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Abstract

The motivation for the development of vehicle stability control systems comes from the
fact that vehicle dynamic behavior in unfavorable driving conditsuté as low roatire
adhesion and high spediffers greatlyfrom its nominal behavior. Due to this unexpected
behavior, a driver may not be succesgfutontrolling the vehiclén challenging driving
situatiors based onlyn her/his everyday driving eggence.

Several noteworthy research works have been conducted on stability control systems
over thelast twodecades to prevent car accidents due to human error. Most of the resultant
stability controllers contaimdividual moduleswhereeachperfam a particular task such
as yaw tracking, sideslip control, or wheel slip control. Thdssignrequirements may
contradict each othen some diwing scenarios. In such situations, inconsistent control
actions can be generated with individual modulés. cevelopment of a stability controller
that can satisfy diverse and ofteontradictoryrequirements is a great challenge.

In generaltransferring a control structure from one vehicle to another wdlifferent
drivetrain layout and actuation sgst configuration requires remarkabéetificationsand
repetition oftuning processsfrom the beginningo achieve a similar performanckhis
can be considerdd bea serious drawback for car manufacturing compaiie® it results

in extra effort, time,andexpenssin redesigring and rduning the controller.

In this thesis, an integrated coolter with a modularstructure has been designed to
concurrentlyprovide control of thevehicle chassigyaw rate and sideslip contradnd
wheel stability(wheel slip ratio contrdl The proposed control structure incorporates
longitudinal and lateral vehicttynamics to decide on a unified control actiohistontrol
actionis an outcome of solving an optimization problem that considers all the control

objectives in a single cost functiosgintegrated wheel and vehicle stabilisyguaranteed.

Moreover, according to the particular modular design of the proposed control structure,
it can be easily reconfigured to work with different drivetrain lagauich as alvheel
drive, frontwheeldrive, and reawheeldrive, as well asrariousactuatorsuch agorque
vectoring, differential braking, and active steering systeih® highlevel control module
provides a @nter of Gravity (CG) basederror analysis and determirgethe required
longitudinalforces and yaw moment adjustmeriiee lowlevel control module utilizes
this information to allocate control actions optimally at each vehicle corner (wheel) through
a single or multiactuator regimeln orderto consider the effect dhe actuatordynamics

a mathematical description dfie auction system is included in distribution objective
v



function. Therefore, degitimatecontrol performance is promised situations requiring

shifting from one configuratin to anothewith minimal modifications.

The performance of the proposed modular control structure is examined in singulation
with a highfidelity model of an electric GM Equinox vehiclEhe highfidelity model has
been developed and provided by Gi¥d the use of the model is to reduce the number of
laborintensivevehicle test anis to test extreme and dangerous driving conditiSeseral
driving scenarioswith severe steering and throttle commantdeen, are designed to
evaluate the capabilityfdhe proposedcontrol structure in integrated longitudinal and

lateral vehicle stabilizatioan slippery road condition

Experimental tests also have been performed with two different electric vehicles for
reaktime implementation as well as valigtat purposes. The observatiowearified the
performance qualifications of the proposed control structure to preserve integrated wheel
and vehicle chassis stability all track tests.
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1.1 Motivation

According to Transport Cadaa 6 s Nat i onal tBaelwkre $8884motobat abas e,

vehiclefatalitiesin 2014[1]. The federal, provincial and territorial governments in Canada
intend to reduce traffic relatedtélities and serious injuries with both leregm and short
term plans of improving road safety. These accidents usually take place in unpleasant
driving conditions such asituations withlow road frictioncoefficientsand high speed

In these conditions, the behavior of the vehicle as a complinatdoheardynamic system
maydiffer fromthed r i ver 6 s e x p-prafdssiohal drivers, adequate raspomse
in critical driving situations is considered a challengamgkt In recent decades, researchers
devoted a serious effort to design Advanced Vehicle S&fettrollers(AVSC) to assist
drivers in critical driving situations. Antock Braking System (ABS), Traction Control
System (TCS), and Electronic Stability Cant ESC) all emerged to provide stability and
enhancevehicle handing. Although an impressive improvement has been achigved
vehicle stability control technologies hitherto, further investigation is still required to

minimize road acciden{g-4].

Vehicle stability is considered supplementary to road sdtetyan overall safe drive
experienceSincevehicle and road interaction occurs throdigéir contact point, stability
controllers target tires to correct the vehicle response. A locked or spiimeipgovices

less longitudinal forceompared to a rolling tireThis highlights the importance of el
dynamics control to provide enough grip for control adjustments. As wheel dynamics is
much faster than vehicle dynami@spreventive approach is usually more effective in
comparison ta restorative approach. In this approach, traction control doealioav
excessive tireslip by regulatingthe driverd sequested torque. If traction control is
incorporated with stability control, final control adjustment will be generayaxptimally

assisting in conservation of both longitudinal and lateral staisilit

Fromtheabove discussion, it can be concluded #&ieventive approach is preferabde

a restorative one. To adopt this approach, a control algorithm shawiela feature of
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forecasting the impending tire saturation and compensate for it imeehyy adjusting
wheel torque. In control terminology, such a control algorithm is referred dadvaxiel
Predictive Control (MPC). Anodel predictive control algorithm relies on a dynamic model
and carprovideinsightinto futuresystem behavior. Accordito the foreseen behavior of
the system, an optimal control action is found that minimizes a given cost function with

specific critera.

Furthermorethe MPC technique allowfor the consideration afynamic delays that may
exist in all practical systesn These time delays can originate from actuation system or
sensor communication lags. As a conc#ng,timeresponse of an actuation system plays

a significant role iprovidingsufficientand punctuatontrol effort.For instanceaccording

to functiondity properties of a torque distribution system, the generated torque may be
different fromwhat isdesired resulting in degradation of the control performance. In order
to counteract the adverse effect of control action evolution dtiayVIPC prediction

model can be upgraded with a mathematical descriptitmeoéspective actuator.

In order to enhance stability and performance, a vehicle may be equipped with multi
actuators. The vehicle stability control by means of actuation systems can be classified
three importantcategoriesas differential braking, active steering, and active torque
distribution. As mentioned before, the vehicle stability control can be considered as
adjusting tire longitudinal and lateral forces in a planar motion. Atlyezforementioned
actuation systems intends to rectify vehicle safety and mobility by controlling one of the
horizontal tire forces. Among all stability actuators, differential braking has received the
most attentiorsinceit can be executed on almost all v&@bs regardless of configuration
and drivetrain. In this method, a negative differential torque adjusts the longitudinal tire
force for traction and yaw moment control to follow the target dynamics. On the other
hand, active steering control regulates @iristeering command and consequently adjusts
lateral tire force for lateral stability and minor yaw moment control. Torque distribution
devices such as center couplers and Limited Slip Differentials (LSD) in conventional
vehicles and electric motors ireetric vehicles generate negative/positive torque at wheels
for torque vectoring and integrated wheel and chassis statilitirol purposes. It was
shown that incorporating different actuation systems alfowletter stability control and
provides moreflexibility for vehicle stabilization when actuators are restricted in
boundaries. In addition ®variety of actuators with particular properties, different vehicle
configurations such as FrewitheelDrive (FWD), RearWheelDrive (RWD), and All

WheelDrive (AWD) are required to be considered in control action decision making.
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Desigring a control structure that is implentable with a number of actuatoend
drivetrain arrangements requires not only constrained optimal control algorithms to adopt
the bestfeasible solution but also modularity. Modularity allofes the differentiation
between two obligations. The first obligation is stability analysis, and the second one is
how to process this analysis to achighe desired vehicle dynamics with available

actuation system(s) in a certain vehicle configuration.
1.2 Proposed Control Structure Design Objectives

In order to design a vehicle stability controller witie highlighted features, the following
objectives have been set:

Integrated Vehicle Chassis and Wh eel Control:

The first objective of this thesis is to develop a combined longitudinal and lateral stability
controller. In this methodology, instead of designing a separate module for slip ratio
control, the requested adjustmentltdintegrated controdir maintains vehicle chassis and
wheel stability(sideslip and slip ratio control), and minimizes over/understeering (yaw rate
control) yaw rate error in critical driving situations. Consider a driving scesatio as
acceleration in turn on a slippenadcondition, whereite capacityis limited to maximum
longitudinal and lateral forces that can be generated through road and tire cionthic.
condition, naintaining the vehicle stability can be considered as a challengingaaske
interpreted & an optimal compromise between longitudinal and lateral stabdiiesthat
certaincriteria should beachieved with minimal effortin this study, in order taddress

this issue, anodel predictive strategy will be utilized to anticipate impending wheel and

vehicle slipand provide an integrated stability
One Controller - Any Car:

The second objective of this thesis is desigrarggntroller that can be impieented on

any vehicle with any actuator and powertrairconfiguration with no significant
modifications and tuningThis objective has been achieved with a modular control
structure Figure 1.1shows a schematic of the proposed control struciire.highlevel
module is responsibl®r vehicle CG error analysis. In this level, regardless of actuation
system functionality and characteristics, an analysis can be conducted on vehicle CG
horizontal forces and yaw moment for error detectiolbow-level modug, therequired
adjustment athe wheels in accordance withe available actuation system can be found

optimally considering actuator restrictions. The vehicle drivetrain configurations that are
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studial in this research are AWD and RWD, atie actuatorshave avariety of electric

motors, differential braking, active steering, amy of their combinations.

In addition, a modular control structure can effectively reduce computational burden for
reaktime solver and provide a ground for modtdemodule @évelopments.

Driver Commands High Level Low Level o
- Control Module >}  Control Module Vehicle
(torque and steering) H .
A (torque and/or
CG based error detection steering adjustment)

Fig 1.1 Schematic of the proposed modular control structure
Actuation System Constraint and Dynamic Modelling Treatment:

Vehicle stabilization is susceptible to actuator functiopabperties and dynamic
responsg The third olective of this thesis is to design a control structure that is capable
of working properly witha variety of actuators with different tiresponses and
extremites In order to consider the effect of actuation dynamics andrésgonsea
corner basedirsgle-step optimization irthe low-level control is upgraded to a mutiiep

one. Multistep optimization allowsnticipation ofcontrol action evolution trend and
compensabn for any possible timelelay. Moreoverthe employed constrained optimal

controlstrategy in lowlevel module allowsor actuation restrictions in decisiamaking.
Robustness:

Vehicle stability maintenance is usually considesgdore demandingask on a slippery

road condition where tire force capacity is less in comparistndsy road condition. The
fourth objective of this thesis is to provide a controller that is capable to show a robust
performance on different road conditions and driving scenarios. In order to fulfill this
objective, instead of constraining the desirgthaimic behavior of the vehicle to road
condition that is difficult to be estimated, robustness is achieved through controlling the

lateral skidding of the vehiciadirectly.
In addition, the proposed control structure should be able to run irtimealfor
experimental verification purposen RWD and AWD GM Equinox electric vehicles.

1.3 Thesis Outline

The ®cond chapter of this thesis reviews literature of vehicle stability control. The

importance of the vehicle stability control and handling enhancemarticularly in
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adverse road conditionare discussed. The literature review of vehicle stability control is
focused mainly on the techniques that admgionstrained optimal control and model

predictive control strategies.

The third chapter is devoted tntrodueng constrained optimal control techniques that
have been utilized in this thesis. First, a mathematical description of a dynamic system in
a general linear timearying statespacemodelis considered as a prediction modkl.

batch approach ismployed to adop¥IPC formulation, and an analytical optimal solution
with side constraints is provided for MPC optimization. Second, the concept of vehicle CG
force and moment error analysis for the purpose of corner control is discussed, and finally,

baclground knowledge dd holistic corner control technique is presented.

