s desired motion but does not say how they are to
be distributed over the specific wheels and their wheel forces. This is solved by
the force distributor, which is realized using control allocation. If the mapping
is successful then the system generates the net effort. In [13] it was also shown
how constraints were applied on the wheel force distribution to account for the
available motion actuators and their ability to generate the desired wheel forces.

L Energy
Env., x, SOC_Management
U s
Control system System
T L T
r Control v, | Control u= Actuat.or Viys, Chassi.s y
- law allocator | i | | dynamics dynamics

.........................................................................................

Figure 2: Control system structure when control allocation is used.

In this paper however, a different approach is made on the control allocation.
Instead of using wheel forces as input, the available motion actuators are directly
used. For example the electric motor torque and steering angle for rack steer
are used as inputs. Another difference when compared with earlier work is that
the global optimization problem for the control allocator does not only include
the drivers desired path but also directly accounts for energy management’s
desired input uqes, see also Fig. 2. This automatically allows for smooth arbi-
tration between the vehicle motion controller and energy management. Another
benefit when allocation is performed directly on the available actuators is that
the control effectiveness matrix, which maps the global forces onto the available
motion actuators, is the only parameter that needs to be changed in the control



system when a new vehicle configuration is designed. Furthermore, more com-
putationally efficient algorithms for solving the control allocation problem are
proposed in comparison to the ones used in [14]. In the next section the vehicle
system model will be described.

3 Vehicle System Modelling

The vehicle system modelling is divided into two different parts, the chassis
dynamics and the actuator dynamics, see Fig. 2. The actuator dynamics are in
turn divided into two separate parts, the driveline and the motion actuators, i.e.
the combustion engine, the electric motor, etc. The focus is to include both the
necessary dynamics of the system and the most important system specific time
constants. The different delays in response in the motion actuators, driveline
and tires are necessary to model in order to show if control allocation can in
fact be used for automotive systems.

3.1 Chassis Modelling

The chassis model is a so called two track model and has five degrees of freedom:
longitudinal-, lateral-, yaw-, roll-, and pitch motion. The model aims at bing
capable of at predicting the chassis dynamics on flat surface. The SAE standard
[15] provided the main guidance for defining the axis orientations. The variables
used in this paper will be defined in the text or in the figures.

The governing equations for the 5-DOF chassis model are set by Newton’s laws
of motion. A top view of the vehicle model is shown in Fig. 3.

5

E\‘I

6, 1M

, Fx2

Figure 3: Chassis model, x-y view, from top.



The sum of forces in longitudinal (x) and lateral (y) direction are described as

Z F, icos( Z F,isin(6;) — Fres — Fuist, (3.1)

may = Z Fy,icos (3;) + Z Fisin (6i) — Faist, (3.2)

where the accelerations are approximated as a, ~ & — ygbz and a, ~ § + i:éz,
and Fj..s denotes the resistance force and Fy;s, , are the wind disturbance
forces in x and y direction respectively. The resistance force and the wind
disturbance forces are assumed to be acting in the centre of gravity of the
vehicle. The resistance force, F..s, is composed from aerodynamical drag and
rolling resistance as

Fres = Fdrag + Frou (33)
where
Firag = 0.5C4 A i*sign (1) (3.4)
1 o
Frou = fmg (1 - m) sign (&) . (3.5)

The sum of moments around the centre of gravity in the yaw direction (about
z-axis) gives

L6, =Ly (iF ;i cos (6;) + i:Fm sin (50)
izl izl
~L, (Z F, i cos (0;) + ZFw sin (52-)) (3.6)
L (i 1) Fy i cos ( +§2: y181n(5)>
2

1 =1
4 4
(Z 1“ F, icos(d;)+ Z F, ;sin (6; )> )

=3 1=3

Figure 4 shows the roll angle ¢,. The sum of moments around the roll centre
gives

Linbe = —er (May + gb2) + Kpatw + Dguda (3.7)

where K¢x = qu%f + qum,r and Dqu = Dqu’f + Dqgm,r are the roll stiffness
and roll damping respectively, and e, = e,, + (ey f —er,) Ly/L is the roll
eccentricity at centre of gravity.

Figure 5 shows the pitch angle ¢,,. The sum of moments around the pitch centre
gives

Iyyéy = epm (az + goy)) — Kgyopy — D¢y¢.5y (3.8)



Fz3,1

Figure 5: Chassis model, x-z view, from side.

where Ky, and Dy, are the pitch stiffness and pitch damping respectively.

The model also includes the normal forces, which are the sum of static load,
pitch weight transfer and roll weight transfer. The normal force distribution is



described by

mgL, _ magep + Kyyoy + D¢y<by . mayer ¢ + Koz 1Oz + D¢>x,f¢x

F,q=
DY 2L 20
(3.9)
po = MgLe  masep + Koydy + Dyydy  mayer s + Koo 1z + Doa s u
DY) 2L 2b;
(3.10)
Fla — mgLf 4 magzep + K¢y§by + Dqﬁyéy n maye, , + K¢x,r¢m + Dd)x,rém
DY) 2L 2b,
(3.11)
F, = mygLy + magep + Koy dy + Dqﬁyéy _ MmayCrr + Koo r@o + qum,rém
DY) 2L 2b,
(3.12)

where e, f, e, and e, are the front roll, rear roll and pitch eccentricity respec-
tively.

3.2 Tyre Modelling

To calculate the tyre forces one has to predict the wheel slip. First the longi-
tudinal v, ; and lateral v, ; wheel speeds are calculated for the wheels, where
the index i represents the i-th wheel. The wheel speeds are determined by the
following expressions

Vw,i = Qz,iTz,iUc (313)
Vwi = [ Vi Uy }T (3.14)
| cos(d;) sin(d;)
@z = [ —sin (§;) cos (0;) 1 (3.15)
1 0 a;
T..= { 0 1 b } (3.16)
ve=[d § . ] (3.17)

where @), ; is the orthonormal rotation matrix and 77 ; is the transformation
matrix of vehicle velocity v, to wheel velocity v, ;. For wheel ¢ = 1: a; = %

by = Ly; i =2: agz—%fbgsz;i:& agz%’"bgz—Lrandi:él: ay =

—%T by = —L,. The longitudinal slip ratio x; is calculated for the individual
wheel as
Rw 1 vu) 1 Ugx 4 : ]
#a if |Rw,i| > |z,
K = wyi|Pw,i (3.18)
Rw,i¢w,i_vx,i
e else

and lateral slip ratio a; as

a; = §; — arctan (Uy’i) (3.19)

Ve,i



where R, ; is the wheel’s radius.

The build up of tyre slip is modelled as a first order system which is a system
specific time constant and is accounted for by

tw,i/’%i,dyn = Ri — Ki,dyn
y,iQ dyn = O — Qi dyn (3.20)

L. - L. - . . .
—== and t,; = -** are the dynamic relaxation time constants.
xT,1 Y,

where ¢, ; =
To avoid singularities, a minimum velocity is used and was set to 5 km/h. The
brush tyre model, see [16], is used to determine the tyre forces. An isotropic
behavior is assumed in the bristles with friction 1, ; = py,; = p; and stiffness
CPpz,i = CPy,i = cp;. The combined slip can now be calculated with the use of
practical slip relationships according to

Ri,dyn
Ox,i = 77—
’ 1+ Ri,dyn
t .
oy = 1 (Pidyn) (3.21)
1+ Ri,dyn

/.2 2
o; = O'm’z»—l-O'y,i.

The total force of the tyre is the calculated by the following expression

0. — 2cp; - ag
o 3k,
F,;
a; = ag o
Ai=1—0,0;
F = {/%Fzz (1=A3),ifo; < 9%_ (3.22)
wiF i, else

The tyre force components F,, ; and Fy ; are given by

EIRES!

g

The aligning torque is given by

M., = —pi Fe i\ a; (1= N;) sign (a,ayn) , if 03 < 9%. (3.24)
’ 0, else.
The longitudinal force limit F} ; ;m is given by
Fz,i,lim - \/(MFZ,Z')2 - Fy2,z (325)

The used chassis parameters are shown in Appendix A.
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3.3 Driveline Modelling

The driveline is modelled with the main time constants found for generating
motion. Three different driveline configurations are considered, they are:

i. CV - A conventional vehicle.
ii. HEV EAWD - A parallel HEV with electric four wheel drive.
iii. HEV WM - A series HEV with four wheel motors.

The driveline is a bit different for all three studied configurations. In Fig. 6, the
drive line is shown for configuration 2. Configuration 1 is without the permanent
magnet synchronous motors ISG and EAWD in front and rear respectively.

combustion transmission

engine final gear front

differential
wheel 1 wheel 2

E4WD JEawp o,
gr

drag -
losses i final gear rear
Dg4yp 1
Jrr

drive shaft

differential
wheel 3 wheel 4

Figure 6: Driveline sketch for configuration 2 - HEV E4WD.

The driveline model for the first and second configuration includes weak drive-
shafts and open differentials. The weak driveshafts are an additional system
specific time constant when generating the desired motion. The third configu-
ration includes only the inertia in wheels.

The driveline model for the second configuration will be presented in this pa-
per. By removing the ISG and the EAWD from the model presented, the first
configuration can easily be determined. The third configuration only includes
wheel motors and wheels in the driveline configuration. The driveline equations
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for configuration 2 are as follows

(Jc + Jisg)wisg — Tc + Tm,isg — (dc + disg)wisg - Tcl,l (326)

Wel, 1 = Wisg (327)

where T, and T, ;54 are the torque from the combustion engine and the ISG,
respectively. The clutch is modelled as stiff when engaged

Wel,1 = Wer,2 if engaged, else we 1 # we (3.28)

Tei1 = Te 2 if engaged, else Ty 1 =Te2 =0 (3.29)

where T¢; 1 and T¢; o are the clutch torques on the engine and transmission side

respectively. The manual five speed gearbox will have the following impact on
the torque and angular speed

Jirwir = Ty — dgrwir — Tgy (3.30)
T = TiTcl,Z (331)

1
Wty = _‘wcl,Q (332)

?

where T, is the transmission torque, and 7', ¢ is the final gear torque. Now the
final gear increases the torque delivered to the differential Ty; s

Jrgrwrgr = Trgr — Taifs (3.33)
Trgf =7rgfTir (3.34)
1
Wrgf = , Wtr. (3.35)
faf

The differential is modelled as an open differential with the following equations

Taifr = Tas,i + Tas,; (3.36)
Tds,i = Tds,j (337)
waiff = Tdiff(Wds,i + Wds,;) (3.38)

where Ty ; and Ty, ; are the drive shaft torques on each side of the differential,
and ¢ = 1,7 = 2. The four drive shafts, i = 1,2,3,4, are seen as weak with
rotational stiffness kg5 ; and damping dgs ; which finally gives the driving torque
T4 at the wheels

Ta,i = kas,i(Pds,i — dw,i) + dds,i(Wds,i — waw,i) (3.39)
Pds,i = Was,i (3.40)
Puwi = Wi, 1 =1,2. (3.41)

For the rear wheels the equations are as follows

Je4wddje4wd - Tm,e4wd - ngr - de4wdwe4wd (342)
Jrgrwrgr = Trgr — Taifs (3.43)
ngr = ngrTm,e4wd (344)

1
Wigr = W, edwd (3.45)

Tfgr
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where T}, cawa is the actual torque from the rear permanent magnet synchronous
motor. Same type of open differential according to Eqs. 3.37-3.38 is used for
the rear with numbering ¢ = 3, = 4. Same drive shafts as in the front are also
found in the rear, i.e. Egs. 3.39-3.41 with ¢ = 3,4.

Fig. 7 shows the wheel rotation angle ¢,,. The sum of moments around wheel
rotation centre gives

Ly ibwi =Tai—Tyi — FriR; (3.46)
where Ty ; and T} ; are the actual driving and actual braking torque respectively.

Tb ; '/ B \‘T i

F:i R

Figure 7: Wheel model for i:th wheel, x-z view, from side.

Used parameters for the driveline model can be found in Appendix A. Configu-
ration 1, the conventional driveline has similar equations as above but excluding
permanent magnet synchronous motors. Configurations 3 with wheel motors has
only the following simple driveline model

mewwm - rmem,wm - Tdi - dwmwwm (347)
1

wi — — “Wm,wm 3.48

w o m, (3.48)

where T}, .,m 1s the actual torque from the wheel motor and 7j; is the driving
torque on wheel i, see Eq. 3.46.

3.4 Motion Actuators Modelling

The modelling of motion related actuators focuses on the internal states that
limit the desired output. For example an electric motor is limited by the an-
gular speed of the drive shaft and the temperature of the windings. Here a
novel suggestion is implemented for how the limits for the motion related actu-
ators should be defined in order to fit into the proposed vehicle system control
architecture:

el

(3.49)
(3.50)

IS

()
IN A
g g

IN A
I

where also the rate u is also limited.

Here a short overview of the tractive and braking actuator models can be found.
The models are either first or second order models for the torque build up. The
control input for the traction and braking actuators are assumed to be the de-
sired torque. The electric motor and mechanical disc brake models include a
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lumped mass temperature model for estimating the temperature. The models
presented are an internal combustion engine model, a permanent magnet syn-
chronous motor model, a electro hydraulic disc brake model, a steering actuator
model and finally a battery model.

Internal combustion engine

The combustion engine is a complex energy converter to model in detail. If
one wants to include the fuel and air intakes, volumes, temperatures, pressures,
and the mechanics of the pistons and crank shaft it would lead to a far too
detailed model for this study. Here a non-linear second order model is used for
the mean torque, see [17] for further details.

Tc = —C (Tc - Tc(¢des; Wc)>W02 - CZWCTC (351)

where T, is the mean torque, TC(¢des,wc) is the stationary torque as shown in
Fig. 8, w. is the rotational speed of the engine and an input parameter and c;
and co are engine specific constants. According to [17] it takes approximately
two crank shaft turns to reach the stationary torque for a four cylinder four
stroke engine. This is ensured by selecting ¢; = 0.1 and ¢ = 0.882.

250

2001

150

100

50r

Stationary torque Te.(@des,we) (Nm)

—50+

-100 ' ' : '
—200 0 200 400 600 800
Mechanical engine speed w,. (rad/s)

Figure 8: Stationary torque limits used for the combustion engine
model with a maximum power of 123 kW at 6000 rpm. Maximum
torque limit at throttle 100 % (solid red line), minimum torque limit
at throttle 0 % (dashed black line), and throttle in increments of 10
% (dashed grey lines) are illustrated.

The limits depend, of course, on the engine modelled. The maximum and
minimum torque limits are dependent on engine speed, as seen in Fig. 8. The

rate limits can be determined using an equivalent time constant definition for
second order systems as described in [18].

c c2 : c 3
- <E2 + ZZ - Cl) we < T, < <E2 + Zz - Cl) We (352)

Permanent magnet synchronous motor
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The model consists of a first order system for simulating the mechanical torque
from the motor. A thermal lumped mass model similar to the disc brakes is also
included for the motor. A novel suggestion is made for how the maximum torque
and power limits are scaled by actual motor temperature down to continuous
torque and power. The model is made scalable and is used for the integrated
starter generator (ISG), rear electric four wheel drive motor (E4AWD) and wheel
motor.

The mechanical torque generated from the permanent magnet synchronous mo-
tor (PMSM) model is simplified to a first order model accordingly

tme = 4m,des — T (353)

where t,, is the time constant. The electric motor torque 7}, is limited by the
torque and power limits

Pm max
Tm = min <|Tm,des‘; ‘kl : Tm,mamla |k2 : ’—’) (354)
w

m

where k1 (9,,,) and k2 (¥,,) are temperature dependent constants and T}, mqee and
P mas are the maximum peak torque and peak power, respectively, that the
electric machine can deliver. The temperature dependent constants are assumed
to reduce the torque by the following linear interpolation equations

Tmc max ﬁm - ﬂm l
ki(Up,)=1—11-— : : .
1( ) < Tm,max ) ﬁm,h - ?9m,l (3 55)
Pmc max ﬁm - ﬁm l
ko(Oy)=1—(1— : : 3.56
2( ) ( Pm,mam ) ﬁm,h - ﬁm,l ( )

where Tremaz and P maz are the maximum continuous torque and power
that the electric machine can deliver respectively, and 9, 5, is the high threshold
temperature when only continuous torque and power can be delivered. ¥, is
the low threshold temperature when 7;,, has begun to reduce.

The temperature of the PMSM is calculated using the following lumped mass
model

Cmﬁm - Qm,source - Qm,cond - Qm,conv - Qm,rad (357)
C'm = MmCPm (358)

1
Qm,source = ’mem(ﬁ - 1)| (359)
Qm,cond - lkcond(ﬁm - ﬁamb) (360)
Qm,com} - hUAm,convaconv (ﬁm - 79amb) (361)
Qm,rad = eAm,radO-O?;ln - Tgimb) (362)

where the (), is the heat capacity, Qm source is the heat generated by the power
losses when operating the electric machine, Q. cond is the heat conduction into
the frame, Q) conv 1S the heat convection out from the windings, and finally
Qm,rad 1s the heat radiation out from the windings.
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The heat is calculated by the following relationships Q. source = Pm.in — Pm,out
and (W, Tm.act) = Pm.out/Pm,in- The efficiency n(wpm, T, act) is given by an
efficiency map as shown in Fig. 9.

1

075 T ———— 0.7—|
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Figure 9: Efficiency map used for PMSM model.

The model is calibrated so that when the motor is running with continuous
power it will reach the lower threshold temperature ¥,,; asymptotically when
time goes to infinity. When the motor is running with maximum power the tem-
perature reaches the higher threshold temperature within 2 minutes. This has
been seen in experiments for an air cooled motor. The threshold temperatures
were set to ¥, = 100 °C' as the lower threshold and 9, = 200 °C as the
higher threshold, 200 °C' is also when the windings for the PMSM are starting
to melt. Fig. 10 illustrates how the maximum torque is limited for different
constant temperatures.

Torque Tonim (Nm)

200 . .
4000 5000

(rpm)

2000 3000
Mechanical speed w,,

0 1000 6000

Figure 10: Torque limits 7}, ;;,, for ISG as a function of mechanical
speed for different constant temperatures, threshold temperature 9,, ;
(black solid line) and 9,, (grey dashed line).

The used parameters for the PMSM model are given in Appendix 3.
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Electro-hydraulic disc brakes

In the wheel, Eq. 3.46, T} ; is the mechanical brake torque delivered from the disc
brake model. A first order model is used to describe how the electro-hydraulic
inlet valve generates the braking pressure

Ub,iDb,i = Db,i,des — Pb,i- (3.63)

where py, ; is the actual pressure for the i-th wheel, py; ges is the desired pressure
and tp; is the time constant. The same behavior is assumed for the outlet
valve, i.e. the release of braking pressure. The braking torque T} ; is given
by multiplying the normal force, N;; with the temperature dependent friction
between the braking pads and disc, pp ;(9p;). The normal force, Ny ;, is governed
by actual hydraulic pressure acting on the piston area A;; as

No,i = pb,iApi- (3.64)

The maximum normal force Ny ; maqz i generated by the asymptotic pressure
Dasym,i of the hydraulic system Ny ; maz = Dasym,iAp,;. When combining these
together the limits for the disc brakes becomes

0 <Tp;i < 7,ifti(Vp,i) Nbismaz (3.65)
16, (Ui ) Nb,iymaa < T < o, 14i (Up,i) Nb i.maz (3.66)
tp.i -t tyi '

where 7y ; is the disc brake radius.

