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Abstract

With recent advances in electric vehicles, having electric motors directly driving the wheels is gaining
attraction. When a vehicle is equipped with four independent electric hub motors or independently
controlled brakes in each of the four wheels, it gives the control designers the option of controlling each
wheel independently in real-time. Independent torque distribution enables developing optimal torque
distribution systems for various objective functions. A good example of the benefits of an independent
torque distribution strategy is the ability to maximize the vehicle's lateral grip. When a vehicle is
operated at the friction handling limits, optimizing the lateral grip will maximize the vehicle
maneuverability resulting in reduced vehicle’s oversteer or understeer behavior. Vehicle dynamics at
the limits of handling is highly nonlinear, and hence, detailed dynamic analysis is necessary to

understand the behavior of the vehicle.

In this dissertation, the equations of motion of a vehicle driven on a road with the bank and grade angles
are derived. The effect of these angles on the nonlinear vehicle dynamic model is studied and compared
with a high-fidelity CarSim model for evaluation. A comprehensive dynamic analysis, based on the
phase portrait method, is performed to investigate the effect of axle torque distribution on the stability
of the vehicle dynamics. Inspired by the dynamic square method, an optimal torque distribution method
is studied with the objective of maximizing the vehicle's lateral grip while the vehicle remains at its
friction handling limit is developed. An optimal torque distribution algorithm is then developed in the
form of a feedforward controller for two different configurations, one for the axial torque distribution
and one for the corner torque distribution. The controllers are evaluated through simulation and
experimental studies and results show improvement in both maneuverability and stability when the

vehicle is operated at the handling limits.

The new optimal actuation strategy is extended to controller design for performance vehicles equipped
with active aerodynamic systems. Active aerodynamic systems are one of the few actuators capable of

increasing normal loads acting on the wheels. Increasing the wheels' normal loads would result into

iv



higher tire-ground forces, hence providing higher brake/drive torque inputs. A control platform consists
of a feedforward controller and a constrained feedback model predictive controller (MPC) is developed
for such performance vehicles equipped with a front and rear active aerodynamic system. The objective
function of the feedback MPC is for the yaw tracking, while the objective of the feedforward controller
is to maximize the vehicle lateral grip. This new controller will optimize the active aerodynamic
actuation system to maximize vehicle performance and maneuverability. The controller provides the
optimal angle of attack for each aero surface so that the yaw tracking error be minimized. The controller
has been evaluated in the CarSim simulation environment.

Subsequently, the optimal torque distribution and the active aerodynamic controller are integrated into
the form of a constrained multi-actuation model predictive control structure. The actuators of this
control system are the four in-wheel independent electric motors and the two active aerodynamic
surfaces at the front and rear of the vehicle. The control structure has constraints on the vehicle states,
input amplitudes, and the input increments. The objective of the controller is to stabilize the vehicle
while minimizing the yaw tracking error. A constraint adjustment module is designed to observe the
actuators' constraints. This module prevents any excessive actuation command by adjusting the input
constraints. This will minimize the cost and energy and reduce the computational time of the
optimization solver by deactivating unnecessary actuators. The proposed multi-actuation controller is

simulated and verified on CarSim and the obtained results are presented with detailed explanations.
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Chapter 1

Introduction

Professional drivers have the skills of controlling performance vehicles at the limits of handling by
simultaneously using available actuators such as drive/brake torque, steering, active aerodynamics, etc.
However, not all drivers are capable enough of using available tools manually at the right time and with
the right magnitude. As vehicle control systems are getting smarter, they can either decide instead of
the drivers (autonomous vehicles) or adjust the drivers’ command (driver assistant systems) to prevent
the vehicle from losing stability in dangerous situations or caused by human errors. This has brought
the idea of using integrated controllers to improve vehicle handling and stability through various control
modules. One of the most common control approaches is torque vectoring which is widely used in
current vehicles. Torque distribution in both forms of brake or traction is highly effective in yaw
tracking of the vehicle. Since the capability of using torque distribution depends directly on the tires’
force generation capacity, adding actuators such as an aerodynamic system that can improve tires’

capacity in force generation is of high interest especially in sports cars.