In the fourth chapter of this thesis, a modular control structure for integrated longitudinal
and lateral vehicle stability control (vehicle chassis and wheel stability control¥gigeto
vectoring is developed. In the higgwvel module, a predictive control approach is utilized

to determingherequired CG longitudinal force and yaw moment adjustments to achieve
thedesired dynamicsAn analytical Burkhardt tire model has been empbbyrethe MPC
prediction model to considéine combined slip situations and tire longitudinal and klter
force interactionsA cost function that is considered for sideslipw rate, yaw angjend

slip ratio control with torque vectoring method is inodd. Then optimization
constraints due to actuation system limitations are developed. The optimization problem is
presented in quadratic programming form. Usthg QP analytical solving method
presented itheprevious chapter, the optimum control antie obtained. Then, using MPC
outputs, an optimal distributor genemtiherequired torque adjustment at each wheel.
Experimental results are illustrated a%loseloop response of an electric AWD GM
Equinox vehicle witltheproposed controller intervéans. The capability of the controller

in stabilizing the vehicle in severe driving condisos demonstrated.

The fifth chapter presents a control scheme desigthéntegrated longitudinal and lateral
stability control through combined active siagrand torque vectoringmplementation of

the proposed control structure on different vehicle configurations with different actuation
systems is feasible due to CG based error analydiseihigh-level module. Different
vehicle drivetrainssuch as RW and AWD, and different combination of actuat@sch

as electric motoeactive steering and differential brakhagtive steeringare tested in
simulation and experimental evaluations. According to these evaluati@nsroposed

control structure is capsbof working withtheaforementioned actuators. It helsobeen
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shown that a better performance is achieved with multiple actuators in extreme driving

situations, and less torque/braking intervention is required with steering correction.

In sixth chaper of this thesisn order to consider the effect of actuation system dynamics

on vehicle stability control, the distribution algorithmtive low-level control module is
modifiedwith actuator evolution modelnstead of singlestep optimization in kv-level

control, a multistep optimization is propodewhich isto be conducted while considering

the dynamic development trend of required control actidre developed mukstep

control approach ibased ora holistic corner controinethodthat uses C@rror analysis

from the proposed highevel control module. A sluggish electrohydraulic differential
braking system was modeled and used to evaluate the effectiveness of the proposed
approach. According to the simulation and experimental results, itllwagated that

actuation modelling cagreatlyimprove the handling performance.

In chapter seven, tlimnclusonand contributions of this thesis are highlighted. In addition,
some possibleuture work to continue this researisimentioned.
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2.1 Introduction

In this chapter, a literature review on vehicle stability analysis and control is presented.
The major concentration is on constrained optimal control methodologies santodsl|
predictive anabptimal control allocation methotbgies such asolistic corner control that

can be employed faptimalvehicle stability maintenance. Sintteconstrainson vehicle
stability control mainly originatdrom theactuatoicharacteristics and limitations, different
actuatorsas well as thir functionality constraintsvill be discussed according to various
research works.

2.2 Envelope Control

In order to evaluate and analythe stability of a vehicle, a region can be defined according

to thebehavior of the vehicle dynamiggheremaintainirg the vehicle within this region

can be interpreted as a control success. The driver is allowedneuveup to the safety

limits with no instability risk and control interventions. This concept can be considered as
an envelope control thetasoriginally appliedto aircrafts. A broad spectrum of constraints
exist for different aircrafts such as safety limitations on angle of attack, pitch, bank angle,
and speedall of which contribute taircraft safety5] . However, forground vehicleghe
definition of a safe envelope is restricted to measurements of speed, yaw rate, sideslip
angle, and road adhesion coefficient. Recent developments in-brasil estimation

assists inheidentification of handling limits and facilites reatime envelope control.

2.3 Vehicle Stability Analysis Based on Phase Plane

Approach

The lateral dynamics of a vehicle is usually described with astate model. In order to
design an envelope, the phase plane is employed to visualize the vebitity atealysis.
An openloop trajectory of a vehicle on a phase plane can be plotted by settmgtant

forward speed and steering angle. The vehicle is considered to be stable if it converges
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onto a steady equilibrium point, and it is considered tah&able if it diverges. For a

locally and globally valid stability analysis, encompassnpnlinear tire model and its

effects on the phase plane parameters is essential. According to previous ydékearch
phase plane methdhs normallypeen concensited on two sets of dynamic states: sideslip
sideslip rate or sideskpaw rate shown in Fig 2.1. In this terminology, yaw rateefers

to the vehicle heading angle change and sideslip aagter refers to the angle between

the longitudinal tire axisnd the velocity vector of vehicle CG. The trajectories in Fig 2.1

are generated using initial conditions on the vehicle sideslip and the yaw rate or the sideslip
rate at a constant forward speed and steering angle. The gray areas are considered unstable
since divergence of trajectories is observed.

r, rad/sec

Pdot radssec

g, rad

(a) (b)
Fig 2.1 Typical phase planes (a) sidesliyaw rate (b) sideslip ratesideslip[6]

Inagaki et al. inquired the stable region of a vehicle witly the phase plang6]. They
illustrated that despite the Ophase planein theyr 1 phase plane, the saddle and
equilibrium points move along horizontal axis, wherg vanishes. That was the main
reason that they preferred to uker | phase plane. However, their provided stability
region is based aanopenloop stability analysis of a vehicle, and may not be useful for a
real situationwhen the driver is operating.

Although many researchers proposed sideslip and sideslip rate phase portraits for vehicle
stability analysis, none of these dynamic states is measured in production cars. Vehicle
sideslip can be computed using lateral and itadghal CG velocity estimations, and
sideslip rate can be obtained witte derivation ofa computed sideslip with respect to
time. Hoffman et al. introduced an alternative appraaicbduced agheMilliken Moment

Method (MMM) that calculates vehicleaetion forces based on steerjngnd sidesligy

angleg[7]. Usingthetime higory of state§ andy, a dynamic maneuver can be mapped
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ontotheyaw moment coefficient# lateral acceleratiorA diagram. A lookup table

is usuallyprovided forthe mapping process, and the safety boundaries are correlated with
tire saturation. An examplef ¢his mapping is shown for a driving maneuver at vehicle
speed of 70 km/hr. The proposed MMM method was verifiedtivdbtandarg¢ | phase
plane stability method.

Yaw Moment Coeff.

Lateral Acceleration, g

Fig 2.2 Typical MMM diagram and traj ectory [7]

However, this approach to overcoimg obstacles usinghey  phase plane stability
analysis in practice is shiftingward the use of the Ophase portrait. Yaw rate is
measured with simple IMU systems found on every productiomtach malesstability
analysis based on yaw rate instead of sideslip rate more convenient. Another privilege of
using yaw rate is that it can déectly corrected with available actuation systems such as

differential braking, active steering, and torque vectoring.

Crolla et al. proposed an integrated Active Front Steering (AFS), Active Rear Steering
(ARS), and Variable Torque Distribution (VTD) to improve vehicle handling and
directional stability{8]. Standalone steering controllers are designed to improve the yaw
rate tacking on low to mid traction surfaces using Sliding Mode Control (SMC) algorithm,
while VTD is responsibléor generatingherequired yaw moment whehesideslip angle
exceeds the stable region defined[®) with a proportional control algorithm. This
methodology detects vehicle instability when vehicle sideslip angle beoafagively

large (more than 6 degrees) and yaw rate tracking is lost.

Ono et al. investigated vehicle stability usigadile-node bifurcation inhey  Ophase
plane. They designed a steering controller to prevent vehicle spin and improve handling

performancd10]. It was shown that with steering adjustmettigrear lateral forces are



controlled to avoid tire saturation. The stability analysis also validated the competency of

the steering controller testedtime simulation environment.

Yasui et al. analyzethe stability of the vehicle transient response thrbugr  Ophase
plane in slalom driving scenarios in simulation and experiment. An external yaw moment
was generated using a hydraulics brake system to ctineagthicle responsgll]. As an
envelope control approadine yaw moment never reestablishesore tireis saturatecand

the friction limit is reachedn another different research, Klomp studied;  Ophase
plane for primary instability detection in Electronic Stability Control (ESC) systems using
ther Ophase plan§l2].

2.4Vehicle Stability Analysis Based on Reference Tracking

Approach

According tothe literature review on vehicle stability control, there are two emulating
perspectives in controller design. One perspective is restritivghicle in a safe region
which is discussedhroughenvelope control, and the other one is tracking a nefere
vehicle behavior at all times (no boundary). A vehicle model tigdesired dynamic

response (usually desired yaw rate and sideslip) is used to define the reference signals.

Manning and Crolla published a review paper that focuses on vehiclazstadril with
different objectives such as yaw rate, sideslip, and combined yaw rate and sideslip control
[8]. The yaw control objective is mainly responsifiie enhancing the steerability of the
vehicle while the sideslip angle is viewed from stability perspeatigeshoulaonsistently

be small if not zero. Although several research works only concentrate on yaw rate control,
the combined yaw rate and sideslip control approach provides a better handling
performance and stability. This approach often incorpotate®r more actuators or only

uses one with nonlinear and linear control strategies.

Cho et al. designed a unified chassis controller with referenagaw tracking approach
[13]. In this unified chassis controller, different control modules such as differential
braking and active steering ene incorporated to achieve lateral stability and
maneuverability. Longitudinal and lateral tire force adjustments were carried out optimally
to provide therequired yaw moment with minimal longitudinal deceleration and speed
drop. The performance of therdroller was tested and compared to conventional electric

stability controllers with CarSim simulations.
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Abe et al. usedsliding surface algorithm to stabiliziee sideslip using direct yaw control

[14]. The sideslip angle is estimated utilizing a linear model based observer. Precise

tracking of reference sideslip angle viaediryaw controls a difficult task to accomplish,

however, experimental datashothec ont r ol | er 6s success in vehicle
scenarios in experiments includesingle and double lane change with harsh maneuvering.

Furthermore, it was indated that sideslip control is more influential in case of stability

deterioration due tthetires nonlinear behavior.

Hong et al. employs a yaw rate and slip tracking approach for steerability and stability
enhancemenfl5]. The longitudinal and lateral vehicle dynamics are considered in an
integrated manner for a superior performance, and controlled through a braking system.
The actuator generat¢he required yaw moment as well as sufficient longitudinal force
adjustments for yaw rate, sideslip, and optimal longitudinal slip tracking. In order to
considerthe nonlinear characteristics of lateral tire force, a lookup table was established
based onsteadystate cornering simulations of a full vehicle model. The controller
performance was evaluated in a double lane change maneuvahaitiwarein-the-loop

simulator.

According to literature, stability controllers are designed to constantly canérekehicle

to follow the desired dynamics even in less severe maneuvers when stability is not a matter
of concern. In many studighedesired yaw rate is defined based on vehicle speed, steering
command, geometrical properties of the vehicle, and adaésion coefficient, while the
sideslip angle is minimized to zero. Franstability point of view, minimization to zero

can be considered desirable, buhight lead to a conservative control sitiserestriction

of the sideslip to small value 6J) would be sufficient. Although state tracking is an
effective approach to stabilize a vehicle, it is sensitive to vehicle model and state

estimation/measurement uncertainties.

2.5Vehicle Stability Control Using Optimal Control
Algorithms

Up to this point, the v@cle stability analysi®ias beemliscussed using a safe envelap
reference signapproaches. In order to maintain the vehicle within safe bounds or follow
target dynamics, a control adjustment may be required on the vehicle. This control
adjustment ighe output of a control system with a particular control algorithire

performance of a controller is generally evaluated in terms of time and frequency domain
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criteria [16]. Complex, multinput, and multioutput control systems that may have
radically different performance criteria can be designed via modern control algorithms.
Optimal control is one special branch of modern control that provides the best possible
outcome andin spiteof classical contrait is not sufficientenoughto be sable[17]. The
objective of optimalcontrol theory is to determine a control law that minimizes (or
maximizes) some performance criterion whiatisfyingphysical constraints. An optimal
control problem can be identified with:

A mathematical presentation of the process that rexcinatrol
A statement of the physical constraints.
An objective or performance criterion.