When the disc is heated up the friction between the braking pads and disc is
reduced. This starts at temperatures of around 200 °C as illustrated in Fig. 11.
This is called brake fading. The friction, p;(Jp;), varies strongly with the
selection of materials and the design used for the braking pads and disc.

0.4r

0.38

0.361

0.34F

Friction between brake pad/disc (-)

0.3 . . . . . . .
0 50 100 150 200 250 300 350 400

Temperature (°C)

Figure 11: How friction can vary between braking pad and disc as a
function of temperature.

A simple lumped state model is used to calculate the i-th disc temperature ¥y, ;.
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The model is presented and discussed in [19], see also [20)].

Chp.iVyi = Qb.source.i — Qb.cond.i — Qv.conv.i — Qb.rad.i (
Chi = Ma,iCPd.i (
Qb,source,i = T iww (3.69
Qb,cond,i = lkb,cond,i(Us,i — Tnub) (
Qb,conv,i = Ab,conv,i®%onv(Vvi — Vamp) (

(

Qb,rad,i - eAb,Tad,io-(ﬁ;)l,i - ﬁimb)

where the Cy; is the heat capacity of the disc, Qp, source,i is the braking power,
Qb,cond,i 1s the heat conduction into the wheel hub and rim, Q. conv, is the heat
convection out from the disc, and finally Q. qq,; is the heat radiation from the
disc. Used parameters for the brake model are given in Appendix A.

Front and rear steering

The front and rear steering is seen as a first order system with a time con-
stant of 0.1. The steering limit was set to £20 degrees.

0.18; = 6i.des — i (3.73)

Buffer

For vehicle configuration 2 and 3 a simple buffer model is used to predict the
current State-of-Charge (SoC). It is based on the following equations

Pel

SoC = —=—
Ebuf,max

(3.74)

where SoC' is the state of charge, Epy,f mas is the maximum buffer energy, and

P,; is the electrical power taken from or delivered to the buffer from the perma-
nent magnet synchronous motors.

min (P, My £ Xbuf.dis) s 1if Peg <0

Pel _ { ( el buf Xbuf,d s) U (375)

max (Pela mbqubuf,cha?“) ) else

where my, s is the mass of the buffer, Xgen,qis is the power density when dis-
charging, and Xgen,char 1S the power density when charging. The working range
was set to 0.4 < SoC < 0.8. Used parameters for the buffer model are given in
Appendix A.

3.5 Vehicle Modelling

As mentioned in the beginning of the section, three different powertrain con-
figurations were considered, a conventional vehicle (CV), a parallel HEV with
electric four wheel drive (HEV E4WD), and a series HEV with wheel motors
(HEV WM). The chassis model is the same for all three vehicles. By combining
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together the components modelled, the three vehicles can be configured. These
three vehicle models represent and simulate the system as shown in Fig. 2. A
summary of the vehicles is presented below:

i. CV. Usually conventional vehicles have a pre-determined mechanical brake
distribution between the front and rear axle, however when a dynamical
limit of e.g. yaw is exceeded then individual braking is allowed. This
model has individual mechanical braking (4-input) braking with combus-
tion engine connected to the front wheels via differential (1 input) giving
a total of 5 inputs.

ii. HEV E4AWD. Every wheel has individual mechanical braking (4-inputs).
The rear axle has an electric motor connected by an differential (1-input).
The powertrain includes an Integrated Starter Generator (ISG) located
between the gear box and combustion engine (2-inputs) which are con-
nected to the front wheels by an open differential. This model is seen as
a 7-input configuration.

iii. HEV WM. Every wheel has individual mechanical braking (4-inputs) and
is also equipped with wheel motors (4-inputs). This model is seen as a
8-input configuration. An extra energy source, such as a fuel cell is needed
to allow for a continuous output power of 30 kW. The continuous power
is sufficient enough to overcome the resistance forces at constant speed of
130 km/h. The total output power is 30 kW plus 135 kW when a buffer
mass of 90 kg is selected.

If front and/or rear steering is included the total input on each configuration
increases by two inputs.

4 Control Design

The objective of the control design is to regulate the longitudinal-, lateral-,
and yaw-motions for a ground vehicle. Looking at the vehicle system it can
easily be seen that the system is overactuated, there are only three control
objectives but 7, 9 or 10 input signals depending on the vehicle configuration.
In linear control theory there exists a wide range of methods which can handle
this kind of problem, like LQ- and H,.-control. Unfortunately, most of these
methods cannot handle actuator saturations and/or constraints efficiently. As
mentioned earlier control allocation is an option for coordination when one has
more input signals to the system than the number of output states. Control
allocation is attractive since it can handle actuator constraints, reconfiguration
is unnecessary if the effectiveness of the actuators change over time and the
actuator utilization can be treated independently, [4]. Control allocation can
be applied to a class of linear and nonlinear systems. If it can be applied,
the control design can be divided into two steps. The first step is to design a
control law determining the net control effort. The second step is mapping the
net control demand onto the individual actuators.
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Independently of the specific applications studied, a class of nonlinear systems
can be described in the affine form

i=f(2)+g(@)u (4.1)

If the studied nonlinear system can be written in this affine form and certain
conditions are fulfilled control allocation can be applied. Control allocation can
be applied if the control input can be perturbed without affecting the system
dynamics. The system can therefore be rewritten as

= f(x)+v (4.3)
y=h(z) (4.4)

where v = g(x)u, v is also called the virtual control input. A control law
regulates the net effort v. The control allocator maps then the net effort of the
virtual control input onto the true control input, v(t) — u(t). Unfortunately,
the mapping of the net effort to the true control signal is complicated since the
g(x)-matrix is not invertible. Using a pseudo-inverse to find a solution could
be one way of solving this. However, this could lead to an unrealistic solutions
since the true control signals are limited by several different constraints. Instead
a constrained optimization problem is proposed and solved.

The nonlinear vehicle system can be formulated in the affine form by selecting

-
the following state variables x = [ Vg Uy @2 } . The roll and pitch motion
are seen as secondary effects for generating the desired motion on a flat surface
and are thus neglected.

The lateral slip, a;, can be separated into two parts, one due to the steering
angle and one due to vehicle states as

L
0y = 6y — Lbff‘fi’» (4.5)
T+ a3
L
g = 0y — T2 ¥ 25T bffxg (4.6)
r1 — 71‘3
— L,
1+ 53
— L,
r1 — 5 T3
If small angles are assumed the lateral force, Fy ;, can be calculated as
Fyi = Caicy (4.9)

where C, ; is the cornering stiffness for tyre 7. This separation means that the
lateral tyre force can be written as a sum of lateral forces due to the steering
angle, I, ;(d), and vehicle states, F}, ;(x).
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By using Eqgs. 4.9-4.10 in combination with Eqs. 4.5-4.8 where the track width
front and rear is assumed to be equal by = by = b, and all four wheels are
assumed to be equal, i.e. the cornering stiffness is equal for all four wheels,
Co = C4,, and the radius is also equal, R,, = R, ;, the chassis Eq. 3.1-3.6 can
be rewritten as

[ maxexs — Dix1 — Domsgn(xy)x?
f(z) = —mzi1x3 — Cy 83:1(2?%%%;;”363) (4.11)
[ Z?:l Fri
g(z)u= Co Yoy 0 (4.12)
L LyCa Z?:l 0i — LrCy Z?:a 0i + b?t Z?::a(_l)l“Fw,i

h@)=[ o = w3]" (4.13)

where Dy and D5 are constants related to aerodynamic and wheel rolling resis-
tance. The system can now be written as:

Mz = f(z)+ g(z)u (4.14)
y=h(z) (4.15)

where M is the mass matrix

m 0
M = 0 m
0 0

ST o o

Since the mass matrix is invertible, the system can be written in the affine form.
Furthermore, the vehicle system model presented is general and independent of
the three configurations. Moreover, g(x)u can be written as a constant matrix
times the control signal, Bu. The B matrix is often called the control effective-
ness matrix. Since it is linear, control allocation can be applied if the rank of
the B-matrix is less than the number of control signals. This is the case for the
vehicle system presented here. This allows us to separate the control law for
keeping the desired path of the vehicle from the control allocation of the specific
motion actuators. The virtual control input is set equal to the global vehicle

forces, v = [ F, F, M, }T.
Control Effectiveness Matriz B

As mentioned earlier the virtual control signals are the global forces. Look-
ing at the model (Eqgs. 4.11-4.15) the control signals are the longitudinal wheel
forces F; ; and the wheel steering angles d;. The wheel forces are controlled by
the motion actuators via the driveline. For the three configurations the following
control input signals exist

T

Ue, = [ Tice Tmby Tmbs Tmbs Tmbs Of Or ] (4.16)
T
Uey = [ Tice Tisg Tram Tmby Tmby Tmbs Tmby 5f 51" } (417)
T
Ucs = [ Twmy Twms Twms Twma Tmby Tmbs Tmbs Tmbs Of Or | (4.18)
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where 7; is the torque from the traction and braking actuators and dy = 61 = 62
and J,, = 03 = d4 are the front and rear rack steering angles were the Ackermann
angle is neglected. Steering was included in the control allocation to allow for
an objective comparison of the three different vehicle configurations. Today’s
cars usually have conventional steering which the driver solely manages by a
mechanical link from the steering wheel to the wheels. This would delete the
last two elements in control input vector u. and the corresponding columns in
the control effectiveness matrix B.

Unfortunately, if the motion related actuators and driveline are added to the
system model, the mapping from v to u cannot be performed via a constant
control effectiveness matrix. However, if no inertia effects in the driveline nor
wheels i.e. Jw = 0, no weak drive shafts, no losses, and no time delays or
nonlinearities in developing tyre forces i.e. F; = %"’i are assumed, constant
control effectiveness matrices can be formulated. The wassumptions are realistic
for the control design phase. The control effectiveness matrices for the three

cases become:

- TiTfes 1 1 1 1 0 0
B = 0 0 0 0 0 20, 2C, (4.19)
by —by b, —b
0 2R, 2Rw 2Rw 2R 2L;Co —2L,Cq
r TiTfg TiVfgf Tfgr 1 1 1 1
Rl “Re Re Be Ry Ry Ry 0 0
By = 0 0 0 0 0 0 0 2C,, 2C, (4.20)
bt _bt bt _bt
0 0 0 SR IR IR 3R 2L;C, —2L,C,
- Tfg Tfg Tfg Tfg 1 1 1 1
ke W F®. T®. TRy Ry Ry Ry Y 0
Bs = 0 0 0 0 0 0 0 0 2C,, 2C, (4.21)
Tfgbt —Tggby Trgby —rpgby by —by b

t —by _
L 2R, 2Rw 2R, 2Rw 2Rw 2Rw 2Rw 2R, 2LyCo —2L,Cq

Matrices 4.19-4.21 describe the three configurations and their ability to gener-

ate the global vehicle forces v(t) = [ F, F, M, }T. Observe how the yaw
moment M, can only be applied by the mechanical brakes and steering for con-
figuration 1 and 2. This due to the fact that open differentials are used in the
drive line in these configurations. This results in that traction actuators such

as the combustion engine, ISG, and E4AWD motors cannot be used for gaining
M,.

4.1 Control Law and Feedback Linearization

First step in creating the control system is to design the control law as illustrated
in Fig. 2. The purpose for the controller, as mentioned earlier in the paper, is
to follow a desired trajectory. The controller is based on feedback linearization,
see e.g. [21]. The idea with feedback linearization is to transform the nonlinear
system into a linear one, so that linear techniques can be used. In its simplest
form it can be seen as a way to cancel the nonlinearities by a nonlinear state
feedback. Looking at the system, we notice that the first term on the right
hand side of (4.14) is the only one including the nonlinearities of the system. If
the nonlinear term, f(z), is cancelled, the multi-input, multi-output (MIMO)-
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system becomes linear. Furthermore, by cancelling f(xz) the MIMO-system
becomes decoupled. Then, using PI-controllers, the control law becomes

t
v=—f(z)+ Kpe + KZ-/ edr (4.22)
0

where e is the error between the desired vehicle motion and the vehicles actual
motion. The design parameters for the Pl-controllers, K and T;, are chosen as

m 0 0

K,=5| 0 06m 0 (4.23)
0 0 1.51,

K, =4m+/K;/m. (4.24)

Figure 12 shows how the feedback linearization () is summed together with
the PI-controller signals before the control allocator. To handle the saturation
of actuators the Pl-controllers were extended with anti-windup based on back
calculation [22]. When the actuators are not saturated the error e, = Bu — v
will be zero and there will therefore be no effect on the sum of integrator gain,
see also Fig. 12. The windup was minimized with Tit = 513,3.

a(x) [
(1/[, p ) lim
udesi J
- Control L’: System Y -

Allocator M

\

+
B(x)

Figure 12: Layout of the control system with the PI-controller,anti-
windup, feedback linearization, and control allocation.

4.2 Control Allocation

The second step in the control design is to create the control allocator. The key
issue is how to select the control input set u from all possible combinations. In
control allocation an optimization based selection is used. According to [4] the
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optimal control input « can be seen as two-step optimization problem

u = arg min ||W,, (u — uges)||p (4.25)
u€e
Q =arg min [|[W,(Bu—v)l, (4.26)

u<u<u

where W,, and W,, are weighting matrices and ug4es is the desired control input.
The two step optimization problem actually suits very well for HEVs. Eq. 4.26
constrains the possible set u € €2 to only be possible u’s that will be in nullspace
of N(Bu — v) or minimize the error of the desired forces, Bu — v, needed for
fulfilling the desired motion of the vehicle. This can be seen as the vehicle motion
controller. Eq. 4.25 minimizes the error of the desired control input, uges — u.
The desired control input, ug4es, which comes from the energy management
controller, declares how the electric motor(s) and the mechanical brakes should
be used when optimizing the use of onboard energy. This can be seen as a
smooth arbitration between energy management and vehicle motion control.
Fig. 2 shows how energy management is included in the control allocator and
Fig. 12 shows how the control allocator fits in the control system in more detail.
Numerically Eqs. 4.25- 4.26 are solved in one step

u = arg min [ W (u — Udes}”p + Y||Wy (Bu — U)Hp- (4.27)

u<u<u

The optimization problem is solved as weighted least square, p = 2. Setting
the weighting parameter v to a high value gives priority to minimizing the error
Bu — v which is here related to the desired motion.

Actuator Limits

The limits which are sent to the control allocator are the limits from the motion
related actuators, in other words, the actuators need to send feedback to the
control allocator about the actual dynamical limits [u(t),u(t)] and their limits
in rate of change [p, p|. This specific way of designing the control system allows
the control law to be independent of the available actuators, i.e. reusable for
different hardware configurations, and also allows the control allocator to han-
dle limits and even the failure of actuators. The rate limits can be rewritten as
position constraints using an approximation of the time derivative

alt) ~ M = ;‘T(t —tr) (4.28)

where t7 is the sampling time. The position constraints can now be written as

(t) = min (u(t), u(t — tr) + trp) (4.29)
(t) = max (u(t), u(t — tr) + trp) . (4.30)

e <=l

In a ground vehicle the limits of the control input must also consider the force
limits each wheel. Each wheel’s longitudinal force limit Fj j;pm, ; is a function of
the normal force F, ;, tyre/road friction y;, and the amount of lateral force Fy ;
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applied to the wheel. So by estimating F}, ;i ; for each wheel the actuator limits
are adjusted for what the tyres actually can handle. The function is here called
tyre fusion. The tyre fusion basically checks if the electrical torque limits for the
electric motors, e 1im, i, are above the longitudinal force limits and if so adjusts
the limits to be equal to what the tyre can handle. If the sum of electrical
and mechanical torque limits we; mech,iim,i are more than the tyre force limit,
then the mechanical limits are set as the difference of the tyre force limit and
electrical limit. The idea is to always try to give electric motors the possibility
to act within the tyre’s limits. In equation form this would look something like

—F..R ifu,.<—-F,.R
Uey; = { o Tl = e (4.31)
Uel i» else
Hmech,i =0 (432)
07 if Qel,i < _Fm,iRw
Upnechi = § —FaiRw — g, elseif (U ; + Uneeni) < —FoiRuw (4.33)
Qmech,i’ else
where Ul i and Umech,; are the tyre limits for the electrical and mechanical

braking torques. A bit different tyre limits are used for the configurations CV
and HEV E4WD configurations. These configurations have open differential(s)
in their drivelines where the actuators behind the open differential such as ICE
and ISG, and the motor EAWD were limited by the minimum longitudinal force
that either of the wheels had on the considered front or rear axles.

5 Simulations

The vehicle system models were implemented as s-functions in Matlab/Simulink.
Due to the open differential in the driveline model the system becomes a differ-
ential algebraic equation system, a (DAE) system. The equations for the open
differential were rewritten to be in ordinary differential equation (ODE) form
by using a mass matrix. Solver ode23t was used in the simulation, since it can
solve problems with a singular mass matrix. The controller was implemented in
Simulink using the standard block-sets. The QCAT toolbox [23] has been used
in this paper to solve the control allocation problem. The code was modified by
the authors to allow for dynamical change in constraints ., .

The simulated test procedures focus on braking situations where the coordina-
tion of mechanical disc brakes and electric motors would be expected. The three
vehicle configurations are compared and the only parts changed in the control
system were the control effectiveness matrix B and the tyre fusion algorithm
which was slightly different for configurations 1 and 2 with an open differential
in the driveline. For configurations 1 and 2 the third gear was set as a default.
The initial temperature for the disc brakes and electric motors was set to 30 °C.

The following parameters were used for the control allocator: the time step was
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set to T' = 10 ms, the weighting matrix for the desired global forces was set to
W, =diag[ 1 1 1 ] for all three configurations, and the weighting matrix for
the desired input signals was set to

Wy1=diag[ 1 05 05 1 1 1e3 2e3 ], (5.1)
Wyo=diag[ 1 0.1 025 05 05 1 1 1le3 23], (5.2)
W,s =diag[ 01 0.1 025 025 05 05 1 1 1e3 23]  (5.3)

for configurations 1, 2, and 3 respectively.

All simulations were performed on the complete vehicle system as modelled in
Section 3, i.e. a vehicle model including all modelled nonlinearities and major
time constants.

5.1 Test Procedures

The selected driving situations are derived from [24] and modified to trigger the
energy management algorithm that can be found in the vehicle system controller
within a hybrid electric vehicle. The following test procedures have been selected
for simulation:

i. a) Braking on asphalt with the tyre road friction set to 1.0.
b) Braking on ice with the tyre road friction set to 0.3.
Both 1la and 1b have the following initial conditions: v;,;+ = 100 km/h,
soft braking with a deceleration of 0.1g until 80 km/h, then hard braking
with a deceleration of 0.8g until 40 km /h, and finally soft braking with a
deceleration of 0.1g until standstill.

ii. Stability when braking in a circle on ice. This procedure contains the
following initial conditions: the initial velocity v;,;; is decided by limit
cornering without skidding for a radius of 200 m, tyre road friction is set
to 0.3, constant steering, soft braking and deceleration is set to 0.1g to keep
the vehicle in re-generative mode and try to maintain vehicle stability.