1.1. Motivations

In the past decade, researchers have tried to design integrated controllers by bringing all available
control actuators under one control system. Indeed, a big challenge for control engineers is to design
an integrated controller with the capability of utilizing the best set of control actuators with optimal
actuation magnitudes at any time. Designing such an integrated controller at the limits of handling
requires depth knowledge of dynamics and limitations of both vehicle and actuators. It is essential to
know the exact effect of each actuator on the vehicle dynamics at any given time to be able to use it

optimally on the vehicle.



A vehicle reaches its limits of handling when tires are generating their maximum forces in
longitudinal and/or lateral directions. The friction forces available at the contact patch between the tire
and ground limit the maximum force that a tire can generate. Tire capacity in force generation also
depends highly on the downforces acting on each tire. It is known that the normal forces at each corner
of the vehicle change due to the lateral and longitudinal load transfers. In cases that the vehicle is
equipped with front/rear aerodynamic surfaces or active aerodynamic systems, the tire normal loads
vary with vehicle speed, winds speed, angle of the aero surfaces, etc. Therefore, all these parameters
make it too complex to detect maximum tire capacity. This means that defining a set of actuators to
guarantee vehicle stability in a harsh situation is highly complex and requires deep knowledge of
vehicle system dynamics.

A useful index to detect whether a tire has reached its limits of handling is the tire slip ratio. Tire slip
ratio provides good insights about each tire condition and its capacity in force generation. Figure 1-1
shows the tire forces in longitudinal and lateral directions with respect to the slip ratio and tire slip
angle. It can be seen that at the slip ratio of around 10% the tire is at its highest force generation capacity.
This would allow us to define a range for the vehicle handling limits and use it as a powerful tool to
either push the vehicle to this range whenever it is necessary or use available actuators to get the desired

response while keeping the vehicle at this range.
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Figure 1-1. Tire Forces with respect to tire slip ratio and slip angle [1]
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Figure 1-2. Effect of slip ratio on tire capacity.

Figure 1-2 represents the lateral and longitudinal tire forces as functions of the longitudinal slip ratio.
As mentioned before, at the slip ratio around 10%, the tire reaches its maximum capacity. An interesting
point is that while the slip ratio is in the range of 5 to 20% (green zone), by making small changes in
longitudinal force (maximum change of 8%), the vehicle lateral grip which is a function of the lateral
forces, can change by 40%. Increasing available lateral grip through maximizing the tire lateral forces
would have a huge impact on vehicle handling and stability. In higher ranges of the slip ratio (blue
zone), the slip ratio varies between 20 to 50%. Whenever a tire enters this range of slip ratio, the tire
lateral capacity will drastically decrease, and hence, can saturate the tire and make the vehicle

performance unstable.

Detecting tires” maximum capacity and the vehicle limits of handling are not the only challenges in
vehicle control and stability problems. Another challenge is to know the exact effect of actuators on
vehicle state at different driving conditions. In addition, when the vehicle is at its limits of handling the

problem becomes even more challenging due to the nonlinear behavior of tires in the saturation zone.
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The main driver inputs namely steering angle and drive/brake torque would be the key sources for the
lateral and longitudinal tire force generations. Therefore, the drive/brake torque fed into the vehicle and
more importantly, the distribution of the torque on each wheel has a significant effect on the tires’ force
generation and vehicle dynamics behavior at the limits of handling. Torque distribution strategy varies
depends on the type of vehicle drivetrain configuration. The total drive torque is sent to the front axle
in a Front Wheel Drive (FWD) configuration, or it is sent to the rear axle in a Rear Wheel Drive (RWD).
It can also be distributed by a ratio to both front and rear axles, All Wheel Drive (AWD) configuration.
Since the amount of torque applied to each wheel can significantly affect the slip ratio and longitudinal
tire forces, controlling the torque sent to each corner can be very effective in maximizing vehicle

handling capacity.