Vehicle stabilization is a constrained optimal control problem due to contradictoryecriteri
(pleasant maneuverability requires reBro sideslip) and actuator limitationSome
actuation limitations can be pointed out as electric motor power capacity, torque
transferability ratio of limited slip differential, or active steering correction limit.
Incorporation of different actuation systems may add more complications toaionst
treatment. In order to address these design requirements, two constrained optimal control
algorithms known as Model Predictive Control (MPC) and Holistic Corner Control (HCC)
are proposed. The former offers a model based optimal solution with explistraint
satisfaction that distinguishes it from other optimal control approaches in vehicle stability
control. As a significant development has been achieved oftimealcomputational
hardware devicesyhere theMIPC has become more of the centerttér@tion. The lder

also offers an optimal solution with soft constraint satisfaction that is extendable somewhat
to include a dynamic model, but it is best fit to be employed for optimal control allocation

based on a model based error.
2.5.1Model Predictive Control

Among several forms of optimal control algorithmsyodel predictive control also known

as Receding Horizon Control (RHC) has received a lot of attention from researchers in
recent decades. In this control strategy, a mathematical descriptioal)obd system is

used to predict its behavior over a finite/infinite horizon of tjr®. This MPC algorithm

allows for the solution of optimal control problems such as tracking problems
(minimization of discrepancies between predicted and reference signals) subject to

constraints considerintne impact of current control action ahe future behavior of a
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system[19]. Constrainedoptimization withthe MPC algorithm has encouraged many

researchers to usditmany automotive control aspects other thalmicle sability control.

Li et al.designed an adaptive cruise control in order to improve tracking capability, fuel
economy, and driver desired respof&® 21]. Thehigh-level control module isnMPC
basedn objectives of minimal tracking error and fuel consumption, and additiqally
following features constrained to longitudinal ride comfort, tracking range, aneémdar
safety. The @mputational impracticalies are overome with constraint softening
approaches. The lolevel control module compensates for nonlinear vehicle dynamics
and aims to follow target acceleration. Simulations on a heavy truck have been performed
to study the competency of the controtie fulfill the objectives. It was concluded thhe
proposed controller was capable of improving fuel economy without sacrificing safety and

tracking performance in comparistmthebaseline controller.

Del Re et al. usednMPC fortheengine controproblem whichhas a considerable impact

on the emission of passenger cd22]. The control system had to enable the vehicle to

follow a standard spegutofile under normal circumstances while maintaining the mean

emi ssion under a certain threshoThedMPCnd ful fil/l
boasts multi-objectiveness with possible conflicting targets, and constraints such as

injection times and upntities, recirculating gas valve position, and turbocharger position

require theMPC sinceit stand outghanksto its constrained optimization algorithm.

Moreover, the moddbased nature dheMPC provides a prediction of the system behavior
that isa highly appealing feature in case of actuation, sensor, and communication delays
in a systen]23]. Li et al. studied a group of decoupled agents prone to communication
delays witha distributed MPCwhoseefficiency for largescale control systems has been
proven. A waiting mechanism is consideredttie MPC scheme that compensates for
communication delays. The stability and feasibility characteristics of the controller was
evaluated, ad it was depicted that under certain conditions, the system is stable. Some

simulations hae been provided to show the effectiveness of the appi@dgh

Luo et al. utilized an MPC approach to provide a dyicacontrol allocation algorithrihat
consideredactuation dynamics. The goal is to generate aredandant control action to
address control objectigsubjectto a set of constraints. The actuation dynamics is taken
into account directly as a hard camagtt inthe MPC prediction model. The approach is

extendable to encompass a number of actuation dynamics without any general change in
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the control scheme, and simulation results shows qualifications of this generic approach in

comparison witlthe baselinecontrol scheme.

The MPC prediction model plays a significant role in the performance of the controller.
The predictive modedhould be accurate enough to capture the most significant dynamics
of the system, and at the same time, simple enough fotimealimplementatiorj25].
Linear prediction moels are less costly in computation and implementation; however,
nonlinear models for particular purposes such as vehicle stability cordnobminear tire

force regioraresuperior in terms of accura6, 27].

Falcone et al. proposed a path following Nonlinear Model Predictive Control (NMPC)
based control structure via combined differential braking and active st¢2&hgrwo
controllers are designed to achieve the obstacle avoidance objective. One is designed based
on a simple bicycle vehicle modelnd the other one is designed based on a ten degree of
freedom full vehicle model. The former controller is compdodtie later one in terms of
performance and computational burden in vehicle stabilization in low and high speeds. It
was shown that witlthe simplified vehicle model, realme implementation of the
controller is feasible, but performaneéhigh speed will be sacrificed. Whereas, fair
simulation comparisons show tlihe MPC optimization process with fudlvehicle model

is very timeconsuming, but could stabilize the vehicle batiow and high speeds.

Palmieri et al. incorporated the roll dynamics in a simple bicycle vehicle model for a path
following problem through an AFS systd®]. Expanding the prediction model with roll
dynamics to consider the load transfer efidutweda remarkable stability improvement

in double lane change maneuvers on low traction surfaces and high speeds.
2.5.1.1Nonlinear Model Predictive Control

TheNonlinear Model Predictive Control (NPC) is referred tasan MPC algorithm that
employs a nonlinear prediction model to forecast the system behavior. As mentioned
above the main advantage of usiaghonlinear prediction model ia predictim of the

vehicle response in a broader ranfjeperatioswith more accuracy. Therefore, the global
dynamics of a system can be described better with a nonlinear model, and this is the most

compelling reasorof researchers to investigatMRC.

Borhan etal. studiedthe NMPC to design a power management system for a Hybrid
Electric Vehicle (HEV) equipped with a planetary gear set to synthesize and divide the
power of the electric motor and combustion engifigd]. Two cost functions were

optimized at each sampling time to divide the power betwkerelectric motor and
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combustion engine to achieve best fuel economy. A-fidghity model is used to simulate
different driving cycles and evaluate the effectiveness of the approach on power
management. The results illustrate a remarkable improvement in comparison with

available softwaren market and LTV MPC energy management systems.

Borrelli et al.investigatel anNMPC control approach for autonomous vehicle stabilization
through active steering constrained to actuation limitatidhk This study was a part of
ongoing internal Ford research activitiggere theNMPC was first offeredn [32], andit

was thercontinued to be investigatddr more specifiqurposes. These purposes can be
summarized as incasing the stability region of the controlled system in comparison with
linear controllers, examining computational burden of a nonlinear controller, and
generang a baseline controller to compare its performance withogtimal controllers.

The nonlinearprogramming problem has been solved using commeeaeiaNPSOL
software package ii833]. NPSOL is a set of FORRAN programs designed for constrained
optimization that may encompass linear and nonlinear smooth bounds on state variables.
In addition, the effect of preview steps on the desired path in different speeds has been
highlighted, and a minimum predictionrimon is provided for an acceptable performance

ata certain speed.he smulation results show that complex steering maneuvers such as
double lane change onsaowcoveredroad witha speed of 17 m/s could be controlled
using the proposed MPC feedbaaligy. Similar research works have been conducted in
[34, 35 using the NMPC. Although satisfactory results have been obtained doen
relatively severe maneuvers, the computational burden is a serlmiacle for
experimental validation and retne implementation. Some alternative approaches are
suggested to manage the computational complexities such as using piecewise linear models

or linear models.
2.5.1.2Hybrid Model Predictive Control

TheHybrid ModelPredictive Control (hMPC) isonsidered to ban MPC algorithm that
employs a Piece Wise Affine (PWA) approximatiorfudfire system behavior. According

to theliterature, in PWA systems, the stat@ut space forms polyhedral regions, and each
region hasn affine equation that defines the system dynaf8&js In a tradeoff between
prediction precision and complexity, hybrid dynamic models can be considered as proper
alternatives instead of nonliaeoned37, 3§. Hybrid prediction models result in a mixed
integer/linear quadratic programming that can be solved using software packages such as
SCIP[39].
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Di Cairano et al. investigated vehicle stability control ushimghMPC that coordinates
multiple actuation systems such as differential braking and active st¢é@hgn this
control structurethe MPC is allowed to switch between linear and saturated force models,
but not duringheprediction horizorsince thatvas assumedonstant at each sample time.
The preliminary evaluation of the controller showed that-tiesd execution of the
structure is feasible on current automotive electronic units in terms of computational load
and memorylt could achieve high performanoa low friction surfaces in experimental

tests.

Borrelli et al. studied an arskidding system based @m hMPC where a mixetbgical
dynamic hybrid model of the opdoop system is provided4dl]. Accordingto this
modelling, an optimal PWA controller is designed using rpatiametric programming
approaches. The design flow allows for mareletailed description model and easy
extendibility. The performance of the controller is assessed experimentally st a t
vehicle, and it was depicted that the controller is robust in different driving scenarios

without adhoc supervision or logical interventions.
2.5.1.3Linear Time -Varying Model Predictive Control

Although stability control of vehicle dynamics isually needdin the nonlinearange,
reaktime execution otheNMPC and hMPGs not a simple tasio accomplish. Therefore,
many studies have been conducted basetheruse ofa successive linearization of a
nonlinear model to avoid nonlinear constrained optiropatAlthough this approach may

provide a sukpptimal control technique, it requires considerably less computational effort.

Bemporad and Rocchi applied a hierarchical LTV MPC approach on Unmanned Aerial
Vehicles (UAVs)while considering constraints suck aotor thrust, vehicle angle and
position, and collision avoidandd2]. The LTV MPC approach utilizes a simplified
dynamic model of the stable UAV and a nosehvex approximation of the feasible state.
Simulation results illustrated a satisfactory level of performance in comparison with more
complicated hybrid prediction models with minor performance sacrifice and less
computational complexity. The proposqubeoach provides a 3D path in ré@he that is

more favorable since mreatlife situation, the position of the obstacle might not be known

in advanceor before flight operation.

Canale et alreduced the computational complexities of a nonlinear MR avi efficient
approximation method based arget membership techniqué9]. The performance of the
controller was tested with softwairethe-loop simulations and was compared to a more
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accurate nonlinear modelh& reported performance of the controller was satisfactory in
comparison with the accurate nonlinear model; however, it is more advantageotover
nonlinear one due tits reattime implementation feasibility. They also investigated the
stability and castraint satisfaction of the proped approximate MPC controller in
control demanding conditions. The stability analysis demonstrated that the controller is
able to handle a system with nonlinearities, constraarid model uncertainties in a
systematiavay.

Falconeet al. used a suoptimal LTV MPC controller based on successive online
linearization around the operating point of the nonlinear vehicle model to taelgath
tracking problem of an autonomous vehifd8]. The control inputs were front steering
angles thatvere applied to the activeteering actuation system in order to follow the
appropriatetrajectory on slippery roads. Although the predictive model was linear, the
effectiveness of the proposed MPC formulation was proven by simulation and
experimental tests up to 21 m/s on ice cedeanads. The major contribution of this study

is to present a linear MPC controller with acceptable performance. In another work, they
investigatedhevehicle stability problem of an autonomous vehicle thraughTV MPC

with combined active front steed, active braking, and active differentig#3]. The
desired trajectory is assumed to be known at each sampling time, and control inputs are
calculated in order teaompetentlyfollow it on a slippery road condition with aertain
forward speed. Successive online linearizasiomlar to their previous work has been done
with multiple actuation systems for integrated longitudinal and lateral stability control. The

simulation results are compared to cases when only steering/braking actuation is available.
2.5.2Holistic Corner Control

According to the control structure requirements and design objectives, an optimal control
allocation technique is selected to be reviewed known as Holistic Corner Control (HCC).
This optimal control algorithnwas first used by Chen et al. for vehicle stedation.
According to this research, an analytical approach to control the tire forces (corner) based
on the CG is described44]. A cost function, based othe CGd sctual and desired
horizontal forces and yaw moment is minimized intéak to stabilize a vehicle in severe
driving maneuvers. As control actions domgitudinal and lateral tire forcethey are
constrained to a maximum capacity on a certain road condition and specific tire properties.
The tire reservés consideredo bea soft constraint in the cost function. In case of tire

saturation, the correspding weight increases exponentially and becomes dominant in the
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cost function. The control algorithm has been verified using CarSim simulations with spike
maneuver in a double lane change that may push the tire forces into nonlinearity. A crucial
featureof this tireforce based holistic corner control methodolaghat it does not require

a complex combinedlip tire model since tire forces are generated directly as control
actions. In most tire model®ngitudinal slip, lateral slip, and normal loatke considered

to be variables of the tire force functiorjg5-48] According to this factCG error
minimization can be accomplished also by controlling the corner slip insteeafrodr
force. In another studyylypchuk et alstudied HCC optimal distribution methodology
that is designed based on a precise combined slip tire model devetipgdhyperbolic

and trigonometric functions. The control methodology is tested in simulations by driving
the vehicle into nonlinear and nstable driving conditions. It was concluded that the
corner force based approach is more robust against tire muzbtainties.