5.2 Test procedure la and 1b - Straight Braking

Figure 5.2 shows the longitudinal reference velocity and the simulated velocity of
the vehicle for all three configurations during test procedure la. It is interesting
to note that when braking on high friction, all configurations have no major
problems following the reference velocity during hard braking. Configuration
WM, with the most electrical braking power is the fastest to respond and follows
the reference velocity very well. In Fig. 5.2 the longitudinal velocity is shown
for test procedure 1b with low friction. Still no configuration is outperformed
by another configuration.

During test procedure la and 1b none of the wheels lock for any of the con-
figurations. The reason for this is that the combined limits are used for the
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Figure 13: Longitudinal velocity v, for configurations CV (left), HEV
E4WD (centre), and HEV WM (right) during test procedure 1la.
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Figure 14: Longitudinal velocity v, for configuration CV (left), HEV
E4WD (centre), and HEV WM (right) during test procedure 1b.

possible input set u for the available actuators. First the actuator limits and
their rate of change limits are considered, see Eq. 4.30. Then the limits are
compared with how much longitudinal force each tyre can handle, see Eq. 4.33,
which gives the combined limits. Figure 15 shows the combined limits and the
actual values of u for configuration CV during test procedure la. The black
solid lines correspond to the actual u, the dashed red and blue lines correspond
to the upper and lower combined limits respectively. The vehicle is braking
more on the front brakes (actuators 2 and 3) when compared to the rear brakes
(actuators 4 and 5). This load distribution is easily allowed by the weighting
matrix Wy, see Eq. 5.1, where the front brakes are less penalized. We can also
see that actuator 1, the combustion engine, applies positive torque for a short
period when the hard braking part has ended. The reason for this is that the
controller tries to follow the reference velocity, i.e. the controller applies a pos-
itive torque to avoid an undershoot. The only way to apply positive torque
for this configuration is to use the combustion engine. Within Figs. 15-5.2 the
actuator signals corresponding to the steering are omitted, since they are zero
during the complete simulations.

Figs. 5.2 and 5.2 show the input set v and the combined limits for configurations
HEV E4WD and HEV WM respectively during test procedure la. Here it can
be seen how the electrical braking is prioritized before mechanical, the reason
is that electrical braking is less penalized in the weight matrix W,. Another
factor is that the tyre fusion algorithm always prioritizes the electrical braking.
This is shown in Fig. 5.2 where actuators 7 and 8, the rear mechanical brakes,
are limited to null during hard braking. It can also be seen how actuators 3
and 4 are reduced during hard braking due to the major pitching of the vehicle.
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Figure 15: Input set u and their limits for configuration CV during
test procedure 1la.
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Figure 16: Input set u and their limits for configuration HEV E4WD
during test procedure 1la.

The pitching reduces the vertical load on the rear wheels which then directly
reduces the available force limits on the rear tyres.

For test procedure 1b with low friction it can be seen how the tyre fusion algo-
rithm significantly reduces the combined limits, see Figs. 5.2-5.2 for configura-
tions CV, HEV E4AWD, and HEV WM, respectively. For configuration WM all
mechanical brakes are reduced to 0 and the combined limits of the wheel motors
are affected by the pitching.

5.3 Test Procedure 2 - Circle Braking on Low Friction

Here, the vehicle is trying to maintain the stability when making a circle on low
tyre/road friction. A simple calculation gives the maximum vehicle speed that
can be maintained, v,,4,, when making a circle with a radius of R = 200 meter
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Figure 17: Input set v and their limits for configuration WM during
test procedure 1la.
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Figure 18: Input set v and their limits for configuration CV during
test procedure 1b.

on ice with friction p =0.3.

L 2.674
Op = 7 = g = 0.0134 rad 5.4
7= R ™ 200 ra (5.4)
2
m - v
Ffric = Fcentripetal N w-m-g= R’mam

Umaz = V1t g+ R =24.26 m/s (5.5)

In the simulations the v,,4, was reduced by 10 percent to assure steady state
circle driving, which was verified by simulating a full circle with all three con-
figurations. The vehicle was first driven straight for 0.1 seconds and then the
reference yaw velocity was ramped up to v, /200 rad/s in 1 second. Soft braking
was then started with 0.1g deceleration was started after the full yaw velocity
was achieved with the aim of maintaining the circle during the braking until
standstill.

The reference and achieved velocities are shown in Fig. 5.3. It shows how all
configurations are able to track the longitudinal and yaw reference velocities
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Figure 19: Input set v and their limits for configuration HEV E4WD
during test procedure 1b.
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Figure 20: Input set u and their limits for configuration WM during

test procedure 1b.

and how the lateral velocity is almost zero. All configurations could hold the
circle path until standstill.

Figs. 5.3-5.3 shows the input set v and its combined limits for configurations
CV, HEV E4WD, and HEV WM, respectively. The black solid lines correspond
to the actual u, the dashed red and blue lines correspond to the upper and
lower combined limits, respectively. In configuration CV, Fig. 5.3, the braking
is mainly performed by the front mechanical brakes, actuators 2 and 3. It can
also be seen that it uses the engine as a brake as well. In configuration HEV
E4WD, Fig. 5.3, it can be seen that the braking is performed by the engine
and the electric motors. The mechanical brakes are almost not used at all. It is
interesting to see that actuator 7, the right rear mechanical brake, is not used at
all. This is the result of the optimization. In configuration HEV WM, Fig. 5.3,
the front wheel motors, actuators 1 and 2, are braking considerably more than
the rear wheel motors, actuators 3 and 4. This is similar to the mechanical
braking for configuration CV. Furthermore, the steering action on the front
and rear rack steering is automatically performed by the control allocation. All
three configurations have similar steering inputs for the test case, which was also
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Figure 21: Longitudinal v,, lateral v,, and yaw w, velocity for con-
figuration CV (top), HEV E4AWD (middle), and HEV WM (bottom)
respectively during test procedure 2.

expected. The steering angle was also limited by the tyre fusion. This was done
by checking how much maximum lateral force could be applied on either tyre on
each axle, see also actuators 6 and 7 for configuration CV in Fig. 5.3, actuators
8 and 9 for configuration HEV E4WD in Fig. 5.3, and finally actuators 9 and
10 for configuration HEV WM in Fig. 5.3.
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6 Conclusions

The vehicle model presented in this paper has been used for the evaluation of
a control system architecture. It is quite simple but detailed enough for the
intended purpose. The presented model is a so-called two track model and has
five degree of freedom: longitudinal-, lateral-, yaw-, roll-, and pitch motion.
Additional degrees of freedom have been added by including the driveline and
the motion related actuators. A novel suggestion is also given for how the torque
limits of an permanent magnet synchronous motor depend both on mechanical
speed and temperature.

Furthermore, the separation of control law and control allocation makes the
control system reusable for different vehicle configurations. This was shown
here where the same controller was used for three different vehicle configurations.
This leads to the possibility of developing a wide range of configurations without
the need to redesign the control system for each one. The weighted least square
control allocation algorithm developed by [4] also works excellently for brake
blending in hybrid electric vehicles. Additionally, algorithm is also fast which
would easily allow real time implementation in vehicles.

The simulations not only showed that brake blending is automatically performed
but also that vehicle stability is automatically included in the global optimiza-
tion problem formulation of the control allocator. Another interesting observa-
tion was that it is important to consider how the brake load distribution on the
front and rear axles is made for the electric motors. During electrical braking
the load distribution should be more on the front than the rear, as it is usually
set for mechanical brakes. The load distribution can be tuned by the weight
matrix W,. Actuator limits and rates together with the suggested tyre fusion
algorithm provides sufficient information to make the correct coordination of
the available actuators for different braking situations.
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Appendices
A Parameters

Table 1: Parameters used for the chassis model including brush tyre.

Parameter value
Curb weight (full tank, no driver or pass.) m (kg) 1675
Moment of inertia, around CoG I, (kgm?) 540
Moment of inertia, around CoG I, (kgm?) 2398
Moment of inertia, around CoG I, (kgm?) 2617
Wheel base L (m) 2.675
Distance along X-axis from CoG to front axle Ly (m) 0.4L
Distance along X-axis from CoG to rear axle L, (m) L— Ly
Distance along Z-axis from front axle to CoG h (m) 0.227
Track width front wheels by (m) 1.517
Track width rear wheels b, (m) 1.505
Pitch centre height above ground h,, (m) 0.149
Front roll centre height above ground h,. s (m) 4.49-1073
Rear roll centre height above ground h,., (m) 0.110
Front area Ay (m?) 2.17
Air drag coefficient Cy (-) 0.3
Front roll stiffness Ky, , (Nm/rad) 7.0896-10%
Front roll damping Dy, , (Nms/rad) 8.0545-103
Rear roll stiffness Ky, . (Nm/rad) 6.7732-10%
Rear roll damping Dy, . (Nms/rad) 8.1541-103
Pitch stiffness Ky, (Nm/rad) 2.2457-10°
Pitch damping Dy, (Nms/rad) 2.6562-10%
Tyre lag to longitudinal force build up L, (m) 0.18
Tyre lag to lateral force build up L, (m) 1.89
Half contact length @ Fz0=3000 N ay (m) 0.1
Brush stiffness ¢, = 60e3/ (2-0.1?) (N/(m?rad)) 3-108
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Table 2: Parameters used for the three different drive line configura-
tions.

Parameter value
Frictional losses combustion eng. d. (Nms) 0.001
Comb. eng. inertia with/without flywheel J,. (kgm?) 0.244/0.06
Frictional losses ISG d;sq (Nms) 0.001
ISG inertia Jiy, (kgm?) 0.085
Transmission gear ratio’s r;, (-) 4.7,3,2,1.3,1
Transmission inertia Jy,. (kgm?) 0.04
Transmission losses dg, (Nms) 0.001
Final gear ratio, front 745 (-) 2.44
Final gear + differential inertia J;,; (kgm?) 0.033
Differential gear ratio, front rq;¢s (-) 1
Drive shaft stiffness kqs (Nm/rad) 1200
Drive shaft damping dgs (Nms/rad) 400
Final gear ratio, rear rgg. (-) 2.44
Final gear + differential inertia J4. (kgm?) 0.033
Frictional losses EAWD d¢4,pq (Nms) 0.001
E4WD inertia Jeqwq (kgm?) 0.02
Final gear ratio, wheel motor 7, (-) 2.44
Frictional losses wheel motor dy, (Nms) 0.001
Wheel motor inertia Jy, (kgm?) 0.05
Wheel radius R,, (m) 0.3

Table 3: Used parameters for PMSM model.

Parameter value
PMSM type ISG / E4WD / wheel motor
Time constant t,,, (s) 0.056 / 0.096 / 0.078
Max/min torque (2 min) Ty, i, (Nm) +178 / £305 / £250
Max/min torque (cont.) Tyc rim, (Nm) +67 / £130 / £100
Max/min power(2 min) P, jim, (kW) +11 / £50 / +40
Max /min power (cont.) P iim, (kW) +5 / +£32 / £20
Temperature thresholds T}, Tj, (°C) 200, 100
Motor system mass m, (kg) 11 50 40
Capacity mass m,,, (kg) 1.46.35
Convection area A, cony (M?) 0.02 / 0.06 / 0.05
Radiation area A, rqq (m?) 0.02 / 0.06 / 0.05
Average sp. heat capacity cp,, (J/(kgK)) 430
Conductivity kcona (W/(mK)) 57
Conduction length (est.) [ (m) 0.03/0.25/0.1
Forced air convection h, (W/(m?K) 7.8p0-78
Emissivity e (-) 0.6
Stefan-Boltzmann’s c¢. o (W/(m?K?)) 5.669¢-8
Max/min torque rate?t: (Nm/s) 2000, -2000
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Table 4: Parameters for a passenger car hydraulic disc brake model.

Parameter value
Time constant t; (s) 0.1
Asymptotic pressure pgsym MPa) 15
Hydraulic piston diam. d, and area A, (m), (m?) 0.0513, 0.021
Disc outer D, and inner D; diameter (m), (m) 0.282, 0.13
Radius for braking torque 7y, (m) 0.103
Disc thickness td (m) 0.011
Disc density pq (kg/m?) 7849
Specific heat capacity of disc epq (J/(kgK)) 465
Conductivity at 100 °C kcond (W/(mK)) 57
Conduction length ! (m) 0.1
Convection from disc @cony (W/(m?K) 60
Convection area from disc Acony (m?) 0.0363
Radiation area from disc A, .4 (m?) 0.0363
Emissivity e -) 0.5
Stefan-Boltzmann’s constant o (W/(m2K?)) 5.669e-8
Table 5: Used parameters for buffer model.
Parameter value
Buffer for conf. 2 / conf. 3
Capacity C, (Ah) 6.5 /6.5
Nominal voltage uy, (V) 250 / 500
mass of buffer my, (kg) 41 / 90
Power density during discharge Pyen, dis, (W/kg) 1500 / 1500
Power density during charge Pyen char, (W/kg) 1500 / 1500
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Abstract

This paper considers how ground vehicles such as hybrid electric vehi-
cles can be controlled when traction, braking and steering are considered.
When several different actuators are combined the desired motion can be
performed in several ways. Here, a reusable control structure is suggested
which includes a reusable control law for longitudinal, lateral, and yaw
motion and a control distributor which distributes the desired control sig-
nals on the available actuators. By separating the control law and control
distribution a wide range of vehicle configurations can use the same con-
trol system. The control distribution is designed using a technique called
control allocation. The control allocator also handles performance lim-
its which combine the limits of the tyres and the actuators. The same
motion controller has been used for three different vehicle configurations.
The proposed control system not only works as a traction and braking
controller, it also works as a vehicle stability controller. Furthermore,
the controller is easy to tune. These findings have been confirmed by
simulations.

Keywords: Traction, Hybrid Electric Vehicles, Control Allocation.

1 Introduction

The introduction of Hybrid Electric Vehicles (HEV) into the market on a larger
scale opens up the potential for a wide range of vehicle configurations, e.g.
conventional vehicles, series hybrid electric vehicles, and parallel hybrid electric
vehicle. The development of HEV technology has made it so that vehicles
have different possibilities for making tractive and/or braking forces. In order
to generate the desired force, the actuators (the combustion engine, electric
motor(s), and mechanical brakes) need to be coordinated. For example, tractive
force could be generated with the combustion engine and electric motor(s) in
combination. The braking force could be achieved with the electric motor(s)in



combination with the mechanical brakes. This paper deals with the efficient
coordination of several actuators for vehicle traction, braking, and steering.

To allow for a broad range of vehicle configurations to be produced without
major costs related to the control system development it is highly desirable to
have standardized interface signals, [1], and reusable controllers, [2]. This is of
special importance for hybrid vehicles where, as mentioned earlier, a number
of configurations can be considered. To handle this efficiently a hierarchical
control architecture is preferable. In [3], a vehicle control system architecture
for fuel cell- and hybrid electric vehicles is proposed. The system architecture
is generic in the sense that the information flow structure allows for the adding
and removing of components. The control architecture is derived from functional
decomposition and is configured in a modular fashion, see Fig. 1.

Level 1 - Control system

Vehicle motion Energy Arbitration
control management
o w W”’m Pomi Level 2 - Local controllers !
Local Local
controller(?) s controller(m)
””””””””””””””””””””””””””””” Level 3 - Hardware
Actuator(i) Sensor(i) . Actuator(m) Sensor(7)

Figure 1: Illustration of functional levels within a vehicle system con-
troller.

The highest functional level includes the overall functionality and decision mak-
ing to generate the vehicle motion such as the vehicle motion controller and
energy management. The vehicle motion controller is a short time horizon con-
troller that tries to keep the desired vehicle course. Energy management is more
of a long time horizon controller for how the on board energy sources should
be used when considering the vehicle states and the environment. Functional
level 2 includes the local controllers for different functions, for example, a local
controller for an electric motor. Here in this paper it is shown how the interface
signals between level 1 and level 2 should formed in order to design a vehi-
cle controller considering both vehicle motion control and energy management.
Fig. 1 illustrates this in that the local controller 7 is sending the limits u;,,, and
the rate of change limits py;,,, to functional level 1. The third level is what could
be called an advanced actuator/sensor level (hardware level). The general idea
is that the highest level should remain unchanged no matter how the vehicle is
configured.

Figure 2 illustrates how the control system and vehicle system are configured.
The control system is comparable to functional level 1 in Fig. 1 and the system
refers to levels 2 and 3. Observe how the control system is split into two parts.
The reason for this is that the control law only tells the net effort that needs
to be produced but not how it can be produced with the available actuator
configuration within the system. This is solved by the control distributor or



control allocator. If the mapping is successful then the system generates the net
effort vgys = v.

L Energy

Env., x, SO_C,Management
Ues
Control system System
T y o o
ri Control v, | Control u= Actuat.or Vivs, Systerp J/
- law allocator | i i | dynamics dynamics [
r U i Plim _|
X

Figure 2: Control system structure when control allocation is used.

Systems which have more motion actuators than motions controlled are called
overactuated systems. Overactuated systems are common in application areas
such as flight and marine vessels, but also in automotive systems. Flight systems
are often configured as overactuated systems which allow several possible input
sets for the actuators to achieve the desired motion. One promising way to solve
the coordination of overactuated systems in automotive applications is to use
control allocation. Control allocation has been successfully used within flight
applications, see [4]. It has also been used within marine vessels, see [5] and
[6]. For ground vehicles, control allocation has been used for yaw stabilization,
see [7], [8] and [9]. In these articles the mechanical brakes and steering were in
focus, however no detailed considerations of the actuator limits were shown.

In this paper a reusable control law is set up for the longitudinal, lateral, and
yaw-motions of a ground vehicle. Control allocation is used to distribute the
task of generating the desired motion on the available actuators. The studied
vehicle systems, a conventional car, a parallel hybrid vehicle with two electric
motors, and a series hybrid vehicle with wheel motors, are modelled to include
the main time constants of a vehicle when generating the desired motion and
the actuators include models of the internal states that affect its performance,
i.e. their limits and rate of change of limits. For an electric motor these internal
states are the angular velocity of the drive shaft and the temperature of the
windings.

The outline of the paper is as follows: Section 2 gives an introduction to control
allocation, a technique which has been used in the paper. Section 3 outlines the
models and vehicle configurations studied in the paper. In Section 4 the control
design is presented in detail in addition to how the control allocator was set up
with the limits of the actuators. In Section 5 simulations of different traction
and braking situations are presented to show how the control system functions.
Section 6 concludes the findings.



2 Control Allocation

In linear control theory there exists a wide range of methods which can handle
overactuated systems, like LQ- and H.-control. Unfortunately, most of these
methods can not handle actuator saturations and/or constraints efficiently. As
mentioned earlier control allocation is an option for coordination when one has
more input signals going into the system than the number of output states.
Control allocation is attractive since it can handle actuator constraints, no re-
configuration is necessary if the effectiveness of the actuators changes over time
and the actuator utilization can be treated independently, [4]. Control allocation
can be applied to a class of linear and nonlinear systems. If it can be applied,
the control design can be divided into two steps. The first step is to design a
control law determining the net control effort. The second step is mapping the
net control demand onto the individual actuators.