1.2. Objectives

The main objective of this thesis is to develop an integrated control system for performance vehicles
equipped with independent electric hub motors in each wheel and active aerodynamic surfaces to
maximize stability and maneuverability through an optimal torque distribution and control of
aerodynamic systems. To achieve the main objective, a set of sub-objectives are defined and achieved
at each step to fulfill the main objective. First, equations of motion of a vehicle moving on road with
bank and grade angles are derived. The road angles are considered in the dynamic equations and can
be easily replaced by traditional vehicle dynamic models in future works. Next, a thorough dynamic
analysis is performed to investigate the torque distribution effect on the main states of the vehicle. Phase
portraits of sideslip angle and yaw rate of the vehicle are used as the main tool to find the effect of
actuators on the vehicle nonlinear dynamics. The open-loop dynamic analysis performed by phase
portraits illustrates the control actions effects and can lead us to find the optimum control actions which
would let the vehicle to use its maximum capacities in both longitudinal and lateral directions. Having
the opportunity to use the maximum grip of the vehicle would be highly beneficial to prevent it from
getting unstable and increase vehicle stability in dangerous situations. The stability criteria of the
vehicle are also defined by the phase portraits of the vehicle. The stability boundaries are found based
on the envelope control theory and presented on 2-D phase portraits. The 2-D phase portraits would
give full insight into the actuator's impact on the main states of the vehicle. This will give control
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engineers the required information for the selection of control actions to bring an unstable vehicle back
to a stable region. Investigating the effects of optimal torque distribution on the phase portraits and the

vehicle stability envelope is another objective of this study.

As the vehicle is being driven at the limits of handling, the drive torque applied to each tire has a
direct impact on the slip ratio. Since the longitudinal slip would affect tire capacity in lateral force
generation, preventing the tires from getting into the states of high slip ratio and keeping them with the
highest rate of lateral force generation would be another important objective in this study. This objective
will be fulfilled by developing an algorithm that receives the driver’s inputs, steering angle, and
drive/brake torque, and would decide about the optimal torque distribution that results in having the
maximum longitudinal and lateral grip. The actuators involve in this algorithm would be four electric

motors at each corner.

As mentioned, the main objective of this dissertation is to design and evaluate an integrated multi-
actuation constrained control system, which can enhance vehicle stability and maneuverability during
high-speed maneuvers. The actuations involved in this control structure are four independent electric
motors and two aerodynamic surfaces at the front and rear of the vehicle. The proposed algorithms are
evaluated first in the CarSim® simulation environment and eventually on the test vehicles available at

the Mechatronic Vehicle Systems lab.

1.3. Thesis Outline

In the second chapter of this thesis, available literature on vehicle dynamics and control at the
handling limits with various actuation systems are reviewed and summarized. The available methods
of dynamic analysis at the limits of handling with the focus of torque distribution are studied. Different
approaches to optimal torque distribution for electric vehicles are explored. Active aerodynamic
systems (active aero surfaces) are studied and available control strategies for defining optimal aero
surfaces’ angles are reviewed. Constrained multi-actuator systems and their control structures with yaw

tracking and stability objectives are explored and summarized in this chapter.

The third chapter focuses on the dynamic modeling of a vehicle moving on a road with bank and
grade angles. This chapter presents the dynamic equations of motion of the vehicle and validation
5



results of the proposed model. Nonlinear tire models available in the literature are also explored in this

chapter and the tire model used in the thesis is introduced in this chapter.