Kasinathan et al. extendéde HCC methodology by adding actuation constraints to the
optimization problen{49, 50. The methodology is applicable on conventional/electric
vehicles with differential braking, hybrid torque vectoromgfront wheels and differential
braking on rear wheels, and other configurations by constraint alteration. Simulation and
experimental results show that the methodology can handle linear constraints fer a real

time implementation.

Fallah et al. worked otthegain optimization othe HCC methodology using Linear Matrix
Inequality (LMI) and Genetic Algorithm (GA) techniqug¢S1]. A modular control
structure is used where the hifglvel control module interprets driver requestiedesired
vehicle dynamics and motion, andthe low-level module using corner based control, the
discrepancy between actual and desired vehicle dynamics is minimized. Similar to previous
HCC based study, the adaptivity feature of the control algorithm to different vehicle

configurations is also confired.
2.6 Integrated Vehicle Stability Control

In addition to lateral stability control (yaw rate and sideslip control), longitudinal stability
control is also a substantial task that is generally analyzed based on tire slifp2afids

If tire slip ratios exceed a certain thresholdhapecific road condibn, it canbe interpreted
asthe saturation of tires ithe longitudinal direction ané lack of capacity irthe lateral
direction. This phenomenon leads to loss of track on lateral dynamics and significant

understeer or oversteer situations during tgnimneuvers. A traditional technique to
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maintain the tire slip ratios under a certain threshold is to design a separate traction/brake

control module along with a yaw controller that does not altmvanexcessive slip ratio.

However, it is evident thathe longitudinal and lateral capacity of the tire should be
occupied optimally to achieve best vehicle dynamic behavior. Although the design of a
separate module to control the tire slip ratio decreases modelling and control complexities,
it may not resultn a superior performance. An optimal compromise between longitudinal
and lateral stability control can be obtained when the wheel and vehicle chassis dynamic

states are integrated and studied as a single control ni68ukg].

Zhou et.al investigated the integrated wheel slip and vehicle lateral stability control
problem since the state variables of the MPC prediction model includes yaw rate, sideslip
angle, and slip ratif60]. The performance evaluation of the proposed integrated controller
is illustrated in simulations with consi@ion of differential braking asan available

actuation system.

Li et al. studied longitudinal, lateral, and integrated longitudinal and lateralotice
models to design an ABB1]. Accordingto this study, it was seen that in puig tire
models there is a risk of deterioratitttge wheel slip while improving handling or vice
versa. However, the combined slip tire models provide a more considerate deciien on
allocation of the differendil braking forces for integrated stability purpase

2.7Vehicle Stability Control with Different Actuators

Heretofore, the vehicle stabilization is discussed from different perspectives. Some optimal
control algorithms such ase MPC and HCC that can be u¢i¢d to decide on the control
action are propounded. In additionttee algorithm of decision making, the mechanism
that is responsiblfor thegeneration otherequired control action is also important. This
mechanism is referred to am actuator, andecently three different categories as
differential braking, active steering, and active torque distribution actuation sysdems
beenintroduced for vehicle stability contrdb2]. The general functionality of these

systems can be sumnezed as:

Differential braking systems: Utilizing ABS on the vehicle to apply differential braking

between the right and left wheels.
Active steering systems: Adding a correction s

Active torque distribution systemgpplying the required torque at each wheel through

torque distribution devices such as electric motors or limited slip differentials.
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2.7.1Vehicle Stability Control via Differential Braking

Among all stability control actuators, differential braking has remkthe most attention

from researchers and the automotive industry in recent years. Some research works in this
field are established on one wheel control due to its simplicity, and some others consider
all four wheels and solve an optimization problemthlese systems, the ABS on the vehicle

is utilized to apply differential negative torque between the right and left wheels in order
to generatehe required yaw moment as well as wheel slip control in some minor cases.
Differential negative torque is gera¢ed by increasing the brake pressure at one side
compared to the other side, typically by means of hydraulic modulators. The sensor set
used by a differential braking system usually consists of-vidvael speeds, yaw rate,

steering angle, accelerometend brake pressure sensors.

Corno et alused a rear active differential braking system with a Linear Parametric Varying
(LPV) robust yaw control algorithm to propose a esféective approach for an active
control of lateral dynamics of a fowheel vehite during brakind63]. In this study, the
effect of load transfer is taken into account despite many stindie®tused on lateral and
yaw dynamicdy neglecting change ithe borndoad. The vehicle model and simulation

results were verified with experimental results.

Zhao et al. studied a brakg-wire differential braking system with fuzzy logicbased

yaw control algorithm for vehicle stabilizatiof64]. A nonlinear veltle model was
presented, and wheel dynamiesreincorporated with lateral dynamics. The resultant yaw
rate with this approach was shown to be always within reasonable range of tire reserve,
and it was assumed that the driver could respond to the yadistishances quick enough

to avoid instability.

Bera et alinvestigated integrated vehicle stability control with an ABS using &ofbn
control strategy65]. They designed a general ABS control scheme to maintain the tire slip
ratios within the desired range. The reconfigurable model of the vehicle and the braking

system with variable parameters served a prototyping and design platform.

Anwar studied a brakéy-wire system using Generalized Predictive Control (GPC) to
predict the future yaw rate and use control actions to minimize the yaw ratg6éfrdine
employed tire model is a simple linear model without tire saturation consideration. The
effectiveness of the proposed control algorithm and actuation system is evaluated

experimentally in ovesteer/understeer conditions in mild maneuvers on packed snow.
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2.7.2Vehicle Stability Control via Active Steering

Althoughonly using théoraking system leaves the steering system intact, some researchers
show that the joint use of the braking and steeringesysthighly improve the lateral
performance and vehicle stabil{7, 6.

Tjgnnas and Johansen used active steering and adaptive brakingssyistebyapunov
based control allocation algorithm for vehicle stabilizaf&8j. In this research, the control
structure is designed in three levels: high, intermediate, and low. Théekghmodule

was responsibléor desired yaw rate generation. Then, the desired slip and adjusting
steering angle command were generated imtieernediatdevel. Finally, the longitudinal

slip control and maximal tireoad friction estimatiorwith a desirable distribution of
control forces while satisfying actuator constraints were followed out irothdevel
module. The proposed control stuied can be employed for ovactuated mechanical
systems that need high reliability and low production cost.

Pousscdassal et alstudiedvehicularyaw rate and lateral stability control through active
steering and braking systemith the synthesis ainagainscheduled controlldi70]. The
control methodologyvasestablishednainly on adifferential braking control method, and
theactive steering asonly considered ithe braking system exceedits limits. Control
objectives were achieved imd.PV framework by providing a solution tthe LMI

problem.

Competency and robustness of the controller were tested in simulations with a high fidelity

full vehicle model in relatiig severe driving scenarios.

Burgio and Zegelaar utilized staddeedback linearization technique to design integrated
vehicle stability control with active steering and braking syst§m$. Despite, the
aforementionedresearch, the errocompensationwas fulfiled mainly by steering
correction, and braking correction only took place neces&agipbally smooth and stable
vehicle response was achieved in an experiment. Some other research works are also
investigatedthe incorporation of ative steering and differential braking actuators to

maintain and enhance vehicle stability and performance such&s74].
2.7.3Vehicle Stability Control via Active Torque Distribution

Although joint use of the braking and steering systems highly improve the lateral
performance and safety control in many aspects, the functiooiditich an active stability

control system may has some drawbacks. Active braking systems reduce the vehicle speed
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drasticallysuch thathe vehicle stability can be taken under control. Consequently, it may
conflict with the drived sommandduring acceletion scenariasActive steering systems
alsomay not be useful in some driving scenariosthe case of tire saturation, further
increasing the wheel slip angle does not generate additional lateral force, and, usually
steering systems are constrained few amounts of adjustabilifg8]. In order to improve
thefunctionality of a control system actuator wise and reduce energy waste, active torque
distribution systems can be replackd two other actuation methods. Active torque
distribution systems usually distribute the required torque among the wheels via electric
motors inElectric Vehicles (EVs) and active differentials in conventional vehicles.

Many other research works were executed to investigate the performance of active electric
motors such af/5-77], whereall demonstrated a satisfactory performanceproviding

therequired torque adjustments on vehicle corners.

Sawase and Sano developed a torque transfer mechanism with-aelight compact
structure that minimizes energy loss advidesthe ability to freely control the torque
difference betweeleft and right wheelf78]. The torque transfer mechanism allows more
control under extreme situations and improves cornering céjesbidithout interfering

with the enjoyment of driving.

Annicchiaricoet al.designed a senaictive differential to improve vehicle stabil{f§9]. In

this study, a purposhkuilt differential with particular technical features such as yaw and
wheel spin controlsverepresented. Some simulation results were shown to compare the
vehicle response witlthe proposed mechanism to a conventional passive locking

differential.

Deuret al. worked orthe development of a generalized mathematical model of an active
differential dynamics using bond graph modeling techniqyi®0]. Different levels of

model complexity were considered for an auto Limited Slip Differentials (LSD) with single
clutch mechanisms. Generally, the major advantage of LSD mpagson with
conventional open differentials fise restriction of the independency between the wheels

on an axle. In the open differentials, the engine torque is transmitted to a planetary gear set
via drive shaft, and it is distributed between the ragid left wheels. However, in limited

slip differentials, the engine power follows the path of the least resistance. The
independency design betwedie axle wheels can be achieved with a number of

mechanical, electrical, and hydraulic syst¢&id. In addition, some patents and technical
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reports have been found such [&8, 82] that were oriented to achieg outstanding

differential design features for active torque distribution.

According b the above discussion, any actuation system meg diéferent modelling
features and limitations that can affect the resultant control action. In order to consider the
impact of actuation dynamics, a mathematical description of it should be considéred in
proposed control structure while employing constrained optimization techniques for limit
satisfaction. Arintegrated vehicle chassis and wheel slip optimal stability controller that
canbe configured to work with variety of actuators and drivetrailesigns is unparalleled

in literature. The proposed swiptimal control structure in this thesis allovie the

integration of chassis and wheel slip control as well @@ndigurability.
2.8 Summary

This chapter reviewed the literature of vehicle stabilitytool with a focus on papers that
investigated stability control through different actuation systems on electric and
conventional vehicles as well as constrained optimal control strategtbs fast feasible
solution provision. It was discussed thatleling the vehicle to show a desired dynamic
response can be performed using reference tracking or safe region methods. In the former,
a reference dynamic response is defined based on a vehicle model and driver requests. The
controller compensates for tliscrepancies between actual and reference stais
times. However, in the ltr, the controller is only activated once the vehicle response is
out of stable boundaries. In this thesis, the first approach is utilized teimpersistent
mode changef thecontroller from activation to deactivation (vice versa) is considered an
unfavorable task. Moreover, a minimal control intervention may be required if the
reference state is defined properly within stable boundaries. Vehicle stability control was
investigated frona different actuator type perspective, as one of the contributions of this
thesis is to propose a control structure that lmarconfigured to work witla variety of
actuators and drivetranAccording to the control design objectives, miodeedictive
control and holistic corner control techniques were studied vastly for a constrained optimal
control design scheme. The former technique was studied with nonlinear, hybrid, and linear
prediction models. In this thesis, a nonlinear predictioodeh which is linearized
successively arounthe vehicle operatio point, is utilized to avoidhe NMPC and its
computational complexities. This leads to a Quadratic Programming (QP) problem that can
be easily managed for retine implementation with avlable computational device§he
latter technique also provides a constrained optimal solution with a center to corner based
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control algorithm. In this technique, the vehicle stability can be analyzed at vehicle CG,
and instability is prevented by contmdljustments at corners. Since a mapping ftioen
vehicle CG to corners would be required, an optimal allocation can be accomplified at

corners based on a model based CG error detection.