Control allocation is an option for coordination when one has more input signals
u € R™ to the system than the number of output states y € R¥, k < m. An
optimization objective is used to select the input set vector u of the available
actuators. Limits of the input vector wu;;,, reduce the possible combinations of
the input vector u. Using control allocation allows for reconfiguration, so that
the same control system can be used for different hardware configurations. It
also makes it so that the control system can easily handle actuator failure.

Independent of the specific application studied, a class of nonlinear systems can
be described in the affine form

If the studied nonlinear system can be written in this affine form and certain
conditions are fulfilled the control system design can be divided into two steps.

The first step is to design a control law that controls the net effort v € R* to
be produced for the nonlinear system

= f(x)+v(t) (2.3)
y=h(z)
where v(t) = g(z)u is also called the virtual control input. The second step is
to design a control allocator that maps the net effort of virtual control input

to true control input u. For linear systems, the mapping can be described by a
control effectiveness matrix B(x) with size k& x m and rank k

Bu(t) = v (t) (2.5)

A key issue is how to select the control input set u from all possible combinations.
In control allocation an optimization based selection is used. According to [4]



the optimal control input u can be seen as two-step optimization problem

w = arg min ||W, (v — uges)||p (2.6)
u€
Q2 =arg min ||[W,(Bu—v)|, (2.7)

u<u<u

where W,, and W, are weighting matrices, and uq4.s is the desired control input.
Numerically, Egs. 2.6- 2.7 are solved in one step

u=arg min |[Wy(u — tges)|lp + 7[|Wo(Bu = v)|[p. (2.8)

u<u<u

The optimization problem is solved as weighted least square p = 2. Setting
weighting parameter v to a high value gives priority to minimizing the error
e = Bu—wv.

The possible limits of the input control are calculated by
u; = min (ﬂi_l,ui_1 + Tﬁi,l) (2.9)
u; = max (gi_l,uifl + Tﬁz‘q) (2.10)

where p is the limits in the rate of change of the control input signal and 7' is
the fixed time step for the control allocator.

3 System Modelling

Three different vehicle configurations are considered in the paper, a conventional
configuration, a parallel HEV with electric four wheel drive and a series HEV
with wheel motors. The three studied vehicle configurations are modelled with
a focus on including both the necessary dynamics of the system and the most
important system specific time constants.

The chassis model is the same for all three vehicles. It is a so-called two track
model and has five degree of freedom: longitudinal-, lateral-, yaw-, roll-, and
pitch motion. The model aims at being capable of predicting the chassis dynam-
ics on a flat surface. The SAE standard [10] has provided the main guidance
for defining the axis orientations. A brush tyre model [11] is used together with
dynamic relaxation to describe the tyre dynamics. The chassis used for all three
configurations is comparable to a commercial medium sized sedan car. Details
about modelling and used chassis parameters can be found in [12].

The driveline includes weak drive shafts, inertias, and losses open differentials
for two of the configurations. The mechanical brakes and electric motors are
modelled as first order systems with a lumped mass model describing the internal
temperature of the actuators. The temperature will directly affect the limits of
the actuators. The combustion engine is modelled as a second order system [13].



The limits of the electric motor, combustion engine, and mechanical brakes are
illustrated in Eq.4.1.

Uep (Wi, Th) < Ueri < Tel,i(wi, Tr)
Uice (W) < Uice,i < Uice(w) (3.1)

u Tz) é Umech,s S ﬂmech,i(T'i)

—mech,i(

where w; and T; are the angular velocity and temperature of the actuator.

By combining together the modelled components and the chassis, the three
different vehicle configurations can be configured. These three vehicle models
represent and simulate the system in Fig. 2. A detailed description of the system
modelling is found in [12], where all parameters are also specified. The models
are implemented as first level s-functions in the Matlab/Simulink environment.
A summary of the vehicles is presented below:

i. Conventional vehicle (CV). The combustion engine has 133 kW at 6000
rpm as the maximum output power and a maximum torque of 230 Nm. It
is connected to the front wheels via an open differential (1 input). Con-
ventional vehicles usually have a pre-determined mechanical brake distri-
bution between the front and rear axles, however when a dynamical limit
of e.g. yaw is exceeded then individual braking is allowed. This model is
seen as individual mechanical braking (4-input) which gives a total of 5
inputs to control the traction and braking.

ii. Parallel HEV with electric four wheel drive (HEV E4{WD). Every wheel
has individual mechanical braking (4-inputs), the rear axle has an electric
motor of 50 kW connected by a differential (1-input). The front wheels are
connected to a powertrain which includes an Integrated Starter Generator
(ISG) of 11 kW located between the gear box and the combustion engine,
same as CV (2-input). This model is seen as a 7-input configuration.

iii. Series HEV with wheel motors (HEV WM). Each wheel has individual
mechanical braking (4-inputs) and is also equipped with wheel motors of
40 kW (4-inputs). This model is seen as an 8-input configuration. An
extra energy source such as a fuel cell is needed to allow a continuous
output power of 30 kW. The continuous power is sufficient to overcome
the resistance forces at a constant speed of 130 km/h. The total output
power is 30 kW plus 135 kW when the buffer mass of 90 kg is selected.

If front and rear axle steering is included the total number inputs on each
configuration is increased by two.

4 Control Design

The objective is to control the longitudinal-, lateral-, and yaw-motions of a
ground vehicle. For control design purposes the vehicle system is rewritten in



the affine form

= f(z)+g(@)u (4.1)
y=h(z) (4.2)

. 4T
This can be accomplished by selecting following states x = [ Vg Uy G2 ] .
The roll and pitch motion are seen as secondary effects for generating the desired
motion on a flat surface and are thus neglected.

The lateral slip, «;, can be separated into two parts, one due to the steering
angle and one due the to vehicle states as

To + wag

a1 — (51 — (43)
T1+ 53
L
Qg = 02 — r2t b;xs (4.4)
xr1 — 7:133
— L,
g = 85 — = 8 (4.5)
b
1+ 53
— L,
gy = (54 — 2 b 3 (46)
xr1 — 7’"(133

where Ly and L, are the distances from the front and rear axles to centre of
gravity, resectively. If small angles are assumed the lateral force, Fy ;, can be
calculated as

Fy,i = CayiOéi (47)

where Cy,; is the cornering stiffness for tyre ¢. This separation means that the
lateral tyre force can be written as a sum of lateral forces due to steering angle,
F,i(9), and vehicle states, Fy ;(x).

Fyi=Fyi0) + Fy(z) (4.8)

By using Eqgs. 4.7-4.8 in combination with Eqs. 4.3-4.6 where the track width
in the front and rear is assumed to be equal b; = by = b, and all four wheels
are assumed to be equal, i.e. the cornering stiffness is equal for all four wheels,
Co = C4,i, and the radius is also equal, R,, = R,, i, the chassis system can be
written as

Mi = f(z)+g(z)u (4.9)
y=h(z) (4.10)

where M is the mass matrix



and

i mxoxs — D1y — Domsgn(xy)x?

fz) = —mz123 — Cq 83“(232%(_%,’%;?)%) (4.11)
e
[ Z?:l Fri

g(x)u= Ca Z?:l 0; (4.12)

L Lfcoc 23:1 0; — Ly Cq Z?::a 0; + % Z?::&(_l)HiFw,i

hz)=[ o = w3 ] (4.13)

where D1 and D4 are constants related to aerodynamical and rolling resistance.
Since the mass matrix is invertible, the system can be written in affine form.
Furthermore, the vehicle system model presented is general and independent
of the three configurations. The next step is to incorporate the powertrain
configurations.

Looking at g(z)u it is seen that it can be written as a constant matrix times
the control signal, Bu. The B matrix is often called the control effectiveness
matriz. For the three configurations the following control input signals exists:

T

Uey = [ Tice Tmbi Tmbs Tmbs Tmbs Of Or ] (4.14)
T
Uey = [ Tice Tisg Tram Tmb; Tmby Tmbs Tmby 5f 51" } (415)
T
Ucy = | Twmy Twms Twms Twmas Tmby Tmbs Tmbs Tmbs Of Or | (4.16)

where 7; is the torque from the traction and braking actuators and ¢y, are
the steering angles for the front (6 = 01 = d2) and rear axle (0, = d3 = d4).
By including the steering in the control allocator the different configurations
can be objectively examined. Today’s cars usually have conventional steering
(rack steer) where the driver is solely managing the steering by a mechanical
link from the steering wheel to the wheels. The steering angles were set equal
for the front and rear axle in order to emulate rack steering. The Ackermann
angle is neglected. If conventional steering is used within the simulation this
would delete the last two elements in the control signal vector, u.,, and also the
corresponding columns in the control effectiveness matrix.

If the motion related actuators and the driveline are added to the system model,
the control effectiveness matrix is unfortunately not constant any longer, in
fact it includes dynamics. However, if no inertia effects in the driveline or
wheels, no weak drive shafts, no losses, and no time delays or nonlinearities in
developing tyre forces are assumed, a constant control effectiveness matrices can
be formulated. The assumptions are realistic for the control design phase, i.e.
the actuators are assumed to be fast. The control effectiveness matrices for the



three cases become:

- TiTfef 1 1 1 1 0 0
R Ry Ry Rw Ruw
By = 0 0 0 0 0 2C,, 2C,, (4.17)
bt 7bt bt 7bt
|0 2Rw 2Rw 2Rs 2Ru. 2LCo —2L:Cq
- TJT g TjT‘ g ' gr 1 1 1 1
R “R. R. Re Re Ru Ry Y 0
By = 0 0 0 0 0 0 0 2C, 2C,, (4.18)
bt _bt bt _bt
0 0 0 SH. 3R- IR IR 2L;C, —2L,C,
r Tie Tie Tie Tie 1 1 1 1 0
w Rw Rw Rw Rw Rw Rw Rw
B3 = 0 0 0 0 0O 0 0 0 20, 2C,, (4.19)
T gbt - gbt 7 gbt -7 gbt [ —by by —b;
L 2wa 21§w 2wa 21];1“ 2Ry 2Rw 2Rw 2R 2Lfca —2L,Cq

where 774 is the final gear front, 74, is the final gear rear, R, is the wheel
radius, b; is the track width, and r; is the discrete ratio of the selected gear j.
The gear selection is vehicle state based as

( : 45
1ifo, < 36

2 elseif % <y < %

Jj= 3 elseif 39 < v, < 320 (4.20)

¢ 120 160
4 elseif 5 < v, < 5%

\ 5 else.

where v, is the vehicle’s longitudinal velocity. The gear selection function is
designed to be aggressive driving. A more sophisticated gear selection function
which also consdirers the drivers desire to accelerate could easily be implemented
and used. To account for the fact that some actuators are unable to perform
during a gear shift due to an open clutch the cost effectiveness matrices were
modified so that all cells including r; are set to 0 during gear shifting. This was
done for a preset gear shifting time of 0.3 s.

Looking at the vehicle system it can easily be seen that the system is over-
actuated, it contains three control objectives and has 7, 9 or 10 input signals
depending on the vehicle configuration. This allows us to separate the control
law for keeping the desired path of the vehicle from the control allocation of the
specific motion actuators. The virtual control input is set equal to the global ve-
hicle forces acting in the centre of gravity of the vehicle, v = [ F, F, M, ]T.

The matrices, Eqgs. 4.17-4.19, describe the three configurations and their ability

to generate the global vehicle forces v(t) = [ F, F, M, }T. Observe how the
yaw moment M, can only be applied by the mechanical brakes and steering for
configurations 1 and 2. This due the fact that open differentials are used in the
drive line in these configurations. This results in that traction actuators such

as the combustion engine, ISG, and EAWD motors cannot be used for gaining
M,.



10

4.1 Control Law

First step in designing the control system is to design the control law as il-
lustrated in Fig. 2. The purpose of the controller, as mentioned earlier in the
paper, is to follow a desired trajectory. The controller is based on feedback
linearization, see e.g. [14]. The idea with feedback linearization is to transform
the nonlinear system into a linear one, so that linear techniques can be used.
In its simplest form it can be seen as a way to cancel the nonlinearities by a
nonlinear state feedback. Looking at the system, we notice that the first term
on the right hand side of (4.9) is the only one including the nonlinearities of
the system. If the nonlinear term, f(z), is cancelled, the multi-input, multi-
output (MIMO)-system becomes linear. Furthermore, by cancelling f(x) the
MIMO-system becomes decoupled. Then, using a PI-controller, the control law
becomes:

t
v=—f(x) +er+Ki/ edr (4.21)

0
where e is the error between the desired vehicle motion and the vehicles actual

motion. The design parameters for the PI-controllers, K, and K;, are chosen
as

0.2m 0 0
Ki=20 0 07m 0 (4.22)
0 0 1.5I
0 10 0
Ky=3m |Ki| 0O L0 (4.23)
0 0 +

To handle the saturation of actuators the PI-controllers were extended with anti-
windup based on back calculation [15]. When the actuators are not saturated
the error e, = Bu — v will be zero and therefore there is no effect on the sum of
integrator gain, see also Fig. 3. The windup was minimized with T% = 2013,3.

Figure 3 also shows how the combined actual limits of the actuators and the
tyres are sent back to the control allocator.

4.2 Tyre Fusion

To really be able to know how much each actuator can contribute to the net
tractive and braking force one has to also consider the actual limits of the tyre(s)
to which the actuator(s) are connected. Firstly, each actuator has its own limits
and rate change limits. Secondly, these limits need to be combined with the tyre
limits. Each tyre’s longitudinal force limit Fyim,i(F i, pi, Fy,i) is a function of
the normal force F, ;, tyre/road friction y;, and the amount of lateral force F), ;
applied to the wheel. By estimating Fjim, ; for each wheel the actuator limits
are adjusted for what the tyres can actually handle. The function is here called
tyre fusion, see also Fig. 3 for an illustration.
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Figure 3: Layout of the control system with PI-controller, anti-
windup, control allocation, and tyre fusion.

When several actuators are connected to the same wheel their limits need to
be prioritized. During traction the electric motor(s) are given priority over the
combustion engine if the combined traction force from the electric motor(s)
and the combustion engine are larger than the tyre can handle. By using this
priority the tyre fusion function basically checks if the electric motors torque
limits, %, are above the tyre’s capacity, F,;, and if so adjusts the limits to
be equal to what the tyre can handle. During braking the electric motor(s) are
given priority over the combustion engine and the disc brakes. By using this
priority the tyre fusion function basically checks if the sum of electrical and disc
brake torque limits are more than the tyre force limit. Then the mechanical
brake limits are set as the difference of the tyre force and electrical limits. The
idea is to always try to give the electric motors the possibility to act within the
tyres limits. Some examples are presented below in Figs. 4-6.

The tyre fusion function for the case of an electric motor in combination with
mechanical disc brakes can be written as

Fx iRUH if _e % > F:E iRw
Tt = {_ ’ " tei = (4.24)
Uel i else
_Fm iRw7 if ; < _Fm iRw
Uel; = { ’ " el = ’ (4.25)
’ Uel 45 else
(4.26)
amech,i =0 (427)
07 if Qel,i S _Fm‘,iRw
Umech,i = _Fw,iRw G RE elseif (gel,i + Qmech,i) < _F%iRw (428)
Qmech,i? else

This corresponds to configuration 3, HEV WM. In Fig. 4 the force limit circles
for two independent tyres on an ”axle” are illustrated. The left wheel is assumed
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to be on higher friction, which leads to a larger circle. The dashed line illustrates
the actual lateral force of the wheel. Each wheel has two actuators connected,
an electric motor with limits u,; and a mechanical disc brake with limits ..,
The left circle in Fig. 4 is larger than the limits uw,; but not larger than the sum
of limits w,; + .., and therefore the mechanical brake limits are additionally
restricted. For the right wheel the available electric motor torque is larger than
the wheel limits and thus is reduced to correspond to the wheel’s limits. In this
case the mechanical brake limits are set to zero.

F . F

]

Figure 4: Illustration of how tyre fusion considers the case when two
independent wheels with an electric motor and a disc brake are con-
nected. This is comparable to configuration 3 HEV WM. Dashed
lines illustrate the actual lateral force F,,.

For a wheel on an axle with an electric motor connected by an open differen-
tial and mechanical brakes connected to each wheel, the tyre fusion algorithm
becomes:

_ {2min(F:ﬂ,iaFa:,i—l—l)Rw/rfgm if Uel > zmin(ﬁw,hfx,i—&—l)Rw/'rfgr
Uel =

ey, else
(4.29)
_2min(Fw,i7 Fm,i—&-l)Rw/'rfgm if Uel S _Qmin(ﬁx,ia Fa:,i—l—l)Rw/rfgr
U, =
el Uy else
(4.30)
ﬂmech,i =0 (431)
0, if uy < —2min(ﬁm,i,Fx,iJrl)Rw/rfgr
Umech,i — _FmaiRw - QeleQT/Q elseif (gel,'nfgr/2 + Qmech,i) < _FﬂﬁaiRw
Qmech,i? else
(4.32)

This corresponds to the rear axle of configuration 2, HEV E4WD. Figure 5
illustrates the tyre’s force limits. In this configuration the electric motor’s limits
u,, are restricted by the right wheels longitudinal force limit, geared by the
final gear and the differential. The right wheel can still combine electrical and
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ua =2F iR, 1,
u, =-2F ,R, /r/gr
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Figure 5: Illustration of how tyre fusion considers the case when an
electric motor is connected to two wheels by an open differential and
with individual disc brakes. This is comparable to configuration 2
HEV E4WD rear axle. Dashed line illustrates the actual lateral force
F,.

mechanical braking. The mechanical disc brakes are limited by its tyre force
limit reduced by the part which is generated by the electrical motor.

The same system can be extended with a combustion engine, which corresponds
to the front axle of configuration 2. This case is shown in Fig. 6. In the figure, the
electric motor is limited by internal states, meaning that it can not generate F.
Instead the combustion engine is used to generate more force. The combustion
engine’s limits ;.. are limited by the right wheel. The limits of the combustion
engine and the electric motor automatically set constraints on the left wheel
according to Fig. 6.

E,
o =2F iR, /1y —iI,
_ U, =72177,\J+|Rw 1Ty =1ty
Fi
F, =Fv.;+1 —Fin — Fmv.. 1 =F, i+l _Fa/ 1
Fu= Uyl /2R i Fm El.m =il 2R,
el

1 = Uyl s /2R,

=-F, -F

cei+1 xi+l T el il

e o [0
I
|
5
-

Figure 6: Illustration of tyre fusion for configuration 2 front axle with
open differential connected to a combustion engine and an electric
motor.

The limits for the steering actuators are also limited by the tyre fusion function
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according to the following expression

Fy axle = min (\/Fi,i - Fa?,i’ \/Fi,ﬂ-l - Fw2,i+1) (4.33)
2F axle
ﬂsteer,i = min (asteer,i: Cy%l) (434)
o{7r7f
Qsteer,i - _ﬂsteer,i (435)

where Cy . s is the cornering stiffness for the front and rear axle respectively.