The fourth chapter studies the optimal torque distribution to achieve maximum lateral grip. This
chapter includes dynamic analysis based on the phase portrait method. The torque distribution effect
on open-loop dynamics and the safe envelopes are investigated in this chapter. Inspired by the dynamic
square method, axial-based and wheel-based optimal torque distribution algorithms are developed with
the objective of maximizing vehicle lateral grip. Two feedforward optimal torque distribution
controllers are designed and evaluated by simulations and experimental studies in this chapter.

In Chapter 5, a control structure is developed to control the active aerodynamic system. Two
aerodynamic surfaces are added to the front and rear of the vehicle as the main actuators in this chapter.
A feedforward controller and an MPC feedback controller are designed to optimally find the control
actions for the objective of yaw tracking. The deigned controller is evaluated in the CarSim high fidelity
model.

Chapter 6 presents the integration of the optimal torque distribution control and active aerodynamic
control presented in Chapters 4 and 5. A multi-actuator highly constrained MPC controller is designed
in this section. The objective of this controller is tracking the desired yaw rate and stabilizing the
vehicle by defining stability constraints for the optimization problem. A high-level constraint
adjustment module is developed and added to the control structure to observe and adjust actuators'
constraints to maximize the controller performance and minimize cost and energy by
activating/deactivating the actuators. The proposed controller is simulated and verified in the CarSim

simulation environment.

In Chapter 7, the conclusions and contributions of this thesis are summarized. The potential works

that can be investigated in the future based on this dissertation are also listed.



Chapter 2
Literature Review and Background

In this chapter, a literature review is performed on vehicle dynamics and control at the limits of
handling. The first section of this chapter reviews the available works on the methods of dynamic
analysis for a vehicle at its handling limits. Then control strategies for optimal torque distribution and
active aerodynamic system are studied. Control strategies for constrained multi-actuator systems are
also reviewed. The last section is devoted to the road angles estimation. Although road angle estimation
is not part of this dissertation, the lack of dynamic modeling of a vehicle moving on a road with bank
and grade angles in the literature, brought the idea of reviewing available studies on vehicles moving
on banked or inclined surfaces to understand various approaches for including road angles in dynamic

modeling and analysis.

2.1.  Vehicle Dynamics at the Limits of Handling

When a vehicle reaches its friction limits, vehicle handling can be highly critical and any small
miscalculation in control actions from the controller perspective can lead to a catastrophic incident.
When it comes to driving a vehicle at its limits of handling, race car drivers have enough skill to keep
the vehicle stable. But when it comes to ordinary drivers or autonomous vehicles, the controller's
capacity in handling the situation at the friction limits is of the highest priority [2]. To translate the
racecar drivers’ skills into a control system, the vehicle dynamics at the friction limit must be carefully
rooted in the vehicle control system. Since the vehicle dynamics at the limits of handling is highly
nonlinear and function of many different parameters, to decrease the complexity of its concept,

graphical methods such as “g-g” diagram, Dynamic Square, and phase portrait diagrams are being used



to give a better insight about it to control engineering researchers. Each of these methods is explained

in the following sections.
2.1.1. “g-g” Diagram

One of the most popular methods for designing a controller that can operate at the limits of handling
is using the “g-g” diagram [3]-[5]. “g-g “diagram graphically relates the vehicle maximum capacities
in force generation with the driver’s actions, road conditions and vehicle dynamics behavior [6]. This
method plots the longitudinal acceleration on the vertical axis against the lateral accelerations on the
horizontal axis. The border of the “g-g” diagram represents the friction limits of the vehicle. Figure 2-1
shows a “g-g” diagram plotted using real test data of a Formula SAE race car while it had been driven

at the limits of handling on the race track [7].
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Figure 2-1. Formula SAE racecar g-g diagram at the limits of handling [7]
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Figure 2-2. Circle model of “g-g” diagram for vehicle limit handling

Many research developments have been founded based on the “g-g” diagram [8]-[11]. However,
due to the complexities of the vehicle dynamics at the limits of handling, instead of using an oval model
of the “g-g” diagram, a simplified circle version of it has been replaced in many of these researches,

see Figure 2-2.