Furthermore, it was mentioned that in literafdog simplicity purposes, traction control
(longitudinal stability control) is usually consideredbe aseparate module that sacrifices

a portion of control adjustment optimality, and only few research works considered
combined longitudinal and lateral vehicle stalgltiIn this thesis, yaw rate and sideslip as
indicators of lateral stability control and tire slip ratio as an indicator of longitudinal vehicle

stability are considered thevehicle stability control problem.

Another objective of this thesis is not grib design a controller that considers actuation
limitations, but also to provide a control structure that facilitates switching from one
actuation to another or could work with more than one actuator as well different drivetrain
schemes. To augment sugliequirement, a modular control structure can be considered.
As a general concept, if a CG based error analysis regardless of available actuator is
accomplished inthe high-level control module andhe low-level module optimally
distributes control adjustents between vehicle corners such that CG error is minimized,

this objective could be achieved.
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Chapter 3
| EEOT UOUOE w

3.1 Introduction

The backgroundnaterials forthe proposed contrahethodare discussed in this chapter.
First,themodel predictive control algibhm that is employed ithehigh-level modulgsee

Fig 1.1)is reviewed An LPV prediction model is utilized to represaht mathematical
description of a general dynamic system. Usimgbatch approach, an optimal solution
scheme foaconstrained MP®©ptimization problem is provided. The general optimization
objectives are reference tracking with minimal control effort. Then, an optimal solution is
providedto address MPC optimization withn additional rangeof constraints orthe
control effort. Accoding to the modular control structure shown in Chapter 1, a corner
based control allocation using CG error analysis for vehicle stability control is presented.
A holistic corner control approach is studied with a sirslg optimization process at each
sampling time and thisis considered ashe fundamental algorithm dhe low-level

distribution module in the proposed control structure.
3.2Model Predictive Control Theory

The general control scheme tfe MPC is shown in Fig 3.1. An observer utilizes
knowledge of the plant inpufs and measurementsto arrive at a state estimateThe
optimization process aims to find the optimal control input sequence in order to minimize
the error betweelthe estimated state and its reference signal not only inctimeent
sampling time, but also in the future. In order to anticipate the sgstem f heliaviar, e
starting fromthe estimated/measured stateone can employ the dynamic model of the
system as a prediction model and utilize previous control inputseticpthe dynamic
behavior of the system overfinite prediction time horizo) where the manipulated

inputs are changed ovefinite control time horizon .
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Optimizer » Prediction Model

Observer

Fig 3.1 MPC general control stieme

The task of the optimizer shown in Fig 3.1 is to compute the present and future manipulated
inputst QM H Q G p such that the predicted outputs follow the reference states
in a desirable mannarhile considering state and control inpednstraints (finite time
horizon constrained MPC problem). Fig 3.2 visualizes the concept of reference tracking
with MPC interventions.

_ PAST FUTURE _
“ »

A

"

—

—+— Reference Trajectory
Predicted Output

Measured Output
Predicted Control Input
Past Control Input
«
— Prediction Horizon
< >

——tt—t——F——>»

- >
Sample Time

ko k+1 k+2 k+ Np

Fig 3.2 Schematic of MPC Optimization Problem[83]
3.2.1MPC Formulation for Linear Time Variant (LTV) Systems

In order to investigate the general formulatiothafL TV -MPC, a general form of a linear

time varying dynamic model is considered:
S 6, 61 8 S

where,, N T and] N T arethestate variable and control input signals, respectively.
Also,0, 6, and 6 are the continuous time dependent system, control, and known
disturbance matrices at time t, respectively.cBdtization of the prediction model at

sampling timed will result in:

: of &  of (3.2)
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where, 0§16, andélarethediscretized system, control, and known disturbance matrices at
time stept. Thesystem in Eq. (2) can represent a prediction model otrerprediction

time horizon0 N & . If the optimization goal was set to minimize the error betwben
actual and desired stateand, , then the following quadratic cost function canbe

defined over a finite time horizon as:

(3.3a)
U & Q¢ P s
Tos
i , ¢ ol & ¢ of (3.3b)
s N0 0O o pBO O (3.3¢)
Ts "o Qo pBo 0 p (3.3d)

where,0 and’Y arethestate tracking error and control effort weight matrickesppropriate
dimensions, respectivelin Eq. (3.3), it is assumed that the weight matrices\d'Y are
positive semidefinite @ 0O 1 and positive definite Y Y 1) matrices,
respectively. In addition, ¢ is the predicted stateajectory at time step "Qadopted

by applying the control sequericei 8 i to the system defined in Eq. (3.2),
starting from the initial state , with prediction horizon ob . Thestate and control input
constraints are defined wii andw symbols, respectivelyAccording to MPC theory, at
each time step, once the solution to optimization Eq. (3.3) is found, the first sartipde of
control input sequence is applied to the system and the rest are distatdedext time
step, the optimization process is repeatedhfetupdated measurements/estimations of the

system states.
3.2.2 Solution to LTV -MPC Optimization Tracking Problem

Two approaches can be employed to solve the problem described in Eqg. (3i&t tme

is arecursive approach, and the second oreehiatch approach that has been utilized in
this thesis. Assume thitecontrol and prediction horizons are about the same length equal
to N. According to this approach, all the future steps oestat h, 8h are
written based on the control inpdtsii 8 f and initial states . In fact, the

intermediate states are eliminated due to successive substitution of previous states and
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control irputs up until initial state. The predicted stategsingthe batch approach can be
presented a48]:

N:OI,I L 8 8 LS | S (3.4a)
10 - . 0 n8 m, ,, 0,
s, 1006 E E E&0Otii0 a0
||é’.". g E E é’.: g n
WY w 6 8 8 U w U
where O 7 R BH (3.4b)

With theproper definition ofY and Y, Eq (3.4) can be rewritten in the following form:

Y, YO YO (3.5a)
where, (3.5b)
' It 8 8 .
~y 1 ~ [
0 - ) m 8 T,
Y 0 a4,Y 06 E E érand
Hgn g E E &
w U w 6 8 8 oU
~ Uy
[} "O )
Y 10 o~
11 é |”|
w U

As can be seen, all the future states iare explicit functions of the present stateand

the futureinputs i B A . The desired state variables otreprediction control
horizon can be considered as:

. h A (3.6)

Using the same notation, the tracking problem optimization cost function can be defined
as:

0 0 0 'YO (3.7a)

where, (3.7b)
0 QQWAY QQNQ

Substituting Eqg. (3.5) in to Eq. (3.7) yields:
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0 0 Y BY YO ¢ 'Y 0°YO (3.8)
¢ Y D'YO ¢ OYO
.Y DY,
¢, YO'Y6 O Y 07O

C 0Y0 ¢ 0"Y,

0

With thefollowing definition ofH , "Q and &, Eq. (3.8) can be written in a compact form

as.
0 ‘000 ¢00 & (3.9a)
x EAOA (3.9b)

0 Y Y Y
"0, Y OY Y8 0 oY (3.9¢)

&, YO, ¢ YO6 6 Y 06 (3.9d)
C 0°YO0 ¢ 0"y,

0

It should be noted that'if is a positive definite matrix, theln  is a positive definite

guadratic function of0 Then, the optimal solution to Eq. 93.can be obtained as:

0] ‘0 O (3.10)
where, D is the solution tdhe optimization problem constrained tioe system dynamic
model.
3.2.3Analytical Solution to MPC Optimization Constrained to Input Bandwidth

In this section, an analy€ solution to a specific case of MPC constrained optimization
control problem is provided. Assume that in additionth®dynamic system constraint,
there is a range constraint on the control input in the optimization problem, and it is
presented with catant lower and upper bounds. Using the transformation below:

O O ¢O0 © (3.11)

whereON &l O
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It should be notified that @ndd care lower and upper bounds for the control sequence.

Eqg. (3.9a) can be rewritten as:
i Ed ‘0 "00 (3.12)
(&8 ON alw @

where,d @ndo6 care lower and upper bounds of the transformed control sequdsioe.

the Lagrangian function, one can convert the optimization problem in Eqg. (3.12) to:
0D 000 0 600 0 0 aw (3.13)

where,0 and0 are Lagrangian multipliers corresponding to the upper and lower control
input bounds.According to Karush Kuhni Tucker(KKT) conditions, the following

equations hold:

000 0 60 0 O ad m (3.14a)
D0 60 0 (3.14b)
0 O ad 7 (3.14c)
600 mhO G (3.14d)

In order to find the analytical solution, all combinations of the above cases must be studied:

Scenario of KKT conditions:

000 0 600 0 O an m (3.15a)
60O 0 m (3.15b)
0 ™ (3.15¢)
Therefore,

d 60 G0 60cCO 0 60c¢O 0O ¢O O (3.16a)
6 ®

Scenario of KKT conditions:

000 0 6O O O aw 1 (3.17a)
AR (3.17b)
0 T (3.17¢)
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Therefore,
g a0 ac¢0 0O 60 ¢0 0 ¢O 0O aw (3.18a)

Scenario of KKT conditions:

000 0 6000 0 O a® T (3.19a)
600 MO adm (3.19b)
0 mod ™ (3.19¢)
Therefore,

'O 1hd ¢O0 O (3.20)

Scenario of KKT conditions:

000 0 6000 0 O an m (3.19a)
60 MO awTm (3.199
0 mod ™ (3.19c¢)

Therefore, no feasible solution can be provided for Eq. (3.19). In Eqs-:320R 'C and
‘T are optimal transformed and actual control inputs of Eq. (3.12), respectively. According

to the discussed cases, thalgtical solution can be written as:
d | ET A ¢O 'O do o (3.21)
From Eg. (3.21), it can be concluded that if the control inpuh@MPC optimization

problem is constrained to a particular range of operation, an analytical satatiobe
provided basethe Lagrangian function method.

3.2.4Vehicle Stability Control using CG Horizontal Forces and Yaw Moment
Analysis

In order to design a control structure that is compatible with different vehicle
configurations (any sort of actuationsggms such as electric motor, differential braking,
and active steering as well as any drivetrain layout) a general control structure can be
proposed. In this control structure, deviation of the vebidetual dynamic states from

the desired values canebcorrelated to CG horizontal forces and yaw moment errors.
Therefore, a vehicle CG based error analysis can be conducted on the vehicle regardless of

vehicle configuration, and this information can be used to gengmtequired control
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action througtiheavailable actuation system. For validation purposes of stability analysis

based on CG horizontal forces and yaw moment errors, the vehicle CG dynamics can be

written as:
O "OHA [f¥a) O, OEL (3.22a)
h h
O “OHC') EF O, AlT-O (3.22b)
h h
O 0 "OHO EF O, AT-O (3.22¢c)
h
0 '0,0E+ O.AT-©6
h
0 '0,A1-0 "0, O}
h
0 "0,A1-6 O, OE+

h

where,”O ,"0 , and’O are CG longitudinal, lateral, and yaw moment of the vehicle.
"0, and O, are tire ij’" longitudnal and lateral forces, ard-is road steering angle tie
i" axle. In the above equatiof) "®i demonstrates front and rear axles, &di hix
demonstrates right and left sides, respectively. Additionallyd) , andd standfor the
distance betweethe front axle tothe CG, the distance betweethe rear axle tahe CG,

and half of the vehicle wheel trackhe dependency on ti&G longitudinal and lateral
force and yaw moment to corner forces can be shown by explicit refomnedEqg. (3.22)

as:
O 0 (3.22a)
0 O (3.22b)
0 0 | (3.22¢)
where,

"0 O FO RO RO KO RO RO (3.23)

Using Eq. (3.22) and (3.23), dependennytleeCG horizontal forces and yaw moment to
tire forces can be shown with a single equation using Jacobian matsis:
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O (3.24)
0 6
“O ~
where, Jacahn matrixiiA can be defined as:
10 170 170 O] 170 170 170 170 ol (3.25)
11O T™O 1O 10O 10 TO 10O TO &
"o to0 to0 1o 1O tO 1O to*"
110 T™O 10 1O O] T™O 10 10 n
70 10 10 10 10 10 10 107
Jg o T0 1O 10 e TO 170 T0 &y
10O .
1]
1 Il[‘ A~ 1
ITI O 1
ur N
MmO n
ur U

According to Eg. (3.25), thJacobian matrix associates with the vehicle road steering and
geometrical properties and describes how the corner forces can be mapped to the vehicle
CG. The elements of this matrix can be derived using Eq. (3.22) and (3.25) as:

o (3.26)
Al-© AlT-©
OE+ OE+ é
0 AT-©6 0 OEF 0 AT-© 0 OELF
AlT-© AT-©
OE+ OE+

0 AT-© 0 OB+ 0 AT-© 0 OB+

In this equationfor the purpose of simplicityan assumption has been made that at each
axle the right and left steering anglesareequal ( — —,and— — —).The

direct control of the longitudinal and lateral tire forces is pragmatic using torque
distribution and steering control actuation systems. Therefore, CG horizontal forces and

yaw moment errors can be compensdtrdby controlling the corner forces using the
available actuation system on the vehicle.
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3.2.5CG Forces and Yaw Moment Error Determination using MPC

As discussed, in order to design a control structure that is compatible with any vehicle
configuration(any sort of actuatiosystems such as electric motor, differential braking,
and active steering as well as any drivetrain lay@uthodular control structure has been
proposed. In this control structure, the highel control module is designed basedtom

MPC algorithm. Tis control module is responsilledetermining theequired horizontal
forces and yaw moment error detectionthatvehicle CG in response to driver requests.
The required CG adjustments are provided using a prediction model that is capable of
anticipatng vehicle response for a certain set of driver commands on a particular road
surface, and thersolving a reference tracking optimization problem to minimize state
error. Fig 3.3 illustrates a schematic of such a modular control struchaemethe high

level module is MPC based and its output sequence pravidesquired adjustments at
vehicle CG. According to the available actuatmtpw-level module is responsibler

using CG horizontal forces and yaw moment error analysis for optimal controltialfoca

between vehicle corners.