4.3 Control Distribution

The two step optimization problem actually suits very well for ground vehicles.
Equation 2.7 constrains the possible set u € €2 to only be possible u’s that will be
in nullspace of N(Bu — v) or minimize the error of the desired forces e = Bu —wv
needed for fulfilling the desired motion of the vehicle. Equation 2.7 can be
seen as the vehicle motion controller. The limits which are sent to the control
allocator are the combined limits from the tyre fusion function. Equation 2.6
minimizes the error of desired control input €4es = Uges — u. In ground vehicles
this can be seen as a smooth arbitration between energy management and vehicle
motion control. The desired input signals ug4es from energy management declare
how the electric motor and mechanical brakes should be used when optimizing
the use of onboard energy. Figure 2 shows how energy management is included
in the control allocator and Fig. 3 shows how the control allocator fits in the
control system in more detail.

The weighting matrix, W,,, has been designed to facilitate a stable braking and
traction performance

We1=diag[ 1 05 05 1 1 1e3 23 ], (4.36)
Wao=diag[ 1 0.1 025 05 05 1 1 1le3 23], (4.37)
Wys=diag[ 0.1 0.1 025 025 05 05 1 1 1e3 23] (4.38)

for configuration 1, 2, and 3 respectively. The desired input signals uges from
energy management are set to zero during the simulations, i.e. energy manage-
ment desires to use the motion actuators as little as possible. The weighting
matrix, W, has been designed not to prioritize any of the motions, longitudinal,
lateral or yaw motion, W, =diag[ 1 1 1 |.

5 Simulations

The vehicle system models were implemented as s-functions in Matlab/Simulink.
Due to the open differential in the driveline model the system becomes a differ-
ential algebraic equation system, a (DAE) system. The equations for the open
differential were rewritten to be in ordinary differential equation (ODE) form
by using a mass matrix. Solver ode23t has been used in the simulation, since
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it can solve problems with a singular mass matrix. The used weighted least
square with constraints solver was coded by [4]. The code was modified by the
author to allow vehicle state = dependent control effectiveness matrix B(x) and
dynamical change in constraints u;, .

5.1 Test Procedures

The simulations focus on traction and braking situations. The three vehicle
configurations are compared and the only part changed in the control system
was the control effectiveness matrix B and the tyre fusion algorithm which
was slightly different for configurations 1 and 2 with open differential in the
driveline. For configuration 1 and 2 the initial gear is set by Eq. 4.20. The
initial temperature for disc brakes and electric motors was set to 30 °C. The
following two test procedures were selected for simulation:

A: Acceleration from an initial velocity of 50 km/h to 120 km/h with a desired
acceleration of 0.3g. During the acceleration a lane change manoeuvre is
made. This is followed by medium braking of 0.5g until standstill with
step friction. The friction is lowered from 1.0 to 0.3, occurring at 60 km/h
and lasting for about 2 seconds.

B: Soft acceleration of 0.05g during driving a circle with constant radius of
200 m. The initial velocity is set to 50 km/h and friction is set to 0.3.

5.2 Test procedure A -medium acceleration with lane change
followed by medium braking on step friction

This test procedure combines steering and traction in the first part of the test.
In the second part a step friction occurs during braking. Fig. 5.2 shows how the
three different vehicle configurations follow the reference velocity in longitudi-
nal, lateral, and yaw motion. Configuration 1 is outperformed by configuration
2 and 3 especially during acceleration due to lack of power after gear shifting.
It can be seen how configuration 1, the conventional vehicle, cannot produce
enough power to accomplish the desired acceleration, which is especially no-
ticeable for the third gear. Configurations 2 and 3 have no problem producing
the desired acceleration. They use the four wheel drive option to accomplish
the acceleration. During the braking all three configurations diverge from the
desired velocity when they hit the step friction. The fastest one to pick up the
lost braking after the step friction is configuration 3. The oscillations visible in
the yaw motion, especially for configuration 1, are due to gear shifting during
low friction.

The actuator signals u and their combined limits (from the tyre fusion algo-
rithms) are shown in Figs. 6-11 for configurations 1, 2, and 3 respectively. The
black solid line corresponds to actual u, the dashed red and blue lines are upper
and lower combined limits respectively. It can be seen that during gear shifting,



16

the control allocator automatically reduces the desired power of the combustion
engine and the ISG, see actuator 1 in Fig. 6 and actuators 1 and 2 in Fig. 10.
This is achieved by using a control effectiveness matrix B(x) that has zeros in
the cells where the transmission gear ratio r; is occurring during the gear shift.
During the step friction, about 14 to 16 s, it is noticeable that the motion ac-
tuators limits are reduced. This is especially clear for configuration 3 and the
wheel motors, actuator 1 to 4 in Fig 11.

5.3 Test Procedure B -soft acceleration of 0.05g during
driving in a circle with a constant radius of 200 m.

In this test procedure the aim is to try to see how close the three different vehicle
configurations come to the maximum velocity that one can drive in a circle with
a radius 200 m on a road with a friction of 0.3. The limiting velocity v, can
be calculated as

m- Uian't

R

Viim = \/p-g- R =24.26 m/s (5.1)

Ffric = Fcentripetal S u-m-g=

Figure 5.3 shows the reference and simulated longitudinal, lateral, and yaw ve-
locities for all three configurations. It can be noted that all three configurations
reach about 90 percent of the maximum speed before they start to diverge from
the reference yaw velocity. Another interesting observation is that configuration
1 with only a combustion engine connected to the front wheels, starts to use the
mechanical brakes when the vehicle is almost reaching the critical velocity.

In Fig. 12 the use of the actuators and their combined limits are shown. Observe
how actuator 1, the combustion engine, increases the tractive torque when me-
chanical brakes, actuators 3 and 5, are beginning to be used as yaw stabilizing
actuators at time 15 s. This is basically what today’s ESP systems do, however
here it is automatically performed by the control allocator. The actuators and
their combined limits for configurations 2 and 3 during test procedure B, are
shown in Fig. 13 and 14, respectively. In configuration 2 the electric motors,
actuator 2 and 3, are mainly used for traction, but they also use the combustion
engine, actuator 1. The mechanical brakes are not used at all as yaw stabilizing
actuators in comparison to configuration 1. Similar behaviour could be observed
for configuration 3.

In Figs. 15-17 the tyre forces F} ;, F}, ;, and the longitudinal limit F:m’ are shown
for all three configurations during test procedure B. One can see that the lateral
force F, ; is increasing during the constant acceleration and thus reduces the
longitudinal force limit F',. ;. All three configurations handle this very well. The
major difference is that configuration 1 has a negative force on the right rear
wheel induced by the mechanical brakes.



17

]
=
1=
=
-
e gl
[sa] N — = — N 30
S g 3 s g 8
s S = TS
[s/pe1] F24=2m =m
1"
=
1=
=
-
e gl
a = w ¢ < a o a°
— S o o o <

[s/w] #o4'fig ¢fig

[s/w] #24'%q 2q

w

; ; ; o

v O = © = Ao o T u

S S 3 s 2 8 3 28

S s s $5¢3 3
7\@6& %wL,N,\J ‘Zm

wv

(=]

v

g = ® 9 = a o o

— S o S o s

[s/w] Foutiq

P I

.. b

lo

=

B 1

o

lal (=3 el (= v (=} vy (=)
I R S - =

[s/w] fou'wg g

gl
=
=
=
w
o
<
T
[s/pei] f247m Zm
1
b
1S
=
it 10
—_—

4 = ® 9 < o o o
- S S S o <
[s/w] fo4fig fig,

et v

= —

lo

=

bRl

w o o wn o  w oo
o o o o — —

[s/w] #24'zq <zq

ty for config-

i

uration 1 (top), 2 (middle), and 3 (bottom) respectively during test

procedure A.

1 v,, lateral v,, and yaw w, veloc

: Longitudina

Figure 7



26 0.1 0.14
24
22 =
z =
E20 H
b by
S18 g
$ 5
16 3
14
12 -
0 5 10 15 20 0.02 5 10 15 20
t [s] ts]
26 0.02 0.14
24 0 0.12
» -0.02 _ 0.1
% z
= -0.04 2 008
=20 =
I -0.06 T 0.06
$18 g
5 -0.08 S 004
= 34
16 —0.1 0.02
14 -0.12 0
0 5 10 15 20 014 10 15 20 ~0.0% 5 10 15 20
t [s] t[s] t [s]
26 0.4 0.14
24 0.2 0.12
o _ - 0.1
0 0 ~
—~ ~ =
=1 =] It
=20 £ £.0.08
s 3 s
g g
£18 S 470.06
;é :%l 5
16 3 0.04
14 0.02
12
0o 5 10 15 20 25 % 5 10 15 20 2
t [s] t[s]

18

Figure 8: Longitudinal v,, lateral v,, and yaw w, velocity for config-
uration 1 (top), 2 (middle), and 3 (bottom) respectively during test

procedure B.
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6 Conclusions

The separation of control law and control allocation makes the control system
reusable for different vehicle configurations, which was shown here for three
configurations. This makes it possible to develop a wide range of configurations
without the need for redesigning the control system for each one.

The weighted least square control allocation algorithm developed by [4] also
works excellently for hybrid electric vehicles when traction and braking are
considered. This is also a fast algorithm which would easily allow real time
implementation in vehicles.

By using a vehicle state dependent control effectiveness matrix B(x) features
such as gear shifting can automatically be considered by the control allocator.
This was illustrated by simulations where the torque of the combustion engine
and ISG were reduced when gear shifting was occurring.

Actuator limits and rates together with the suggested tyre fusion algorithm
give excellent information for making the correct coordination of the available
actuators for different braking situations.

The simulations showed that for achieving better vehicle stability during circle
driving and constant acceleration the traction force on the rear wheels should be
used more than on the front wheels. This can easily be tuned in by the weight
matrix W,,. During braking, the opposite force distribution is desired, i.e. more
braking force generated on the front wheels than the rear wheels.

The proposed control system not only works as a traction and braking con-
troller, it also works as a vehicle stability controller. The controller is easy to
tune, containing only a few parameters, and takes a global optimization ap-
proach instead of a local optimization as is the case when developing a traction
controller and a vehicle stability controller individually.

Acknowledgments

This work is supported by the Swedish national research program Grona Bilen
/ FCHEV. Grona Bilen is financed by the Swedish automotive industry and the
Swedish research foundation Vinnova.

References

[1] AUTomotive Open System ARchitecture(AUTOSAR),
“http://www.autosar.org/,” 2004.



2]

[4]

7]

[10]

[11]

[13]

[14]
[15]

20

B. Hardung, T. Kolzow, and A. Kriiger, “Reuse of software in distributed
embedded automotive systems,” Fourth ACM International Conference on

Embedded Software (EMSOFT 2004), PISA, Italy, 2004.

L. Laine, On Vehicle System Control Architecture for Fuel Cell- and Hybrid
Electric Vehicles. Licentiate thesis, Department of Applied Mechanics,
Chalmers University of Technology, Sweden, 2005.

O. Héarkegard, “Backstepping and control allocation with applications to
flight control,” Ph.D. dissertation, Department of Electrical Engineering,
Linkoping University, SE-581 83 Linkoping, Sweden, May 2003.

T. Johansen, T. Fossen, and S. P. Berge, “Constrained nonlinear control
allocation with singularity avoidance using sequential quadratic program-
ming,” IEEFE Transactions on Control Systems Technology, vol. 12, no. 1,
2004.

T. Johansen, T. Fuglseth, P. Tgndel, and T. I. Fossen, “Optimal con-
strained control allocation in marine surface vessels with rudders,” in IFAC
Conf. Manoeuvring and Control of Marine Craft, Girona, 2003.

P. Tgndel and T. A. Johansen, “Control allocation for yaw stabilization
in automotive vehicles using multiparametric nonlinear programming,” in
Proc. of American Control Conf., Portland, OR, June 2005.

J. Plumlee, D. Bevly, and A. Hodel, “Control of a ground vehicle using
quadratic programming based control allocation techniques,” in Proc. of
American Control Conf., Boston, MA, July 2004.

J. Plumlee, Mult-Input Ground Vehicle Control Using Quadratic Program-
ming Based Control Allocation. Master thesis report, Auburn University,
Alabama, 2004.

SAE, “Surface vehicle recommended practice, vehicle dynamics terminol-
ogy,” SAFE 1976-07, J670e, 1976.

H. B. Pacejka, Tyre And Vehicle Dynamics 2 edition.  Butterworth-
Heinemann, 2002.

L. Laine and J. Fredriksson, “Brake blending for hybrid electric vehicles us-
ing control allocation,” Submitted to Int. J. Vehicle Systems Modelling and
Testing, Special issue on: Modelling and Testing of Alternative Vehicular
Propulsion, 2006.

A. Serrarens, Coordinated control of the Zero Inertia Powertrain. Tech-
nische Universiteit Eindhoven, 2001.

H. Khalil, Nonlinear Systems, 3¢ edition. Prentice Hall Inc., 2002.

K. Astrom and T. Hagglund, PID Controllers: Theory, Design, and Tun-
ing. Instrument Society of America, 1995.



actuator 1

actuator 2

actuator 3

actuator 4

21

actuator 5

= 200 0 0
z 0 0
£ 100 =500 =500
s -500 ~500
S 0 -1000 -1000
-100 -1500 —1500 —1000 -1000
0 10 0 10 0 10 0 10 0 10
t [s] t [s] t[s] ts] t[s]
actuator 6 actuator 7
0.1 — 0.1
0.05] ¥,
¥ 0
L]
'
S —0.05}0s : ! -0.05
0 1E & S 0.1
0 10 0 10
t [s] t [s]

Figure 9: Input set v and their limits for configuration 1 during test
procedure A. The black solid line corresponds to the actual u, the
dashed red and blue lines are the upper and lower combined limits,
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Figure 14: Input set u and their limits for configuration 3 during test
procedure B. The black solid line corresponds to the actual u, the
dashed red and blue lines are the upper and lower combined limits,
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Figure 15: Tyre forces I, ; and F,; and longitudinal force limits Fw,i
for configuration 1 during test procedure B. Front left tyre (upper left
figure), front right (upper right figure), rear left (lower left figure),
and rear right (lower right figure). The black solid line corresponds
to the actual F, ;, the red solid line represents F, ;, and the dashed
black line Fm,i.
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and rear right (lower right figure). The black solid line corresponds
to the actual F), ;, the red solid line represents F, ;, and the dashed
black line Fm,i-
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Coordination of Vehicle Motion and Energy Management Control
Systems for Wheel Motor Driven Vehicles

Leo Laine and Jonas Fredriksson

Abstract— This paper shows how smooth coordination of
vehicle motion controller and energy management can be
achieved when control allocation is used for over-actuated
ground vehicles. The ground vehicle studied here is equipped
with four electric wheel motors, four disc brakes, and front and
rear steering. This gives a total of ten input signals to control
the desired vehicle motion in longitudinal-, lateral-, and yaw-
direction. Simulations show that the desired input signals from
energy management and steering can be fulfilled, but when
needed the actual input signals for the motion actuators are
smoothly diverted from the desired input signals due to vehicle
stability reasons and/or saturation of the actuators.

I. INTRODUCTION

If or when the era of the combustion engine within
automotive applications ends or becomes less dominating,
the propulsion system of the vehicles will most likely be
electrified. The first transition away from the combustion
engine dependence has already started, with the launch of the
Toyota Prius in 1997. The car is equipped with the Toyota
Hybrid System (THS) [1] which combines the combustion
engine with electric motors. This allows the combustion
engine to be downsized. The Prius has been followed by
several other commercially available hybrid electric vehicles.
The final transition will come when the prices for oil will be-
come too high or when environmental legislations demands
for alternative fuels. One possible option to meet the new
demands is the fuel cell (fc) which converts hydrogen and
oxygen into electricity and water.

When automotive vehicles become more electrified many
hydraulical and mechanical functions can be replaced by
electrical ones [2]. In this paper a future vehicle configuration
is studied which has replaced the combustion engine with
four electric motors mounted on each wheel. The motors
are propelled by a fuel cell in combination with a battery.
The mechanical braking is assumed to be independently
controlled, and the steering is assumed to be by-wire, with
independent front and rear steering. Clearly, by introducing
so many motion actuators the desired global longitudinal-,
lateral-, and yaw- motion of the vehicle can be realized in
many different ways by using the available motion actuators.
This type of systems are called over-actuated systems.
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In this paper it is shown how control allocation [3] can be
a viable option to ease the control design of over-actuated
ground vehicle systems when both the vehicle motion and
energy management are considered. The outline of the paper
is as follows: Section I-A gives a background of using control
allocation within the control system. Section II explains how
the ground vehicle is modelled. Section III describes the
control design. Section IV and V explains the simulated cases
and the results. Finally in Section VI concluding remarks are
made.

A. Background

One promising way to manage the coordination of over-
actuated systems is to use control allocation. Control al-
location deals with the problem of distributing the control
demand within an available set of actuators. The control
demand v € R¥ is mapped onto the true control input of the
actuators v — u, where u € R™ and k < m. The allocation
problem lies in that there are several input sets of u that can
give the control demand v. The control allocation problem
is posed as a constrained optimization problem which pro-
vides automatic redistribution of the control effort when one
actuator saturates in position or in rate. Control allocation
has been used successfully in flight applications [3], marine
vessels [4], [5], and for ground vehicles [6], [7], [8]. In [6]-
[8] the mechanical brakes and steering were in focus without
direct considerations to the actuator limits.
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Fig. 1. Suggested control system architecture when control allocation is
used for Hybrid Electric Vehicle systems.

In earlier work by the authors, [9] and [10], it was shown
how the control system can be made reusable for different
vehicle configurations when one separates the control law
from the control allocation for achieving the vehicle motion.
Wheel force limits in combination with constraints due to
vehicle configuration allowed a reusable structure. Here, in



this paper the limits are taken one step further, actuator
position and rate of change limits in combination with tyre
force limits are considered as constraints for the control
allocator. Additionally, it is here shown that the proposed
control system also allows separate control laws for energy
management and steering in addition to vehicle motion as
shown in Fig. 1. The authors have not found any work
showing how one smoothly combines energy management
and vehicle motion control for a HEV by using constrained
control allocation with optimization formulation.

II. SYSTEM MODELLING

The system modelling is separated into three parts:

A. Chassis including tyre dynamics

The chassis model is a so-called two track model and has
five degree of freedom: longitudinal-, lateral-, yaw-, roll-,
and pitch motion. The model aims at being good enough in
representing the chassis dynamics on a flat surface. The SAE
standard [11] has provided the main guidance for defining the
axis orientations. A brush tyre model [12] is used together
with dynamic relaxation to describe the tyre dynamics. The
used chassis parameters are comparable to a commercial
medium sized sedan car.

B. Power Supply including energy buffer

Here one type of Power Supply system is studied, a series
vehicle configuration with a fuel cell and a buffer. The fuel
cell can deliver a continuous output power of 30 kW, the
power is sufficient to overcome the resistance forces at a
constant speed of 130 km/h for a medium sized sedan car.
Fig. 2 shows the efficiency curve as a function of output
power for the fuel cell model, which also includes parasitic
losses. One can see that output power lower than 10 kW
yields bad efficiency and should be avoided. Good efficiency
is found between 10 and 40 kW. The optimal output power
from the fuel cell is about 20 to 30 kW.
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Fig. 2. Efficiency as a function of output power for simulated fuel cell.

A fuel cell stack such as Proton Exchange Membrane
(PEM) can deliver short pulses of output power before the
compressor reaches desired speed. This can be seen as there
are two time constants one ’instantaneous’ and one ’steady
state’ [13]. The experimental results in [13] showed that the

instantaneous time constant was in the order of 11 us and
the steady state about 400 ms to reach 63 percent of its final
value. However, the time constants will get shorter if the fuel
cell is already operating with high output power as a initial
condition. Here only a simplified first order model is used
for the fuel cell output power with a time constant of 400
ms which then neglects the instantaneous time constant.

An energy buffer is needed to be able to handle peak ac-
celerations and store regenerated brake energy. According to
[14] the most efficient buffer is a battery when performance,
such as peak acceleration, towing, and price are compared
for battery, ultracapacitors, and a combination of battery and
ultracapacitors. A battery with a high energy density allows
the fuel cell to work at efficient operating points or even to
be shut down when low output power is needed.

The peak output power is 175 kW of which 40 kW
is from fuel cell and 135 kW is from buffer. The buffer
power is achieved by selecting a battery mass of 90 kg with
1500 W/kg charge and discharge power density. The selected
power density is based upon that Ni/MH batteries have about
1200 W/kg and Li-ion about 2000 W/kg [15]. However the
Li-ion have still not had a break through in automotive
applications due to problems in cost, life, abuse tolerance,
and low temperature performance [15]. The operating State
of Charge (SOC) window was set to SOC,,;;, =40 % and
SOCax =90 %.

C. Motion actuator dynamics

The series HEV has wheel motors mounted on each wheel
with maximum output power of 40 kW, which gives four
control inputs. Additionally, each wheel has individually
controlled disc brakes, which give additional four control
inputs. The actual torque limits delivered for the actuators
are modelled by thermal lumped mass models for both
electric motors and mechanical brakes. The temperature
model tightens the actual limits due to overheating of the
electric motor windings and the permanent magnets. For
the mechanical brakes the friction is temperature dependent.
Additionally the rotational speed is constraining the electric

motor. The actuator limits from electric motors #,; and
mechanical brakes u,..,; can be expressed as
tey (03, Tr) < e ; < Tep (@, T) (D

Emech_j(Ti) < Umech,i < ﬁmech.i(Ti)

where w; and T; are the angular velocity and temperature of
the actuator. The actuator models give also information of
the rate of change limits. Finally, steering is seen as steer by
wire by front and rear rack steer which gives two additional
control inputs, i.e. the configuration has a total of 10 control
inputs.

IIT. CONTROL DESIGN

Independently of the specific applications studied, a class
of nonlinear systems can be described in the affine form

x=fx)+gx)u 2)
y="h(x) 3)



Control allocation can be applied if the control input can be
perturbed without affecting the system dynamics. The system
can therefore rewritten as

i=f(x)+v )
y="h(x) 5)

where v = g(x)u, v is also called the virtual control input.
The control design can be divided into two steps. The first
step is to design a control law that controls the net effort v.
The second step is to design a control allocator that maps
the net effort of virtual control input to true control input,
v(t) — u(t). Unfortunately, the mapping of the net effort to
the true control signal is complicated since the g(x)-matrix
is not invertible. Using a pseudo-inverse to find a solution
could be one way of solving this. However, this could lead
to an unrealistic solutions since the true control signals are
limited by several different constraints, see Eq. 1. Instead a
constrained optimization problem is proposed and solved.
The chassis system can be written as

Mxi = f(x)+g(x)u (6)
y="h(x) (7)
where M is the mass matrix
m 0 O
M= 0 m O
0 0 I
and
I mxpx3 — Dyx; — Dymsgn(x) )x2
C SX](2X2+(L_,¢7L,).X3%
flx)= TN mha T e (8)
8x) (2x24+Lgx3) 8x) (22— L, x3
| LyCa ™ L Co MR
[ Z?:1 Fx,i
gx)u= CaX} |6 _
| LCaXh 8 —LiCaXi i+ 5 Xls(— 1) HF,
©)
h) =[x x» xn]" (10)

where x1, xp, and x3 correspond to longitudinal-, lateral-

and yaw- velocity of the vehicle. Here, a linear tyre force
model of type F,; = Cq0; is assumed and that one can
split the lateral tyre forces into steer angle and vehicle
state dependence, F,; = F,;(8;) + Fy,i(x). The lateral tyre
forces depending on vehicle states Fy;(x) and depending on
steering angles F,;(0;) can therefore be separated into f(x)
and g(x)u, respectively. D; and D, are constants related
to aerodynamical and rolling resistance. Since the mass
matrix is invertible, the system can be written in affine form.
Looking at g(x)u in Eq. 9 it corresponds to longitudinal and
lateral global forces and yaw moment of the vehicle and can
therefore be considered as the virtual control input v.

A. Control Law for Vehicle Motion

The purpose of the vehicle motion controller is to follow
a desired trajectory interpreted from the driver’s steering
actions. The controller is based on feedback linearization,
see e.g. [16]. The idea with feedback linearization is to

transform the nonlinear system into a linear one, so that
linear techniques can be used. In its simplest form it can
be seen as a way to cancel the nonlinearities by a nonlinear
state feedback. Looking at the system, it can be noticed
that the first term on the right hand side of (6) is the only
one including the nonlinearities of the system. If the non-
linear term, f(x), is cancelled, the multi-input, multi-output
(MIMO)-system becomes linear. Furthermore, by cancelling
f(x) the MIMO-system becomes decoupled. Then, using a
PI-controller, the control law becomes:
!

v:—f(x)+K,,e+Ki/0 edt (11)
where e is the error between the desired vehicle motion and
the vehicle’s actual motion. The design parameters for the
PI-controllers, K, and K;, are chosen as

0.2m 0 0

K;i=20| 0 07m 0 (12)
0 0 15L
16
2 m (1) 0
0 0 1

To handle saturation of actuators the PI-controllers are
extended with anti-windup based on back calculation [17].
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Fig. 3. Control Design illustration with focus on control law for vehicle
motion, a PI controller with Anti-Windup strategy that decides the virtual
control input v(r) which is then mapped onto the true control input u(r) by
the control allocator, where g(x)u =~ Bu. The control allocator uses a weight
scheduled weighting matrix W, (v;).

B. Control Law for Energy Management

The objective of the energy management algorithm is
to minimize fuel consumption and assure optimal power
availability at any time. The used and implemented energy
management strategy is inspired by [18]. It uses a finite state
machine which distinguishes between four driving modes:



standstill/

. entry: drivestate=1;
[v>v_min]

acceleration/
entry: drivestate=2;
2

[a<—(1+hys)*a_min]
[a<=a_min] [a>=—a_min & v >v_min]

constantspeed/
entry: drivestate=3; 1

Fig. 4. Driving modes used for Energy Management, inspired by [18].

N:vﬁm in]

1
braking/
entry: drivestate=4;

[a>(1+hys)*a_min] =

standstill, acceleration, constant speed, and braking, which

are based upon speed and acceleration as illustrated in Fig. 4.

During the four modes different strategies are applied for
how the total power demand is divided between the fuel cell
and the battery. As shown in Fig. 2 it is important to avoid
bad efficiency of the fuel cell as much as possible which
is found during low output power less than 10 kW and at
maximum output power above 40 kW. Secondly the steady
state rise time of output power for a fuel cell is about 400 ms
which leads to that highly transient power demands should
be delivered by the battery. These two design criteria are
considered for the control laws used within the four modes:

1) Standstill:

Prm {Pfc,gp,, if SOC < SOCin

14
0, else (14

—Pso 1 < .
Py = Pse, if SOC < SOCpiy (15)
0, else

2) Acceleration:

min (By,,,,40), if 10 kW < P,
Py = ( den ) o (1o
0, else
— Pr. 1 <
Py — 4§ Fdem = Pres i 10 KW < P a7
Piom, else
3) Constant speed.:
Pjeopts if SOC < SOCpin & 10 KW > Pyep,
Pfc = < min (pdem740) ,if 10 kW < Pdem (18)
0, else
Piem — Ppe, if 10 kW < Pyppy
th: Pdemfpfc’ if SOC < SOC,,;, & 10 kWSPdem 19)
Piem, else
4) Braking:
Pdem’ if ‘Pdem| < 134 kW & SOC < SOCinax
be = be}maxv if |Pdem‘ > 134 kW & SOC < SOCypax (20)
0, else
Piem _be-,maxv if |Pd€m| = 134 kW & SOC < SOCinax
Py = Piems if SOC > SOCax

0, else.
(21)

where Py, Py, and B, are fuel cell, buffer, and mechanical
brake output power. Prc,p, = 20 kW is the optimal output
power of fc, see also Fig. 2. Py, is the power demand. Biom
is the low pass filtered power demand with cutoff frequency

of 2 rad/s. The low pass filtering is used for achieving an
output within range of the slow response of the fuel cell. The
power demand of the vehicle is calculated with the following
expression

Piem = Pace + Pross + Paux- (22)

Where P,.. = mav is the acceleration power needed. P,5 =
Div+ Dy? is the rolling and air resistance, and P, is the
auxiliary power needed for other electric loads such as air
conditioner, here assumed to be a constant of 0.5 kW.

The desired torque on the specific electrical and mechan-
ical actuators are assumed to be evenly distributed

Pe+Pyf) R
oy = \PLe L Fbr) R (23)
! dvyrpg
PR
Ty = (24)
Vx

where i is the wheel number, R,, is the wheel radius, and r,
is the final gear of the electric wheel motor. For low vehicle
velocities v, < 0.1 m/s the desired torques are set equal to
zero and solely solved by the vehicle motion control law and
the control allocator. These desired torques will give the first
eight positions of the vector

17, (25)

Udes = [ Twmy Twmy Twms Twmy Tmb, Tmb, Tmbs Tmb, 5)‘
see also Fig. 3.

C. Control Law for Steering

The reference model within the driver interpreter of the
vehicle is assumed to deliver the desired reference signal r =
[ Ve vy @ ], vehicle’s longitudinal-, lateral-, and yaw-
velocity, to the steering function, see also Fig. 1. Here the
inverse dynamics of a linear bicycle model is used to derive
the desired front and rear steering angle inputs oy and ;.
The linear bicycle model assumes: v, to be constant, steering
angles to be small, and a linear tyre force model Fy, = Cq Q.
The model can be then expressed as

Xsteer = AXgreer + Bltsroer (26)
CortCa LCor—L,Ca
‘:nv- - vt - Zw -
A=— x ) 27)
LfCocf —LyCq, LfCa/ +L Ca,
Lvx Lvy
% Coy
_ m m
B - L/Caf 7char (28)
JA I

where Xyeer = [ vy @; | and ugeer = [ 6; & |. By as-

suming that the desired accelerations Xy, can be estimated

b%lr( tlme dlscrete differentiation of the reference signal 7 =
ik +1 ( ) the needed input can be solved by

Usteer = B! (x,.\steer - Axsteer) (29)

where B~! exists because B has full rank. For low longitu-
dinal velocities v, the A matrix becomes singular, however
for low velocities the steering is more a geometrical problem
such as 6y =L¢/R and 6, = —L,/R, where R is the turning
radius. Eq. 29 gives the last two positions of the vector u .,
Eq. 25, see also Fig. 3.



D. Control Allocation

The second step in the control design is to create the
control allocator. The key issue is how to select the control
input set u from all possible combinations. Here, a con-
strained control allocation with mixed optimization is used
to map the virtual control input v(¢) onto true control input
u(t). The virtual control input is the global longitudinal and
lateral forces and the yaw moment of the vehicle v(r) =
[ i Ky, M, ]T, which is controlled by the control law for
vehicle motion, see Section III-A. Looking at the model (Egs.
8-7) the true control signals are the longitudinal wheel forces
F.; and the wheel steering angles &;. The wheel forces are
controlled by the electric motors via the driveline and the
mechanical brakes. Thus the true control input is selected
as M(t) = [ Twm; Twmy Twms Twmy Tmby Tmb, Tmbs Tmby 6f or }T,
where 7; is the torque from the traction and braking actuators.
i is the wheel number starting at front left, front right, rear
left, and rear right. 6y = 6; = &, and 6, = 8 = & are the
front and rear rack steering angle were the Ackermann angle
is neglected. The mapping is realised by using a control
effectiveness matrix B € R&™ which describes how each
actuator can contribute to the global forces and moment by
v(t) =~ Bu(t). According to [3] the optimal control input u can
be seen as two-step optimization problem, sequential least
squares (sls),

u = arg min | W, (u — uges) || p (30)
ueQ
Q = arg min ||W,(Bu—

u<u<u

V)l 3D

where W, and W, are weighting matrices and ug., is the
desired control input. The two step optimization problem
is well suited for FCVs and HEVs. Eq. 31 constrains the
possible set u € Q to only be u’s that will be in nullspace
of N(Bu—v) or minimize the error of the desired forces,
Bu—v, needed for fulfilling the desired motion of the vehicle.
This can be seen as the vehicle motion controller. Eq. 30
minimizes the error of desired control input, uy.; — u. The
desired control input, 1,5, coming from the energy manage-
ment controller and the control law for steering, specifies
how the electric motor(s) and the mechanical brakes should
be used when optimizing onboard energy and desired vehicle
steering. This can be seen as a smooth arbitration between
energy management and vehicle motion control. Figure 1
shows how energy management is included in the control
allocator and Fig. 3 shows how the control allocator fits in
the control system in more detail. Numerically Eqs. 30- 31
can also be solved in one step, using weighted least squares
(wls),

(32)

u = arg min, W, (1 — uges) | + 7| W (Bu—v) .

u<u<u

where p = 2. Setting the weighting parameter y to a high
value gives priority to minimize the error in motion Bu —v.

1) Actuator limits: The control allocator receives the
limits from the motion related actuators, [u(z),%(¢)] and their

limits in rate of change [p,p]. This specific way of designing
the control system allows the control law to be independent
of the available actuators, i.e. reusable for different hardware
configurations, and also allows the control allocator to handle
both limits and even actuator failure. The rate limits can
be rewritten as position constraints using an approximation
of the time derivative. The position constraints can now be

written as
min (7(t), (33)

(34)

u(t) = u(t—tr)+1rp)
(1) = max (g(t), u(t —tr) —|—tTB)

where f7 is the sampling time of the control allocator.

In a ground vehicle the limits of the control input must
also consider the force limits of each wheel. The longitudinal
force limit Fyy,; is a function of the normal force F;,
tyre/road friction u;, and the amount of lateral force Fy;
applied to the wheel. By estimating F, j;», ; for each wheel the
actuator limits are adjusted for what the tyres can handle. The

"tyre fusion’ basically checks if the electrical torque limits
for the electric motors, e jim i, are above the longitudinal
force limits and if so, adjusts the limits to be equal to the
tyre force capacity. If the sum of electrical and mechanical
torque Limits ue; ech, im,i are more than the tyre force limit,
then the mechanical limits are set as the difference between
the tyre force limit and the electrical limit. The idea is to
always try to give the electric motors the possibility to act
within the tyre’s limits. In equation form this would look
something like

IS

—F.iR ifu,; < —F.iR
Uy = { x,ilw, Ueli > x,ilw (35)
’ Uel is else
Hmech,i = 0 (36)
07 if u 4611 S _FL[RW
Unech,i = § —Fx,iRw — Uel s elseif (AeLi +Emech7i) < —FyiRy
Umech,i> else
(37)
where Ug) and Umech,; are the tyre limits on electrical

and mechanical braking torques. The traction torque limits
are derived in similar manner. The steering angles are also
limited by how much lateral force is still available when

actual longitudinal force and its limits are considered.

2) Control Effectiveness matrix B: Here the idea is to
linearize g(x) ~ B where B is called the control effectiveness
matrix. As mentioned earlier, the virtual control signals are
the global forces. Under the assumption that there are no
inertia effects in the driveline nor in the wheels, no weak
drive shafts, no losses and no time delays or nonlinearities
in developing tyre forces, a constant control effectiveness
matrix can be formulated. The assumptions are realistic for
the control design phase, i.e. the actuators are assumed to be
fast. The matrix for the studied configuration becomes

Yoo Mg I g L L1 L 0
Ry Ry Ry Ry Ry Ry Ry Ry
B= 0 0 0 0 0 0 0 0 2C4 2Cq (38)

Trebt —rygbt ryebt —rpebe b —b b —by _
2Ry 2R, 2R, 2R, 2R, 2R, 2R, 2R, 2Lf Ca 2L Ca

where 7y, is the final gear, R,, is the wheel radius, and b, is

the track width. The control effectiveness matrix B describes
how the global forces of the vehicle can be generated by
the available motion actuators. Observe how many ways the
moment M,, row 3 in B, can be generated which clearly
illustrates the over actuation of the vehicle system.



3) Weight Scheduling of W,(v): Mechanical braking in
conventional cars has a certain brake load distribution on
the front and rear axles just to ensure vehicle stability during
braking. If a vehicle have additional electric motors that will
be used during regenerative braking they should also obey
similar brake load distribution settings as the mechanical
brakes. For example, if a vehicle have large electric motors
mounted only on the rear wheels and they are solely used
during braking to maximize the regenerative braking it will
result in that all of the brake load is taken up on the rear
wheels. This will lead to instability and if conditions rapidly
change such as friction or in combination when turning. This
would almost be an example of the classic ’use the parking
brakes to turn’ maneuver. For the configuration studied here,
the use of electric motors are penalized in the rear more than
for the front during braking as is described by

Wi brake = diag[ 0.1 0.1 0.3 03 0.50.5 11 13 2¢3 ). (39)

The opposite load force distribution of the electric motors
is found to be desirable during traction to ensure vehicle
stability, accordingly

Witrae = diag[ 0.3 0.3 0.1 0.1 0.5 0.5 11 1e3 2¢3].  (40)

To handle this efficiently in the control system, the fol-
lowing weight scheduling by linear interpolation of v; is
suggested

Wy =Wy22=0.1,if v{ <0 41
0.3-0.1
Wiz =Wuas=01+—""L iy <0 @2
. —lg mg
0.3-0.1
Wirn =Wian =01+ ify >0  43)
T lg mg
Wu33=Wua4=0.1,if v >0 44)

where v; is the desired longitudinal force, see also Fig. 3.

IV. SIMULATIONS

The selected test procedures are trying to come close to
vehicle motion limits, and therefore lead to the fact that
arbitration is needed in between the vehicle motion, energy
management, and steering laws. The aim is to show that the
arbitration is handled smoothly by the control allocator, see
Egs. 30, 31, and 32.

The vehicle system models are implemented as s-functions
in Matlab/Simulink. The used control allocator, weighted
least squares wls and sequential least squares sls with con-
straints solvers were coded by [3]. The code was modified by
the authors to allow weight scheduling of Wu as a function
of the desired virtual signals v and dynamical change in
constraints u;;,.

A. Test procedures

The following two test procedures were selected for sim-
ulation:

TP-A: The purpose is to drive in a circle with a constant

radius of 200 m on ice with friction 0.3. The initial
velocity was set to 1 m/s. The vehicle is accelerated
with 0.1g until 90 percent of the limiting velocity, v, =
VU-g-R=24.26 m/s, is reached. Then the velocity is

TP-B:

kept constant for 5 s. The final part is braking with -
0.1g until reaching 1 m/s as stop velocity. During the
whole procedure the aim is to keep the driving circle
radius constant.