Driver Commands MPC High Level Low Level Control
Control Module Module

3

Vehicle

(torque and steering)

(torque and/or
8Fxoq 6Fveq 8Gzes steering adjustment)

Fig 3.3 Schematic role description of MPC highlevel module
3.3 Holistic Corner Control Theory

In this section, the formulation @he HCC techniquewhich can be used to optimally
distribute torque such that CG horizontal and yaement errors are minimized, is
discussed. According to HCC theory, if the error betwgmnactual and desired CG

horizontal forces and yaw moments is considered as:

0 0. 1. (3.27)
o O O, 9.
O O 1.

~

One can minimizeE and maintain vehicle stability by adjusting . According tothe

Taylor series expansion, an approximation can be estimati error as:
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Fig 3.4 Interactions between the vkicle CG, corners forces and moment [44]

"0 0. . (3.28a)
. Qo . 1.
@) O . ] .
T.
o 0. 1. (3.28b)
. Qo . 7.
o) o . 7.
T,
0 0. 7. (3.28¢)
. Qo 1.
o) o) 1.

The idea of controllinghevehicle corner to maintain vehicle CG stability is shown in
Fig 3.4. Rewriting Eq. (3.27) using Egs. (3.28) and (3.24) yields:

0 0. . (3.29)
0 0. 1. 0 87,
0 0. 7.

~

Now, in order to minimize the aforementioned CG error with minimal control effort, the

following cost function is definef4]:

U GQ¥0 01 £ A K (3.30)
88 1, 1.1,
where, | _ and | are lower and upper bounds time control input due to

physical constriats oftheactuator, and andw are weight matrices corresponding

to the CG error and control input minimizations and can be defined as below:
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® 0 (3.31a)
© QO@Qhy ho (3.31b)
where,Gs theidentity matrix, ando Fo  h and® are tunable variable weights tire
CGO dongitudinal and lateral force, and yaw moment errors. Therefore, sadlling
optimization prob¢m in Eq. (3.30) leadssto obtairi | astherequired control output.
3.3.1Solution to HCC Optimization Problem

Since the optimization problem in Eq. (3.31) provides a quadratic cost function with respect
to the tire force variations_ , the necessary cdition of the solution is given by solving

the equation:

1o (3.32)
T

The solution is a set of linear algebraic equations with respect to the tire force adjustments

that can be represented as:

1. & b ® b b ®©O (3.33)

3.3.2Tire -Force Based Corner Control using HCC

As discussed in sections (3.2.4) and (3.3T5) MPC highlevel control module in the
proposed control structure determinles CG6 horizontal forces and yaw moment errors,
anda lowlevel control module is required to distribute required torque adjustment between
the vehicle corners or regulate driver steering such that vehicle stability is guaranteed. As
HCC theory allowdor corner based contr@lndthis algorithm has beenilized in the
proposed control structure in this thesis. Fig &Bematicallyillustrates the role ofthe

HCC low-level control module.

Driver Commands .| MPC High Level .| HCCLow Level o
- Control Module “| Control Module Vehicle
(torque and steering) .
= (torque and/or

OFx g 6Frq 0Gz g steering adjustment)

Fig 3.5 Schematic role description of HCC lowlevel module

Assuming that the essential actuation systems are availmblerder to generate

longitudinal force in the form of wheel torque adjustment and lateral force in theoform
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steering angle adjustment, longitudinal force components_ofn Eq. (3.33) can be

interpreted tahetorqug "¥s:

1Y Y10 for'@ "Bi and Q (3.34)

where,’Y is the effective wheel radius. Anthteral force components pf can be

interpreted td -as[6]:

10 ... 0 01 (3.35a)
11— = | OAl———~ —
L., 6 01
170 ~ -0 01 (3.35b)
1 — = | OAl——~ —
ol 6 01
170 0 D (3.35¢)
11— = | OCAl—— —
ol . 6 01
170 L0 D (3.35d)
11— = | OAl——— —
ol . 6 01

where, 0, andi aretheCG lateral and longitudinal velocities, and yaw rate, respectively.

Also, 81 isthetire cornering coefficient that can be obtained based on the tire properties,

and isthetire slip attheij™ corner ina previous sampling time.
3.4Summary

In this chapterthe basic concepts of the optimal control techniques that are used in the
proposed control structure are discussed. According to the design objdotivesations

of the MPC and HCC optimal control algorithms have been presendedmentioned,
modularity of the control structure and CG based error determinatitire inigh-level
control module allowsfor the implementation of the controller on various vehicle
configurations equipped with different actuation systems or drivetgouts. The design
process othe MPC control algorithm that has been employed lrigh-level module was
illustrated. UsingheMPC inahigh-level control module provides an optimal model based
control law. The lowevel control module is HCC basaad dso provides optimality in
control law. Soficonstraints such tire reserve can be treatedamthCC algorithm using

an additional term in the cost function. As showre original HCC optimization isa
singlestep based on a model base error. This cbalgorithm can be developed to

consider an actuation system dynamic model withoat significant increase in
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computational complexities sintlee actuation model will be only consideredtire low-

level control for a realistic torque distribution.
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4.1 Introduction

In the previous chapter, the background knowlaafghe control modules of the proposed
structurewere discussed. In this chapter, the vehicle stabilityrobproblem is studied
through Torque Vectoring (TV)The ntegrated longitudinal and lateral stability of the
vehicle can be maintained by adjustthg wheel torque with respect to driver commands

by using actuation systems such as electric motors imtri€leVehicles (EVs) or
Differential Braking (DB) systems in conventional and hybrid vehicles. First, the proposed
control scheme with TV methodology is discussed. The role of the control modules in the
proposed structure are highlighted. Second, integjratability control withan MPC
algorithm and optimal torque allocation witie HCC are formulated. Finally, simulation

and experimental results are illustrated to evaluate the proposed control structure

gualifications.

4.2 General Scheme of Control Structur e via Torque

Adjustment

The proposed control structure is illustrated schematically in Fig 4.1. As one of the major
design objectives is integrated longitudinal and lateral stability control (wheel slip and
vehicle chassis control), stability analysis ége@mplished using indicators such as lateral
velocity, yaw rate, yaw angland wheel slip ratios. The desired lateral dynamics (lateral
velocity, yaw rate, angawangle) is calculated based on drig&ering  and torque™Y
commands. A yaw rate mamization approach has been used to calculate desired optimal
longitudinal dynamics (wheel slip ratios) based on an analytical comblipeBurkhardt

tire model. The control technique usedttie high-level module is MPC reference state
tracking. A predidon model is utilized to predict future dynamic states based on

measured/estimated states #merequired control adjustments which are CG longitudinal
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force and yaw moment (O and] "O ) over a finite control horizon. The control
adjustments are outcomes of solving MPC optimization problem thahinimizes the
error betweetheactual and target courses. At each sampling time, the first set aanesul
CG longitudinal force and yaw moment adjustments are employbdlmw-level control
module where optimal torque allocatioh ()Yis accomplished by solving a singitep
HCC optimization[44]. As shown in Chapter 3he HCC optimizationcost function is
defined based omhe CG horizontal forcesyaw moment eors, and corner torque
adjustments as control inputs. Theatieel drive control technology allows independent
control of the corner torqudor stabilizingthe vehicle CG. In the following section, the

design procedure of each level of the proposedjiated controller is discussed.

Driver Commands MPC High Level Single-step )
, Control Module 2| HCC Low Level Vehicle
(torque and steermng) A Control Module 5
T

6Fycq. 06z, T

Fig 4.1 Schematic of the proposed modular control structure with torque

adjustment
4.3MPC High -Level Module Design via Torque Adjustment

In this section, first, the prediction model that has been useeé MPC highlevel control
module is describedith consideration oboth longitudinal and lateral vehicle dynamics.
Then,thedesired dynamics is described to form an MPC reference tracking optimization.
In order to definghe desired longitudinal dynamics, a yaw rate maximizatisethod
based on a combinegdip Burkhardt tire modek used Finally, an MPC based CG error
analysis (required adjustments in longitudinal force and yaw moment) is prowidelye

an optimization problem.
4.3.1MPC Prediction Model

The prediction model adtgd inthe MPC algorithm is a bicycle vehicle model shown in

Fig 4.2. This model provides a satisfactory approximation of the vehicle dynamic response
with alow computational cost and rei@ine implementability According to Fig 4.2the
vehicle CG horizotal forces and yaw moment can be formulabeded on corner

horizontal forces and road steering&4:
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0 O | OAI-© 0OO0EF O 1O (4.1a)

'O OAI-60 O 10 OEF (4.1b)
O D OAT-©O00 0OOEF 07 OOEF (4.1c)
170
where,
O do Ui (4.2a)
O auv oi (4.2b)
'O qa (4.2c)

Fig 4.2 Bicycle vehicle model with control torque intervention

In the above equatiomis the vehicle mass arff@is the vehicle inertia around its vertical
axis. Also, the notations and¢ refer to the vehicle CG velocities in thenpitudinal and
lateral directions, and is vehicle yaw rateThe \ehicleyaw angle is consideretb bea

state to prevent steadyate yaw rate error ime MPC prediction model:

roi (4.3)
In order togetthe longitudinal vehicle stability (whedisratio) under control, the wheel
dynamics should be consideredlie MPC prediction model as:

0] VoY ' 10 for'Q "B oand QA (4.4)
where]  isthewheel rotational (agular) velocity atheij™ corner. Alsol» and'Y are
thewheel moment of inertia and effective radius, respectively. However, instead of using
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the conventional wheel dynamics equation, wheel slip ratios can be employed to quantify
wheel longiudinal stability. According to the physical interpretation of wheel slip ratio,
stability of the wheel is violated if slip ratio exceeds a certain threshold on a specific road

condition. The wheel slip ratio can be obtained in driving and braking camslaig
p 06V driving condition (4.5a)
_ p Y] jo braking condition (4.5b)
Therefore, it can be concluded that:
_ p T EIY7 o jl Agr1 B (4.6)

By considering driving conditiaand differentiating Eq. (4.5a):

(4.7)

One can establish wheel dynamics equations ukengheel slip raticandEq. (4.7):

_ 1 1 p _ O Y1 (4.8)

where,0 @ . Inthe following notationgd  is longitudinal wheel acceleratiatthe

ij"" cornerandthewheel coordinate systerandit can be found as:

O o AT-©6 & OB+ (4.9)
while — — — —and— — — 71t The dip ratios of all wheelsare
evaluated in the higlevel module, however, only maximutime slip ratio is considered in
the MPC prediction model as a quantified index for longiadl vehicle dynamicsThe
reasoning is thahe wheel slip ratio can be defined at vehicle cormrather than at the
axles. Thus, it is not compatible witte bicycle vehicle model where axle (front and rear)
longitudinal force adjustments are considi@ vehicle stabilization. Accordingly, it was

assumed that all wheels experience the largest possible slip ratibeddC prediction

model is augmented with  state equation as:

_ Ag n

h h (4.10)

Using Fig 4.2 andhe above equation, Eq. (4.8) can be rewritterih@ CG coordinate

system as:
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_ FAg 1 p _ (4.11)

w AT-6 & OE+ 'Y

Thecorner longitudinal and lateral accelerations can be obtained as:

® ® i0 10,0 () i0 10 (4.12a)
() () i0 10, &) i0 10 (4.12b)
() &) i0o 10, ® &) i0 10 (4.12c)
® [ i0 10,w @ i0 10 (4.12d)

In the above equations and® are wheelQfenhgitudinal and lated accelerations in

the CG coordinate system, respectiveiccording to body dynamics:

& 0 10 Ai-©6 0 OEF O 10 Ta (4.13)

It should be noted that usirthe maximumwheel slip ratio as longitudinal stability
indicator may result in a conservative control law. The integration between vehicle
longitudinal and lateral dynamics can be realized blyain of Egs. (4-4.13). This chain

can be described hiiefollowing compact state space model:

. @, h (4.14a)
- Q, (4.14b)

According to Eq. (4.14), the vehicle dynaméteows aonlinear behavior. An assumption

has been madrichthat forward speed and driver steering command changes are negligible
within a few miliseconds ofhesamplingtime period, and as a result, those were assumed
to be constant at each optimization process. Due to this assumption, vehicle longitudinal
velocity is not considered as a state variable in this thesis, and the state and impsit vect

are defined as:
, DR A (4.15a)

0f O (4.15b)

=<

T 10

Providing an LTV prediction model ihe MPC facilitateshereattime implementatiomof

the designed MPC controller and reduces the required computatista
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A Step Invariant (Sl) equivalent mod8b] is used to provide a discretized model to handle

possible matrix singularities. THellowing discretized LTV model is considered:
: of o1 ol (4.16)

where 616, anddlare discretized system, control, and disturbance matrices at tinie step
Thesystem in Eq. (4.16) represents a prediction model over a time h@izohesn

0 pwherel N @& . The lateral force is piecewise linearized arotirabperating point
in Eq. (4.16) as:

O 0 VYo for Q "G (4.17a)

Yo 6f¥ for Q " (4.17b)
where,”O and¥Y'O are tire lateral force estimatisfrom thelast sampling time anthe

predicted tire lateral force variation, respectivéyaddition,¥| is thevehicle slip change

that can be found as:

v

o for Q " (4.18)

whereprevious and current step vehicle slips are shown|witand| . The vehicle slip

calculation forthefront and rear axles can be formulated as:

o Oi (4.19a)

0 01 (4.19b)

By substituthg Eq. (4.19) in Eq.(4.18) and using the resultant in Eq.(4th&}ire lateral
force can be witen based orthe vehicle lateral velocity and yaw rate states, geometry,
and driver steering anglén Eq. (4.17),60 is the tire cornering stiffness that can be
calculated based on a combined slip Burkhardt tire model and particular tire g®perti
according tothe experimental setup [30] herefore the estimated lateral force at each
sampling time as well gsossible growth othe lateral force, enables us to study the tire
force in the nonlinear region shown in Fig 4.3. This calculation apprigahown in Fig.

4.3 schematically.
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Fig 4.3 Lateral force piecewise linearization aroundhe operating point
4.3.2Combined Slip Burkhardt Tire Model

According to the previous section, the tire lateral force variation at each sampling time can
be computed usintpetire slip angle change and tire cornering coefficient as:

YO - 4.20
ol = y for 'Q " (4.20)

In order to address combined slip situations, a combined slip tire model has to be studied
that provides the tire lateral force model with respedhé&vehicle slip angle. The tire
model that is investigated in this study is a combislgnl Burkhardt tire model. The tire
friction force inthe lateral and longitudinal directiorare generallydependent orthe
friction coefficient’ of the corresponding direction and normal wheel l@ad

. 0

0 fori  ofw (4.21)

where,"O and™O are the Burkhardt model longiidinal and lateral tire forces.

Burkhardt illustrates the longitudinal and lateral friction coefficients as:

. C_ 4.22a
— (4.222)

oo by (4.22D)
where,' is theresultant friction coefficient, anty is theresultant tire slipwhich is

directed in the same directionthgresultant friction coefficient. The resultant tire diyp

each tire can be described with:

™ — (4.23)

| =
And, the resultant friction coefficient can be written as:
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Q"Y (4.24)

where,®, &, and® arethe Burkhardt analytic tire model characteristic coefficients and

can be found based on the tire properties in an experimerit,iatide roadtire adhesion
coefficient. According to the experimental setup, the longitudinal and lateral forces for
different nornal loads are shown in Fig 4.4 (a) and (b). The forces can be measured using
load wheel sensors that are attached to the tires. However, the data shown in these figures
belong to the purslip conditions. Fig 4.4 (a) is based atateral slip where theres ino

longitudinal slip inthetires, and Fig 4.4 (b) is based atongitudinal slip where there is
no lateral slip irthetires.
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Fig 4.4 Experimental data (a) Lateral forces versus lateral slip (b).ongitudinal

force versus slip ratio
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The best fit to purslip data is found using optimization, and this is employedafor
combined slip force estimation. this method, a cost function has been considered based
ontheerror betweetthe experimental lateral force amide Burckhardt model lateral force

as:

(4.25)
0 0 0 0

where,”O s thelateral force othe Burkhardt tire model an@® is theactual lateral
force. The collected data for four different normal loedshown in Fig. 4.4. For pure
lateral slip on dry road condition, one can write:

(4.26)

~ ~ ~

0 VCQwp Q w|

Solving the optimization problem in Eqg. (4.26) can provithe optimal set of the tire
characteristic coefficients that genesatigemost precise lateléire forces. For the specific
tire data that shown in Fig. 4.4., the tire coefficient can be obtained as shown in Table 4.1.

Table 4.1 Tire characteristic coefficients inan experimental setup
Tire Coefficients Value

. 1.559

=

18.579

| -
=

3.333

| -
=

According to the tire characteristic coefficients shown in Table 4.1, the Burkhardt lateral
tire force is compared tihe actual lateral tire force data farwide range of lateral slip,

and showrin Fig. 4.5. This figure shows that the optimal tire characteristic coefficients
provide a satisfactory model of lateral forcehe pureslip condition. Fothe combined

slip condition, wherehe longitudinal slip has a range of¥ 1@ , the Burkhadt tire
model has been employed to generaetire lateral force such that’On

omx. pcdxcxfpuc Fig. 4.6 (ad) show the lateral force generated with
the Burkhardt tire model.
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Fig 4.6 Combined-slip lateral force approximation with the Burkhardt tire model
for normal load: (a) ¢; 3077 N, (b)és 5123 N, (CEs 7270 N, and (dgs; 9152
N

In order to use the tire cornering coefficient for different sets of longitudinal and lateral
slip, lookup tables have been formed, dhdy have beensed in the online M@
optimization process in retime. The middle points can be found using interpolation

techniques.
4.3.3Reference Vehicle Response

According tothe optimization cost function that is shown in Eg. (3.3), a reference set
should be defined fahe MPC referencéracking problem. Using Eq. (4.15a), the vehicle
dynamic states considered in this study arerdatvelocity, yaw rate, yawngle, and
maximum longitudinal slip ratioThe desired lateral velocity and yaw rate of the vehicle

can be defined based thevehicle steadytate behavior on dry pavement@s7]:
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o— (4.27a)

a0 o (4.27b)

061
wherev is the understeer coefficient atds the wheelbase. In Eq. (4.27), it is assumed
that the vehicle isteerable only ahefront axle. Although Eq. (4.27a) provides an insight
into the desired yaw rate on a dry road, this equation cannot be used falrynooad
conditions. The reason is that the tire capacity depends to theadeadhesion coeffiaie,
and tire saturation occurs with less tire force on slippery road conditions. In order to take

the road adhesion coefficient effects into account, the vehicle lateral acceleration is studied:
W 01 0 (4.28)
According to the definition of sideslip angtbglateral velocity can be written as follows:
0 60AI (4.29)
Derivation of Eq. (4.29), and substituting it in Eq. (4.28) yields:

of (4.30)

® o1 60A1 S
A p OAI

The lateral acceleration on the slippery road condition has an upper limit as:
W £ Q (4.31)

where, Qs thegravitational acceleration. If the vehicle sideslip angle and its derivative are
both assumed to bangll, the first term in Eq. (4.30) domiteg, and consequently, the
upper limit of the desired yaw rate can be derived as:

©Q (4.32)

I 0
Considering Eq. (4.27) and (4.32) yields:

‘ CL 60— <0 (4.33)

It should be mentioned that in Eq. (4.15a) also contaiiise desiredyaw angleof the

vehicle that can be computed basedh@desired yaw rate discrete integration as:

(4.34)

I i QY
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where,”Yis thesampling time duration arl@is thesize of the time windowhat has been
studied to conclude desirgéiw angle In this thesis, a humber of 200 samples of the
previous desired yaw rate areviewed. It was assumed that according to the vehicle
significant inertia and test setup sampling time of five milliseconds, the heading angle of
the vehicle is approximately unchanged within a second. In additiamas assumed that

the driver steering and gas/brake pedal requests would not be changedawstiort
sampling time duration (0.005 sec), and tliedesired values of the dynamic states have

been defined on the current tifbasis and are not modified within the control horizon.

As mentioned, controllinthewheel slip ratio is an essential cooment of vehicle stability
control. The reason is that the longitudinal and lateral tire forces drop drastically right after

wheel slip ratio exceeds a certain threshold.

Slip Angle (deg)

Longitudinal and Lateral Force

0 25 50 75 100
Longitudinal Slip (percent)

Figure 4.7 Longitudinal and lateral tire forces as a function of slip ratio[86]

Fig 4.7 shows variation of longitudinal and lateral forces with respect to slip ratio for
different slip angles. As shown, the application of the slip ratio after a certain threshold
generally decreases tire lateratde capacity. Ithe front tires exceed this threshold, it
results in poor maneuverability aad understeer condition. However, if it takes place

the rear tire, it promotesin oversteerbehaviorand risk of instability. Consequently,
maintainingthe dlip ratio in a safe region can be considered a crucial task. According to

theabove discussion, the desired slip ratio can be defined as:

- I E Lo oo atb A Boliohs B (4.35)

51



where_ga os ¢igtheslip ratio threshold. According thecombinedslip tire modelsthe
slip ratio threshold is a function die lateralslip andthe road condition. Fig 4.8 shows
that onadry road condition, this threshold can be consideréd ataximum value and as

road surface adhesion decreases, this value decreases.
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A dry
B: wet
’.. —— ) Cosmowy
/ ';""»._»- D wy
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Figure 4.8 Longitudinal tire force as a function of slip ratio and road condition[87]

In order to find an optimal value firedesired slip ratio, anie address the situation where
thetire capacity should beptimally devotedetween lateral and longitudirditections, a
similar approach to the one presentefbid] could also be used. A desired (optimal) tire
slip rdio can be considered in such a way thatyaw moment is maximized fohe prime
vehiclesteerability, howeverthe maximum steerability effect was not considered in this

thesis.
4.4HCC Low -Level Optimal Torque Distributor Design via

Torgue Adjustment

According to the general modular control structure that is proposed and illustrated in
Chapter 3, the optimal longitudinal force and yaw moment adjustments generated by the
high-level MPC control module are fed in td@v-level control module for optimal toree
allocation. The optimal torque allocation is accomplished basetheRCC strategy
discussed in previous chapter, which considers the discrepancies b#tesgesired and

actual vehicle CG forces and yaw moment and generates a control sequenad@ttiaemi

these discrepancieghe longitudinal and lateral components of the horizontal tire forces
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can be considered as a set of control sequendbde HCC distribution strategy. In this
strategy, a tire model does not need to be included in the foromusice horizontal tire

force adjustments are determined directly based on CG error analysis.