The purpose is to change the deceleration during straight
braking on asphalt with friction 1.0. The initial velocity
was set to 27.78 m/s. First part is soft braking with -0.1g
until 80 km/h is reached then hard braking applied with
-0.8g until 11.11 m/s is reached. The final part of the
braking is performed again with -0.1g until standstill.

V. RESULTS
A. TP-A results

In Fig. 5 the reference velocities are compared with actual
velocities for the sls solution. When 90 percent of the
limiting velocity vy, is reached one can see on the yaw rate
that the vehicle becomes unstable and stays that way until
the braking phase has started and reduced the velocity to
about 12 m/s. The desired input signals u,,; and actual input
signals u for the wheel motors and front and rear steering
are shown in Fig. 6. The input signals for the disc brakes
are not shown because they are not used at all during this
test procedure. It can be seen that both the front and rear
steering is saturated when 90 percent of the limiting velocity
is reached. The limits for the actuators in the plots does not
only account for actuator limits but also the tyre force limits.
The desired input signals u4.; are smoothly followed by the
wheel motors except for when the steering limits are reached
in that time, about 20 s. Motors 1 and 3 then jump up and
try to compensate for the loss of steering capability.
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Fig. 5. Reference and actual longitudinal vy, lateral vy, and yaw @, velocity
for sls solution for TP-A.

The constant radius on ice test procedure was used for a
sensitivity analysis of the weighting parameter y found in
the wls solver, see Eq. 32 and also for comparing with the
sls solver. The comparison was made by studying the least
mean squares error, mse = % izle(i)z, of the desired path
compared with the actual states of the vehicle e = r —x,
the least mean squares error for the desired motion actuator
signals and the actual signals e = uy,; — u. The results are
shown in Table 1. The wls solver is very robust and quite
insensitive when the y value is varied. When the y value
is varied between 1-107 and 1-1073 only small changes
can be observed in results. However when it is lowered to
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Input set u and their limits u4,; during TP-A. The black solid line corresponds to actual u, the dashed green line corresponds to desired u,,, and

the dotted/dashed red and blue lines are the upper and lower combined limits, respectively.

y=1-10"*, both the path and actuator errors jumps. For this
test procedure the sls solver outperformed the wls.

TABLE I
SENSITIVITY ANALYSIS OF Y FOR WLS AND COMPARISON WITH SLS FOR
TP-A.

solver Y msepath mseact
wls 1-107 | 7.887-107% | 34.383
wls 1-10° | 7.882-107* | 34.383
wls 1-10° | 7.880-10~% | 34.383
wls 1-10* | 7.880-10~% | 34.383
wls 1-103 | 7.881-107% | 34.383
wls 1-10% | 7.888-107% | 34.383
wls 1-10' | 7.887-107% | 34.382
wls 1-10° | 7.871-107* | 34.375
wls 1-107! | 7.888-107% | 34.288
wls 1-1072 | 8.068-107% | 33.214
wls 1-1073 | 9.447-107% | 26.823
wls 1-107* 1.600 189.898
sls - 7.868-107% | 21.218

B. TP-B results

The straight braking on asphalt test procedure is simulated
both with the wls (y = 1-10%) and sls solvers. Only small
differences can be seen in the results when the least mean
squares error is studied for the path and actuator signals.
However, this time the wls solver turned out to be slightly
better in both path and actuator signal errors.

The reference velocities and actual velocities for TP-B
are shown in Fig. 7. One can see the fast response when the
braking acceleration is increased from 0.1g to 0.8g. When
the braking acceleration is reduced again to 0.1g, at about
7s, the actual longitudinal velocity slightly overshoots.

The desired and actual input signals for wheel motors
and disc brakes are shown in Fig. 8. The steering input

signals are neglected because no steering is needed in this
test procedure. The overshoot in velocity is due to the fact
that the rate limits of the mechanical disc brakes takes some
time to release the brake pressure. This is however attempted
to be compensated for by the wheel motors giving a positive
torque at about 8s.

Fig. 7.
TP-B.

Reference and actual longitudinal v, velocity for wls solution for

The desired input signals ug.s; from energy management
for the wheel motors are smoothly followed whenever this is
allowed by the combined limits and providing that the vehicle
is following the desired path, see also Fig. 8. However, the
desired input signals from energy management for the disc
brakes were poorly followed and there are two major reasons
for this. Firstly, the combined limits of the actuators and tyre
forces did not allow for any other solution. Secondly the
weight scheduling Wu(v) requires more load force on front
axle than on the rear axle during braking to achieve vehicle
stability.

VI. CONCLUSIONS

This paper shows by modelling and simulation that the
coordination of control laws for energy management, steer-
ing, and vehicle motion can be achieved smoothly by using
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control allocation within the control system. Simulations
show that whenever possible the desired input ug.s from
energy management and steering is followed. When needed,
the actual input u is smoothly diverted to ensure vehicle
stability and obey the combined limits of the actuators and
tyre forces. The smooth coordination is essential for hybrid
electric vehicles where energy management has a long time
planning horizon and the vehicle motion controller has a
shorter planning horizon.
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Control Allocation based Electronic Stability Control System for a
Conventional Road Vehicle

Leo Laine and Johan Andreasson

Abstract— This paper shows how control allocation with
an optimization formulation can be used as an electronic
stability control system for a conventional road vehicle. Con-
trol allocation is used in systems with more actuators than
the degrees of freedom controlled, which are also known as
over-actuated systems. Here it is assumed that the steering
is solely managed by the driver. The control allocator uses
the combustion engine and the four mechanical disc brakes
to compensate any understeering or oversteering behaviour.
Simulations showed that the suggested control system passed
the proposed test procedure for Electronic Stability Control
systems, sine with dwell, suggested by the National Highway
Traffic Safety Administration (NHTSA).

I. INTRODUCTION

Electronic Stability Control (ESC) systems have been
shown to be extremely efficient in preventing single vehicle
loss of control crashes [1]-[2]. ESC helps the driver to
keep the vehicle on the road and therefore prevents road
run off crashes, of which a significant amount are rollover
crashes [1]-[2]. ESC is proposed to become a new Federal
Motor Vehicle Safety Standard (FMVSS) in the USA for all
light vehicles! from September 1, 2011 [1]-[2]. The National
Highway Traffic Safety Administration (NHTSA) believes
that the level of life saving associated with ESC is only out-
performed by seatbelts out of all the equipment and elements
included under FMVSS [1]. NHTSA estimates, from US
crash data, that ESC will reduce single vehicle car crashes
of passenger cars by 34 percent and single vehicle crashes
of Sport Utility Vehicles (SUVs) by 59 percent, including a
much greater reduction of rollover crashes [1]. NHTSA also
estimates that ESC has the potential for preventing single
vehicle rollover crashes by 71 and 84 percent of passenger
cars and SUVs, respectively [1]. The vast majority of all
real life roll over crashes occur when a vehicle runs off
the road and strikes a tripping mechanism such as soft soil,
a ditch, a curb or a guardrail [1]. The ESC system can
indirectly prevent exposure to off-road tripping mechanisms
by assisting the driver in keeping the vehicle on the road
during loss of control situations [1], see also Fig 1. The new
proposed FMVSS for ESC will be gradually introduced to the
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IPassenger cars, multipurpose vehicles, trucks, and buses with a gross
vehicle weight up to 4536 kg (10000 1bs)

market. On September 1, 2008 30 percent of newly produced
light vehicles must be equipped with ESC. By September 1,
2009 the percentage will increase to 60 percent, and again
by September 1, 2010 to 90 percent [1]. About 29 percent
of the sold light vehicles in the USA with a model year
of 2006 were equipped with ESC [1]. So even without the
proposed FMVSS, vehicle manufacturers are already aiming
to increase the number of vehicles equipped with ESC [1].
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Fig. 1. Illustration of how conventional ESC systems work during
understeering and oversteering situations.

This paper is a continuation of a project investigating
control design for over-actuated road vehicle systems such as
hybrid electric vehicles. An over-actuated system has more
motion actuators than the number of motions controlled.
Earlier papers in this project have shown how different road
vehicle configurations could have the same control law for
longitudinal-, lateral-, and yaw-motion by separating the
control law for motion from the distribution among the
available motion actuators, [3], [4], [5]. The distribution
was made by control allocation which provides automatic
redistribution when one actuator saturates in position or in
rate. The idea with the suggested control system is that it
not only solves future vehicle configurations with increased
number of motion actuators, but it can also replace the
conventional ESC system. The aim of this paper is to show,
by simulation, that control allocation can be used as an ESC
according to the proposed FMVSS for a conventional road
vehicle which is configured with four mechanical brakes and
is front wheel driven by a combustion engine. This gives a
total of five motion actuators for the control allocator to use



to achieve the desired ground motion.

The outline of the paper is as follows: Section I-A gives
a background both on ESC systems and on using control
allocation within the control system. Section II explains how
the vehicle system was modelled. Section III describes the
control design. Section IV and V explain the simulated test
procedure, sine with dwell, proposed by FMVSS for ESC
and provide the results. Finally, Section VI contains the
concluding remarks.

A. Background

The main purpose of ESC is to assist the driver in loss of
control situations. ESC is a closed loop algorithm that can
use the mechanical brakes individually to apply a correcting
yaw torque to keep the vehicle on its desired path. Fig. 1
illustrates two different ESC path correction scenarios. The
first is an understeering scenario where the vehicle without
ESC is ’plowing out’ off the road. If the vehicle is equipped
with ESC, a correcting yaw torque is applied by using the
right rear brake. This makes the vehicle less understeered
and therefore keeps the vehicle on the road and following
the desired path. The second is an oversteering scenario
in which the vehicle without ESC ’spins out’ during the
right hand curve. In the vehicle with ESC, a correcting yaw
torque is applied by using the front left brake. This reduces
oversteering and allows the vehicle to follow the desired
path. Vehicles equipped with ESC measure the vehicle’s
longitudinal velocity and lateral acceleration and compute the
radius of the desired paths circle. Since it knows the radius
and longitudinal velocity it can therefore calculate the correct
yaw rate. This calculated yaw rate is compared with the
measured yaw rate from a sensor. When the calculated and
measured yaw rates start to diverge the vehicle is determined
to be losing control. A vehicle without ESC would start to
experience loss of control by understeering or oversteering.
The ESC system counteracts this by applying a correcting
yaw torque with the mechanical brakes.

Road vehicles, such as those that are equipped with ESC,
can be viewed as over-actuated systems. One promising
way to manage the coordination of over-actuated systems
is through to the use of control allocation. Control alloca-
tion addresses the distribution of control demand within an
available set of actuators. This is posed as a constrained
optimization problem which provides an automatic redis-
tribution of the control effort when one actuator saturates
in position or in rate. Control allocation has been used
successfully both in flight applications, see [6], and also in
marine vessels, see [7] and [8]. Most importantly, however,
control allocation has also been used for achieving yaw
stabilization, see [9], [10] and [11]. In these articles the
mechanical brakes and steering were in focus without direct
consideration to the actuator limits. In earlier work by the
authors, [3] and [4], it was shown how control systems can
be made reusable for different vehicle configurations when
the control law is separated from the control allocation for
achieving the vehicle motion. Actuator position and rate of
change limits in combination with tyre force limits were

considered as constraints for the control allocator. In [5] the
authors showed by modelling and simulation that the smooth
coordination of the control laws for energy management,
steering, and vehicle motion can be achieved by using control
allocation within the control system for a series hybrid
vehicle which was wheel motored and front and rear steered
by wire. In this paper we actually take a step back to show
that the same control allocation method that has been shown
to be successful for highly over-actuated vehicles, could first
be used and implemented as an ESC system for conventional
vehicles. Then if the number of motion actuators increase
in future vehicle configurations, due to hybridization and/or
steer by wire, the control system is easily upgraded as shown
in earlier papers [3], [4], and [4].

In this paper we have separated the control law for vehicle
motion and the control allocation of the actuators within the
control system, as shown in Fig.2. The vehicle motion con-
troller calculates the desired path r = [ Vx Vy O ]T within
the driver interpreter and then the path controller tries to
keep the desired path by correcting the global forces and
yaw torque v = [ F. K, M, ] . The correcting v are then
distributed by the control allocator onto the available motion
actuators, v — u where u = [ Tice Tmbl Tmb2 Tmb3 Tmb4 ]T
and rank(v) < rank(u). This conventional front wheel driven
vehicle has five motion actuators as illustrated in Fig 2. In
this configuration the driver is solely managing the steering
input of the vehicle system, which is what most current
model year configurations have today.

Vehicle system
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front steer

Control system

Vehicle motion System I

dynamics
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Driver r Path v
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allncator
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Fig. 2. TIllustration of how control allocation is suggested to be used within
the control system for a conventional road vehicle. Used abbreviations in
illustration: Steering Wheel Angle(SWA), Brake Pedal (BP), Gas Pedal
(GP), internal combustion engine (ice), and mechanical brakes (mb).

II. SYSTEM MODELLING

The system modelling is separated into three parts:

A. Chassis including tyre dynamics

Two different chassis models were used in the analysis to
make a more objective evaluation of the suggested control al-
location based ESC system. One model was developed in [3]
and the other one is a commercially available chassis model
Vehicle Dynamics Library. The used chassis parameters are
comparable to a medium sized sedan car.

o Ch.A Home made chassis model

This chassis model is a so-called two track model



which has five degree of freedom: longitudinal-, lateral-
, yaw-, roll-, and pitch motion. The aim of the model
is to be capable of predicting the chassis dynamics
on flat surfaces. The SAE standard [12] provided the
main guidance for defining the axis orientations. A
brush tyre model [13] was used together with dynamic
relaxation to describe the tyre dynamics. Details about
the modelling and used chassis parameters can be
found in [3].

¢ Ch.B The VehicleDynamics Library
The planar chassis model is defined with additional
degrees of freedom for roll, pitch and vertical motion
that also specify the suspension compression giving a
total of 12 states for the chassis motion. Thanks to the
wheel’s lack of vertical dynamics, the fidelity can still be
kept low. Additionally, there is one degree of freedom
per wheel rotation and one for the steering elasticity.
The tyre model is a version of the MagicFormula
as specified in [13]. It is a curve fit that considers
combined-slip, camber, load dependencies and first-
order transient effects. More details are found in [14].

B. Drivetrain

The drivetrain includes the most important time specific
constants such as the inertia of the wheels and elastic drive
shafts. The combustion engine propels the front wheels by a
transmission connected to the drive shafts through an open
differential. Losses in drag from the combustion engine and
transmission are included. More details and used parameters
can be found in [3].

C. Motion actuator dynamics

Each wheel has individually controlled disc brakes. The
hydraulic pressure in the brake system was modelled as a
first order system. The friction between brake pad and disc,
Wb i(Ti), was expressed as being temperature dependent. The
temperature was calculated by a thermal lumped mass model.
The temperature constrained the actual limits of the brakes
as

Uy i (T7) < thmbi < T i(T7) (1)

which means that when brake fading occurs in the braking
system it can be accounted for as an actuator constraint in
the control allocator. The limits in rate of change are simply
a function of the time constant of the first order system.

The combustion engine’s mean torque was modelled by
a non-linear second order system, due to the fact that it
takes approximately two crank shaft turns to reach the next
stationary torque for a four cylinder four stroke engine [15].
The limits in torque are dependent on the angular speed of
the engine accordingly

ﬂice(wi) < ljce < ﬁice(wi) (2)

The rate limits for the combustion engine can be deter-
mined using an equivalent time constant definition for second
order systems as described in [16]. A detailed description of

the modelling and used parameters of the motion actuators
can be found in [3].

III. CONTROL DESIGN

Independently of the specific applications studied, a class
of nonlinear systems can be described in the affine form

= f(x)+gx)u 3)
y=nh(x) “4)

Control allocation can be applied if the control input can
be perturbed without affecting the system dynamics. The
system can therefore be rewritten as

i=f(x)+v ®)
y=h(x) (6)

where v = g(x)u, v is also called the virtual control input.
The control design is divided into two steps. The first step
is to design a control law that controls the net effort v.
The second step is to design a control allocator that maps
the net effort of virtual control input to true control input,
v(t) — u(t). Unfortunately, the mapping of the net effort to
the true control signal is complicated since the g(x)-matrix
is not invertible. Using a pseudo-inverse to find a solution
could be one way of solving this. However, this could lead
to unrealistic solutions since the true control signals are
limited by several different constraints. Instead a constrained
optimization problem is proposed and solved.

The longitudinal tyre forces Fy; which are directly affected
by the motion actuators, combustion engine and mechanical
brakes are easily split into the desired affine form and are
found within g(x)u. Due to the fact that steering is excluded
from the input that is controlled by the control allocator, see
Fig.2, the lateral forces are only seen as part of the nonlinear
system f(x). The chassis system can then be written as

M = f(x)+ g(x)u (N
y=h(x) 3
where M is the mass matrix
m 0 O
M= 0 m O
0 0 [
and
[ mxyx3 — D1x| — Dymsgn(xi )x}
8x1(2x,+(Ls—L,)x:
Fy= | menrCa (K 8- ST
X1 (2x2+L¢x X 2—L,x
I LfC(x <Zz’2:1 &+ 445)(%3;/(2 3)) +LrC(x8 léféx;big 3)
©)
Z?:] Fx7i
gx)u= 0 ) (10
L S (D),

=[x x» x]

an

where b, is front and rear track width, Dy and D, are
constants related to aerodynamical and rolling resistance,



and &;, O, are the front left and front right steering angles,
respectively. Since the mass matrix M is invertible, the
system can be written in the desired affine form. Further-
more, the vehicle system model presented is general and
independent of the powertrain configuration. However, in this
configuration the steering is excluded from g(x)u due to that
the driver is directly controlling it. In earlier works [3]-[4]
contain information on how the system could be described
in affine form when the steering is assumed to be steer by
wire and thus included in the control allocator formulation.

A. Vehicle Motion

The first step in designing the control system is to design
the control law for vehicle motion as illustrated in Fig. 2.
Here the vehicle motion is separated into two parts, the driver
interpreter and path controller. This is necessary because the
driver input Steering Wheel Angle (SWA) is basically pre-
defined by the test procedure, sine with dwell, which is used
in the proposed FMVSS for ESC [1], [2], [17].