As discussed before, the vehicle CG forces and yaw moment are functions of horizontal
tire forces. The direct control of the lateral tire forces nesdsctive steering actuation
system. Since no active steering system is available in the following experimental test setup
in this section, lateral tire forces as control inputs should be eliminated. Howwer,
longitudinal tire force adjustment is available gsilectric motor equipment. According

to Eq. (3.18) and (3.19)he CG horizontal force and yaw moment error vector can be

shown with the following equatioat the vehicléd €G coordinate system

o o o _fio O Fo O, (4.36)

Using Eg. (4.36) and Fig. (4.2), one can conclude that the error vector defined in Eq. (3.27)

becomes:

O 10AI-© 10RO OEIR © (4.37)
And since MPC highevel control module computgs | "OR 'Ok "O , the error

vector can be obtained using MPC outpiniorder to minimize the aforementioned error
with minimum control effort, the cost function in Eq. (3.30) is used thigéfitorresponding

constraints othe control inputs at each vehicle corijé4]:

§ aQE0 61 & A & (4.38)
;o Y Y
8y Y
where, 'O HO RO RO . Moreover,”’Y and’Y arethelower and upper limits

of the electric motor torque actuation systemrhe ®lution to the HCC optimization
problem in Eq. (4.38) can beudnd using Eq. (3.33) in Chapter 3.

4.5 Experimental Results via Torque Adjustment

In order to show the capabilities of the proposed controller, experimental results are
presented in this sectionypical benchmark driving test scenaribat are usually sl
by the automotive industry are investigatedhis studyby the proposed controllefhe
vehicle used for the experimental studies can be seen in Fig 4.9(a) with specifications listed

in Table 4.2 The studied vehicle is an electric 4WD Chevrolet Eguirirhe electric
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motors used at each vehicle corner are shown in Fig 4.@hpjeeach has aorque

generation limit oup to 1600 N.m. In addition, an ABS is available on this vehicle.

Table 4.2 Vehicle model properties

Parameter Value
Vehicle mass 2270 kg
Distancebetween thdéront axle and C.G. 1.42033 m
Distancebetween theearaxle and C.G. 1.43767 m
Tire effective radius 0.351m
Vehiclewheeltrack 1.6m
Moment of inertia about Z axis 4600 kgl
Vehicle understeer gradient 0.006

Capturing the vehicle system dynamics witie MPC control module requires that the
control horizorbeof sufficient length. However, the control horizon is not typically chosen

to be largdor two major reasongirst, the resultant computational burden and-neal

time implementation, andecond, thenonpredictable driver steering command. The
simulations and experimental results that were performed during the tuning phase of the
controller indicated that theontrol horizon and sampling time presented below produce a
satisfactory prediction dhevehicled dynamic response resulting in proper performance

of the controller:

Control system sample time& 18t T v

Number of points in MPC control/prediction horizan: T

In addition, weights of MPC and HCC optimizations are shown in Table 4.3. According to
Eq. (3.7), the weight matricésand'Y are formed by) and'Y matrices defined as weights
on vehicle dynamic states and control inputghie MPC optimization problem. In this

chapterp and'Y can be shown as:
0 QQWaE N M (4.39a)

Y QQOVQ hY Ry (4.399
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Table 4.3 Tuned weightsof the proposed control system via torque adjustment

High and low level control weights Parameter Value
Weight on lateral velocity control in MPC 0 5

Weight on yaw raterécking control in 0 120
MPC

Weight onyaw angle control in MPC 0 1000

Weight on maximum slip ration control in 0 200
MPC

Weight on front axle longitudinal force Y le8

adjustment in MPC

Weight on rear axle lmitudinal force Y 1le8

adjustment in MPC

Weight on yaw moment adjustment in Y 4e8
MPC
Weight on longitudinal CG force @ 1

adjustment in HCC

Weight on lateral CG force adjustment in @ 1
HCC

Weight on CGyaw moment adjustment in w 1
HCC

The tuning values shown in Table 4.3 proviehisfactoryresults for the used testing
scenariosand are achieved through trial and erAs.some parameters such as vehicle
mass may chang#he tuningvaluesshown in Table 4.3 may also need to be changed for
the most competent control performance. However, minor changes may not affect the
control performance significantly and a&sumed to beegligible B5]. The full controller

was implemented usingdSPACE Autabox on the electric vehicle. The yaw rate of the
vehicle can be measured usthgIMU system. The lateral and longitudinal velocities that
wereused to compute the sideslip angle and slip vaiceobtained usinghe GPS system
shown in Fig 4.9(c
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(c)
Fig 4.9 Testing facilities (a) full-electric GM Chevrolet Equinox platform (b)

Electric motors used for torque vectoring (c) GPS mechanism

The control objective is to presertheintegrated longitudinal and lateral vehicle stability
and minimize the deviation of the actual longitudinal and lateral dipsgmheel slip ratio,
lateral velocity, yaw rate, arjdiwangle) fronthedesired courses with torque adjustnsent
The control inputs are the required torque adjustesreach wheel that compensates for
the CG longitudinal force and yaw moment error$wrde types of maneuvers that may
violate the vehicle stabilitare designedDouble lane change (DLC) that may excite the
vehicle stability in thdateraldirection,a full-throttle launch that may excite the vehicle
stability in thelongitudinaldirection andanacceleration in turn that may excite the vehicle
stability in both longitudinal and lateral directions agasily push the tire capacitio
saturationLow traction road conditions were obtained by using a wet sealer (darker patch
of asphaltin Fig 4.9(a)).The road friction coefficient of the wet sealer can be calculated
by continuous brake with ABS to avoid wheel longitudinal slip on straight line and then
measuringhemaximum longitudinal braking acceleration on the surface. According to the

definition of the road friction coefficient, one can write:
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oAz 6 (4.40)

Assuming negligible lateral acceleration on a straligiet braking maneuver and using the
experimental test data froffig 4.1Q maximum acceleration can be substituted with 4

a

i approximately, and aoeding to Eq. (4.40), it can be concluded tihatroad friction

coefficient on wet sealer is approximately equal to 0.4.
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Fig 4.10 Straight-line braking with ABS on wet sealer

In the following figures irthis thesis, subscripdesand act stands for the desired and

actual quantities of tlierespective parameters
Scenario: A double lane change maneuver on dry road

As mentioned in Chapter 3, model based control structure providegduced control
process settling time, increases control performance consistency and quality with a
smoother control sequence, and operates closer to vehicle system specifications. In order
to investigate the effect of the MPC prediction model that has been usechigh-level

control module, the yaw moment adjustmenttled proposed MPC higlevel control

module is compared to a simple stledback controller. A double lane change maneuver
has been performed on a dry surface where Fig 4.11 and Fig 4.12 show thedvehicl
forward speed and driver steering command. As seen in Fig 4.11, the vehicle speed is

approximately constant durirtgedriving scenario and throttle has not been involved.
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Fig 4.11 Vehicle speed in &LC maneuver on dry surface (controlled via torque

adjustment)
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Fig 4.12 Driver steering commandin a DLC maneuver on dry surface (controlled

via torque adjustment)

The vehicle sideslip angle and yaw rate responses are shown in Fig 4.13 and Fig 4.14,
respectively. The vehicle sideslip response shows that the vehicle was stabliesince
sideslip angle watess than 4 degrees andry road condition. Thgaw rate tracking
response is also desirable as it could track the desired signal. The vehicle lateral response
is enhanced due to the torque adjustment shown in Figwihtsefl, fr, rl, andrr indicate

torque adjustments in thieont left, front rearrear left, and rear right wheel, respectively

The actuation system that has been used to generate the required yaw moment is a
differential braking system. The proposed control structmoeks properlywith the
differential braking system as well as dftac motors. The main goal of this driving
scenario was to illustratewusingtheMPC control theory provides a model based control
signal that is predictive and consequerfidgter and smoother than a simple stagglback

control signal. In order tausdy this issue, the yaw moment adjustmertheMPC high

level control module is compared to a stfedback control signal shown with subscript
"Y"Om Fig 4.16. In this test, the control signal that is useallow-level control module
belongs tahe MPC control module, but for comparison purposies control signal othe
statefeedback controller is also recoded on the memory. According to this fipek¢PC

shows its capability of providing a control signal with less lag as the control pigalas
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in fasterresponse tohe vehicle dynamic error compared ttte state feedback controller.

Since thetuned weightan be different in two different controllers, the sfatedback
controller requests a larger yaw moment compensation, howheesgisfactory lateral
stability response of the vehicle shows that the desired vehicle states are trackable with less

yaw moment compensation and energy consumption.
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Fig 4.13 Sideslip responsén a DLC maneuver on dry surface (controlled via torque

adjustment)
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Fig4.14 Yaw rate responsdn a DLC maneuver on dry surface (controlled via torque

adjustment)
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Fig 4.15Wheel torque adjustment in a DLC maneuver on dry surface
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Fig 4.16 Yaw moment adjustment in a DLC maneuver on dry surface
Scenario: A double lane change maneuver on wet sealer

In this scenario, theomtrol structure is tested using a double lane change, where the
maneuver took place on a slippery road condition witapproximate friction coefficient

of 0.4 at a speed of 40 km/h as seeRim4.17 The steering angle was applied after six
seconds ofiriving with an approximate amplitude of 4 radians as shoviig.18 The
vehicle sideslip angle is less than 3 degrees during this deemgarioand the vehicle
remains in a stable region as illustratedrig 4.19 The yaw rate response also skow
success in tracking the desired signaFig 4.20.The torque adjustments at each wheel,
are shown irFig 4.21, where electric motors are used as actuators. The distribution of the
torque is symmetric when the wheel slip ratio is not considerabléhamadntrol scheme

only aims to generate a corrective yaw moment with torque vectoring for better stability

and steerability purposes.
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Fig 4.17 Vehicle speed in &LC maneuver on wet surface (controlled via torque

adjustment)
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Fig 4.21 Wheel torque adjustment in a DLC maneuver on wet surface
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A similar driving scenario was performed without active conrothe vehcle. Fig 4.22

andFig 4.23showthe speed change and driver steering command that is very similar to

the previous driving scenario for a fair comparisontlod vehicled sontrolled and

uncontrolled responses. As seerFig 4.24andFig 4.25 the vehicle $ unstable due to

harsh maneuvering. This resultedaitoss of yaw rate tracking and sideslip control and

vehicle lateral skidding.
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Fig 4.22 Vehicle Speed in &LC maneuver on wet surface (uncontrolled)
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Fig 4.23 Driver steering commandin a DLC maneuver on wet surface
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Fig 4.24 Sideslip responsén a DLC maneuver on wet surface (uncontrolled)
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Fig 4.25 Yaw rate responsein a DLC maneuver on wet surface (uncontrolled)
Scenario: A full -throttle lau nch

In order to evaluate the capability of the control system in maintaining wheel slip ratios
less than a certain threshold, a launch maneuver with full throttle starting from rest on a
low friction surface ofanapproximate coefficient of 0.4 was perfath The gas pedal is
pressed by the driver after the first second of driving to investigate the launch effect on
longitudinal vehicle stability and wheel slip ratios. During such a harsh maneuver, the
controller should generate a negative torque to retheaequested driver torque and
prevent wheel instability. Note that driving torque reduction does not necessarily mean
brakingbut could simply be easing the throttle input. Achieving the target course with the
maximum admissibl@vheel slip ratio in a feveeconds could be considered as a success.
The driver torgue request during this maneuver is shovwigt.26 and the maximum
wheel slip ratio due to this request is showkig4.27 As this figure demonstrates, the
maximum wheel slip ratio wasrougtt under control in less than 2 seconds. The optimally
distributed torque is illustrated kig 4.28 As seen, if the maximum slip ratio is distancing
from thedesired value, a feedback negative torque is generated to debetass wheel
torque and gesrally compensate for the error between the threshold and the actual

maximum slip ratio signal.

Fig 4.26 Driver torque command in a full throttle launch on wet surface (controlled

via torque adjustment)
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