1) Control law for driver interpreter: The purpose of a
driver interpreter is to use the driver’s input to define the
desired path r = [ Vx Vy @ ]T, see also Fig. 3. This driver
interpreter is made only sufficient enough to be able to handle
the proposed test procedure, sine with dwell, of FMVSS for
ESC. In the test procedure the vehicle coasts in high gear
at an initial speed of 80 km/h when the steering input of
Steering Wheel Angle (SWA) starts. No braking is applied
by the driver during the entire manoeuvre. This means that
the driver interpreter must be designed to handle what should
be done when both the Gas Pedal (GP) and Brake Pedal (BP)
are equal to zero, i.e. coasting. Here the following control
law is suggested for the longitudinal velocity v,:

ve(k) —0.1gAt, if v, >0

12
0, else (12)

ri=v(k+1)= {
where At =r(k+ 1) —t(k). A linear bicycle model is used
to predict desired lateral velocity v, and yaw rate @,. The
bicycle model is defined as follows

X =Ax+Bu (13)
Cay+Cay LyCa;—LCo;
A= L fca;nZXL,ca, ! L?fca ’ +T%Véa, (14)
Lvy Lvy
Cy  Cq
B=1 /¢, LCa (15)
L. T

z

wherex=[ v, @, Jandu=[ 8¢ & ].By calculating
the state x we can predict a desired yaw rate motion which
the driver defines by his steering input 8. This works fine
as long as the input u is in the linear regime. Therefore
the desired yaw rate calculated by the bicycle model also
needs to be limited by what is physically possible due to the
maximum centripetal force for the specific road/tyre friction.
We know the desired lateral acceleration from the bicycle
model ay(k) and the desired vehicle velocity v.(k). From

these we can calculate the radius R of the desired path by
setting the global lateral force equal to centripetal force:

m-v2
R

Fy = Fcentripetal < min (.umg7 |may|) =

V2

R=————— [m], if a, #0

min (/,Lg, |ay‘)
where the lateral force Fy is limited by frictional force umg.
When a,(k) ~ 0 then R is set to be "Inf’ in Matlab. Now we

can define the desired yaw rate as

(16)

sgn(x;)min ( Vlg(%) ) , |x2|) ,if R#0

r3 = (Dz(k-l- 1) =
0, else
(17)

where x; is the desired yaw rate from the bicycle model
Eq. 13. The desired lateral velocity vy is of minor importance
due to that it can’t directly be affected by the motion
actuators used by the control allocator, see Eq. 10 where
row 2 is equal to zero.

2) Control law for path controller: The purpose of the
vehicle motion controller and its path controller is to follow
a desired path. The path controller could be based on
feedback linearization, see e.g. [18]. The idea with feedback
linearization is to transform the nonlinear system into a linear
one, so that linear techniques can be used. In its simplest
form it can be seen as a way to cancel the nonlinearities
by a nonlinear state feedback. Looking at the system, we
notice that the first term on the right hand side of Eq. 7
is the only one including the nonlinearities of the system.
If the nonlinear term, f(x), is cancelled, the multi-input,
multi-output (MIMO)-system becomes linear. Furthermore,
by cancelling f(x) the MIMO-system becomes decoupled.
Then, using a Pl-controller, the control law becomes:

v:—f(x)—i-er—I—K,'/O.tedT (18)

where e = r —y, is the error between the desired vehicle
motion and the vehicles actual motion, see also Fig. 3.
However, it has shown to be unnecessary in the current road
vehicle application to cancel the nonlinear term f(x), because
the term is basically stabilizing the vehicle. In the simulations
f(x) is set to be equal to zero in Eq. 18.

The following design parameters for the PI-controllers, K,
and K;, gives adequate path control even for the worst case
of SWA demanded by the test procedure

1.0m 0 0
Ki=5| 0 0 0

0 0 301,
K.
K, =8m,/ %I

To handle the saturation of actuators the PI-controllers
were extended with anti-windup based on back calculation
[19]. When the actuators are not saturated the error e, =
Bu — v will be zero and therefore there is no effect on the

19)

(20)



Tyre Ugep Ugipw Pom
fusion

£ System
Control fS)
Allocator 7

Driver
interpreter [

Fig. 3. Illustration of the Control Design with a focus on control
law for vehicle motion and its path controller, a PI controller with
Anti-Windup strategy. Used abbreviations in the illustration: Gas
Pedal(GP), Brake Pedal (BP), and Steering Wheel Angle (SWA).

sum of integrator gain, see also Fig. 3. The windup was
o . . . 1 _ .
minimized with T = 20d1ag[ 101 ]
B. Control Allocation
The second step in the control design is to create the
control allocator. The key issue is how to select the control
input set u from all possible combinations. In control allo-
cation an optimization based selection is used. According to

[6] the optimal control input u can be seen as a two-step
optimization problem, sequential least square (sls),

u:arggi/r_l/HWu(u—udes)”p
ueQ
Q = arg min ||W,(Bu—v)|,

u<u<u

2y

(22)

where W, and W, are weighting matrices and ug., is the
desired control input. In the two step optimization problem
Eq. 22 constrains the possible set u € Q to be u’s in the
nullspace of N(Bu—v) or minimizes the error of the desired
global forces, Bu—v, needed for fulfilling the desired motion
of the vehicle. This can be seen as the vehicle motion
controller. Eq. 21 minimizes the error of desired control
input, u4.; —u. Here, in this paper we use a zero vector for
the desired input u,,; = Osx; which means that the motion
actuators are optimized to be used as little as possible.

The used control allocation optimization also suits well
for fuel cell vehicles and hybrid electric vehicles. Eq.21 can
be seen as smooth arbitration between the vehicle motion
controller and energy management. The desired input uge
coming from the energy management controller specifies
how the electric motor(s) and the mechanical brakes should
be used when optimizing the use of onboard energy, see [5].

Numerically Eqgs. 21- 22 can also be solved in one step,
using weighted least square (wls),

u=arg min ||W,(u—uges)||p+ YIIWo(Bu—v)|[p,.  (23)

u<u<u

where p = 2. Setting the weighting parameter y to a high
value gives priority to minimizing the error in motion Bu —v.

1) Actuator limits: The control allocator receives the
limits from the motion related actuators, [u(z),%(¢)] and their
limits in rate of change [p,p]. This specific way of designing
the control system allows the control law to be independent
of the available actuators, i.e. reusable for different hardware
configurations, and also allows the control allocator to handle
both limits and even actuator failure. The rate limits can
be rewritten as position constraints using an approximation
of the time derivative. The position constraints can now be
written as

(24)
(25)

u(t) = min(u(z),u(t —tr) +trp)
u(t) = max(u(t),u(t —tr) +1rp)

where 7 is the sampling time.

In a road vehicle the limits of the control input must also
consider the force limits of each wheel. The longitudinal
force limit Fyy,; is a function of the normal force F,;,
tyre/road friction p;, and the amount of lateral force Fy;
applied to the wheel. By estimating F; for each wheel the
actuator limits are adjusted for what the tyres can handle.
The ’tyre fusion’ basically checks if the torque limits for the
mechanical brakes, #,,,;, are above the longitudinal force
limits and if so, adjusts the limits to be equal to the tyre
force capacity. In equation form this would look something
like

b =0 (26)

_ 7Fx,iva
Umb,i =

Emb,h

if Umb,i < 7Fx,iRw 27)
else.

The traction torque limits are derived in similar manner.
The steering angles are also limited by how much lateral
force is still available when actual longitudinal force and
its limits are considered. A more detailed description of
how combinations of electric motors, combustion engine, and
mechanical brakes are handled by tyre fusion is found in [5].

2) Control Effectiveness matrix B: Here the idea is to
linearize g(x) ~ B where B is called the control effectiveness
matrix. As mentioned earlier, the virtual control signals are
the global forces. Looking at the model (Egs. 9-8) the
control signals are the longitudinal wheel forces Fy;. The
wheel forces are controlled by the motion actuators via the
driveline. The following control input signals exist for the
studied configuration:

T
u= [ Tice Tmby Tmb, Vmbs Tmby } (28)

where 7; is the torque from the traction and braking
actuators. i corresponds to the wheel number starting with

front left, front right, rear right, and rear left.

Under the assumption that there are no inertia effects in the
driveline nor in the wheels, no weak drive shafts, no losses
and no time delays or nonlinearities in developing tyre forces,
a constant control effectiveness matrix can be formulated.
The assumptions are realistic for the control design phase,

i.e. the actuators are assumed to be fast. The matrix for the
studied configuration becomes
Mg 11 11
R, Ry Ru Ry Ry
B= 0 0 0 0 0 (29)

0 b bbb
2R, 2R, 2R, 2R,




where 7; is the actual gear in transmission, 7y, is the final
gear, R, is the wheel radius, and b, is the track width.
The control effectiveness matrix B describes how the global
forces of the vehicle can be generated by the available motion
actuators. The longitudinal global force vi = F;, row 1 in B,
can be generated by all five motion actuators and the lateral
force v, = F,, row 2 in B, by non. Finally the yaw torque
v3 = M, row 3 in B, can be generated by the mechanical
brakes individually. The combustion engine is mounted on
an open differential and thus cannot apply any yaw torque
(Ec,l =F x,2)~

3) Weight matrices W,, and W,: Earlier work stated the
importance of prioritizing correctly among the available
actuators during braking and acceleration [3]-[5]. For the
configuration studied here we need to penalize the use of
mechanical brakes in the rear more than the front during
braking to have a decent brake load distribution on the front
and rear axles. Here the following weighting matrices are
used

W, =diag[ 10.50.51 1]
W, =diag[ 11 1].

(30)
€Y

IV. SIMULATIONS

The vehicle system models were implemented as s-
functions in Matlab/Simulink. The used control allocator,
weighted least square wls and sequential least square sls with
constraints solvers were coded by [6]. The code was modified
by the author to allow for dynamical change in constraints
Ujim and Piim-

A. Test procedure sine with dwell

Sine with dwell is a proposed test procedure that aims to
become a standard in evaluating commercial road vehicles
equipped with ESC systems [1], [17]. The test procedure
is designed to trigger oversteering in the vehicle on dry
asphalt. Even though ESC can prevent both understeering
and oversteering behaviours no general test procedure is
proposed for understeering. This is due to the fact that
vehicles with high centre of gravity are made understeered
in order to avoid untripped® rollover. Roll stability control
systems actually work by introducing understeering when the
roll angle of the vehicle becomes critical, which is opposite
to the ESC. An understeered test procedure for ESC that
could work for all light vehicles is an ongoing research topic
for NHTSA [1].

The test procedure is performed as follows. First the
Oswa 03¢ input that gives 0.3g in lateral acceleration is
derived for the studied vehicle by an initial test, slowly
increasing steering. The steering is increased with a ramp
rate of 13.5 deg/s. The speed is kept constant at 80 km/h.
The main test procedure, sine with dwell, is started by letting
the vehicle coast in high gear and an initial velocity of 80
km/h when the SWA input is given, see Fig. 4. The first SWA
amplitude is set to be 1.SBSWA70,3g and increased stepwise

2No tripping mechanism is needed for rollover on flat road.

by 0.50swa,0.3¢ until 6.50swa 03¢ or 270 degrees is reached
which ever is greatest.

1 4
S Stesring Wheel Angle (SWA) [rad] &
T —

°
o
2

=5
“
&
w

Fig. 4. Steering Wheel Angle (SWA) input as a sine with dwell with
frequency 0.7 Hz and amplitude dswa. The dwell is 0.5s and occurs after
3/4 of the period.

The performance of the ESC is measured by criteria its
stability and responsiveness criteria. The stability criteria
verifies that the yaw rate should have reduced to 35 and
20 percent of its maximum value after 1 s and 1.75 s
respectively, after Completion of Steer (CoS) input:

(0% (l‘cgs = 1.0)

<0.35 (32)
Wz max
wz(tCoS = 1.75) <02 (33)
Wz max o

An highly understeered vehicle would more easily meet
this stability criteria without having any responsiveness.
Therefore a responsiveness criteria is also defined, which
basically states that the vehicle should have a minimum
lateral displacement during the test. Because this is a test
for all light vehicles the test needs to be adjusted so that all
vehicles can achieve the criteria. According to NHTSA the
least responsive vehicles were not large pickup trucks nor
15-passenger vans, instead it was SUVs equipped with roll
stability control [1]. The highest responsiveness criteria that
could be used to allow roll stability control implementation
was a minimum lateral displacement of 1.83m, half a 12
foot lane width. This minimum lateral displacement should
be achieved 1.07 s after SWA input initiation

dy(r=1.07) > 1.83 (34)

V. RESULTS

Slowly increasing steer showed that the steering needed
for achieving 0.3g in lateral acceleration was SSWA’()&g =25
degrees. Steer gear ratio was set to be 16.6. The steering
input sine with dwell was started at simulation time 0.2 s
for chassis Ch.A and at 2.0 s for Ch.B. The amplitude was
increased from 1.50swa 0.3, in steps of 0.50swa 03, up to
270 degrees. The ESC system was turned both off and on to
study how far the vehicle could work without ESC. Fig. 5
illustrates the yaw rate, lateral acceleration, and side slip
of the vehicle when chassis Ch.A was used, see Sect. II-A.
Already at a SWA of 75 degrees one of the stability criteria’s



were not met when ESC was turned off, see also Tab. I. When
SWA was increased to 87.5 the vehicle without ESC is out
of control. This can be clearly seen in Fig. 5 by the almost
constant yaw rate and lateral acceleration after 2 s. However,
when ESC is enabled much higher SWA amplitudes can be
used without violating the stability criteria. In Fig. 6 the yaw
rate, lateral acceleration, and side slip are shown for chassis
Ch.A with ESC on. The SWA amplitude is varied from 100-
270 degrees.

SWa37.5
swaso
501 —swaes

swars
40| —swaws | |
- - SWAGLSESC
SWA7SESC
B 3071 swawsssc|/
3
a |

2 3 4 5 "o 1 2 3 4 5 o 1 2 3 4 5
t[s]

o, [deg's]

Fig. 5. Results with chassis Ch.A and its yaw rate, lateral
acceleration, and sideslip, when ESC is both on and off. SWA max
amplitude was varied between 37.5-87.5 degrees.

The wheel forces are realised by the control allocator and
its use of the available actuators included in the optimization
formulation. In Fig. 8 the actual actuator torques and their
combined limits are shown. The combined limits means that
not only are the actual position limits and their rate of change
considered, see Eq. 25, but also what tyre forces can be
applied, see Eq. 27. The positive force is realised by using the
ice during the whole procedure and by giving positive torque
distributed on the front wheels it allows positive longitudinal
forces to be developed at the front wheels. This feature can
be switched of by just defining the upper limits of the ice to
be equal to zero. When not using the combustion engine the
vehicle became less responsive but still managed to handle all
the SWA amplitudes. Fig. 8 shows also how the mechanical
brakes were used during the test procedure. One interesting
observation was that the time constants on the mechanical
brakes must not be too slow in order to successfully allocate
the brakes during the worst SWA 270 degrees. The used time
constant for the mechanical brakes was set to 0.06 s.
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i
limits [Nm]
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g
combined limits [Nm]
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Fig. 6. Results for Chassis Ch.A and its yaw rate, lateral accel-
eration, and sideslip, when ESC is on. SWA max amplitude was
varied between 100-270 degrees.

Now when studying the wheel forces, see Fig. 7, for a
SWA amplitude of 162.5 degrees with the ESC on for chassis
Ch.A, we can see how positive and negative longitudinal
forces are developed. During the first part of the sine
manoeuvre, 0.2 to 1.27 s, wheels 1 and 3 have negative
longitudinal force. Wheel 2 has positive longitudinal force
and wheel 4 has approximately zero longitudinal force.
During the dwell part 1.27 to 2.12 s and above, wheel 1 has
positive longitudinal force and wheel 3 has basically none.
At the same time wheel 2 and 4 develop mostly negative
longitudinal forces.

LN

i

TPy
" Tyz T

5000F

0

¥ _s000]

Fig. 7. Results for Chassis Ch.A and its tyre forces when ESC is on. SWA
max amplitude was set to 162.5 degrees.
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Fig. 8. Results for Chassis Ch.A and how the actuators are used by the
ESC. SWA max amplitude was set to 162.5 degrees. The black solid line
corresponds to actual u and the dotted/dashed red and blue lines are the
upper and lower combined limits, respectively.

In Tab. I the responsiveness and stability criteria’s are
studied for all simulated cases for Ch.A. The table shows
that when the ESC is off the first stability criteria is not
fulfilled for SWA 75 degrees. When ESC is on the whole
range of SWA amplitudes demanded by the proposed test
procedure are handled with ease.

o [degs]

Fig. 9. Results with chassis Ch.B and its yaw rate, lateral
acceleration, and sideslip, when ESC is both on and off. SWA max
amplitude varied between 100-150 degrees.

The simulation results from chassis Ch.B verifies the
results from Ch.A. However, Ch.A gave more conservative
results. Fig. 9 and Fig. 10 shows yaw rate, lateral accel-
eration, and side slip for Ch.B. The Ch.B with ESC off
fails one of the stability criteria at SWA 137.5 degrees and
both stability criteria’s at SWA 150 degrees, which is higher



TABLE I
RESULTS OF RESPONSIVENESS AND STABILITY CRITERIA WITH
CHASSIS CH.A AND CH.B.

wheel input does not actually mean anything in a physical
aspect, i.e. the input can be manipulated by the software. To
handle future vehicle configurations the input should be given
as desired yaw rate instead or make a cone based manoeuvre
that would trigger the same oversteering behaviour as sine
with dwell.

VII. ACKNOWLEDGMENTS

The authors would like to thank the Swedish national
research programme Grona Bilen. Authors would also like to

thank Matthijs Klomp at Chalmers for excellent discussions
and feedback.

SWA  dy>1.83m 2l 10 <35 2las—LB) <9y EsC
Ch.A
62.5 1.830 0.003 0.002 off
75 2.114 0.464 0.058 off
87.5 2.362 0.987 0.956 off
62.5 1.836 0.003 0.001 on
75 2.108 0.001 0.002 on
87.5 2.319 0.008 0.001 on
100 2.519 0.017 0.004 on
112.5 2.718 0.061 0.017 on
125 2.857 0.066 0.019 on
137.5 2.948 0.060 0.017 on
150 3.007 0.063 0.018 on
162.5 3.075 0.070 0.017 on
200 3.290 0.191 0.022 on
225 3.393 0.171 0.021 on
250 3.461 0.091 0.015 on
270 3.490 0.032 0.009 on
Ch.B
100 2.739 0.002 0.000 off
112.5 2.896 0.009 0.000 off
125 3.022 0.009 0.001 off
137.5 3.122 0418 0.005 off
150 3.201 1.038 0.380 off
125 2.920 0.004 0.007 on
137.5 3.005 0.031 0.009 on
150 3.076 0.033 0.010 on
162.5 3.128 0.034 0.010 on
200 3.176 0.033 0.010 on
225 3.192 0.033 0.010 on
250 3.205 0.038 0.011 on
270 3.490 0.032 0.012 on
40 1 N
[ 0.5 7 SWA250
- : l ; % 2 é’l \——-swmm
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Fig. 10. Results for Chassis Ch.B and its yaw rate, lateral

acceleration, and sideslip, when ESC is on. SWA max amplitude
varied between 162.5-270 degrees.

than what seen with Ch.A, see Tab. I. Ch.B confirms that
the proposed control system pass the criteria’s of the test
procedure for ESC.

VI. CONCLUSIONS

The control allocation based Electronic Stability Control
System passed the proposed test procedure, sine with dwell,
for ESCs. It was found to be critical that the time constant
of the mechanical brakes should be faster than 0.1 s for
successful control allocation when the most extreme steering
wheel angle, 270 degrees, is used. When the time constant
was reduced to 0.06 s then SWA 270 degrees was easily
handled. The test procedure sine with dwell that FMVSS
for ESC suggests has a major drawback. For future vehicles
which may have software controlled steering, the steering
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