For designing a feedforward longitudinal controller for an autonomous vehicle that could drive the
vehicle to its limit of handling during a cornering maneuver, Kritayakirana and Gerdes [8] used the “g-
g” diagram. The designed feedforward controller estimated the required brake or throttle command to
perform a cornering maneuver on a clothoid map in the same way that a professional race car driver
could do it. Knowing the mathematical characteristic of the clothoid track would provide the required
information to the controller for finding the lateral acceleration, which is a function of path curvature.
When the controller receives the lateral acceleration measurement, the knowledge of the friction limits
coming from the “g-g” diagram would let the controller estimate the brake\throttle command to have
the desired longitudinal acceleration. Having the desired lateral acceleration combined with an

appropriate steering command resulted in tracking the path at the limits of handling.

A dynamic controller consist of longitudinal and lateral controllers was designed by Ni and Hu [7].
The proposed controller was capable of tracking the desired path at the limits of handling. They

obtained the driving limits of the vehicle by using the “g-g” diagram, which was obtained from the
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phase portrait approach. They also used an estimator and feedback controller to minimize the
uncertainties and disturbances due to the road friction condition and tire cornering stiffness. To do so,
they estimated the maximum road friction and adjusted the “g-g” diagram with respect to the estimated
friction coefficient by getting feedback from the motor torque and wheel speed. They validated the

proposed controller by applying it on an autonomous vehicle being driven on an oval race track [7].

2.1.2. Dynamic Square

Although the “g-g” diagram is easy to understand, it just provides information regarding the friction
limits and the lateral and longitudinal accelerations. Therefore, it worth introducing the Dynamic
Square method which has been developed after the “g-g” diagram by Matsuo et al. [12]. This method
plots nominal values of the front and rear axle forces based on the available lateral and longitudinal

accelerations. Indeed, the “g-g” diagram is part of the dynamic square [13].
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Figure 2-3. Dynamic square
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Figure 2-3 shows a dynamic square plotted for a vehicle with oversteer behavior. In a Dynamic
Square, each quadrilateral belongs to a specific amount of lateral acceleration, and as the available
lateral acceleration increases, the related quadrilateral shrinks to a smaller size compared to the ones
belong to lower lateral accelerations. The iso-curves in the middle area of the dynamic square represent
the force distributions to the front and rear axles which result in the oversteering behavior of the vehicle.
This is when the front axle saturates before the rear axle. Along the sides of the quadrilaterals, the
vehicle behavior is understeer, i.e. the rear axle saturates before the front axle. At the vertices, both
axles saturate simultaneously which makes the vehicle behavior neutral. The method of the dynamic
square has been used in few numbers of researches during the last years [9], [14]-[16]. Among the
referred researchers, Matthijs Klomp, Kaoru Sawase, and Yoshiaki Sano can be named as the main
authors who have applied the dynamic square method in their research. They all have used the dynamic
square method to develop algorithms, which distribute the torque optimally to the axles\corners to
maximize the lateral grip and stability during harsh cornering. The dynamic square method is the main

inspiration in this dissertation and will be explained in more detail in Chapter 4.

2.1.3. Friction Estimation at the Limits of Handling

In preparation for developing an algorithm, which can push the vehicle into the friction limits, first,
the friction coefficient between the tire and the road surface must be known. There are various methods
for estimating the road\tire friction coefficient. The available literature on the road\tire friction
estimation reveals that there are two main categories in this field: a) estimation of average friction
coefficient which assumes all tires have the same friction coefficients, and b) estimation of tire friction
coefficients individually [17]. Although in normal situations all tires are subjected to the same road
conditions, there happen cases in which, tires may face different road conditions where if the average
friction estimation is being calculated, it may cause errors in the controller’s performance and create
dangerous situations. Therefore, it is highly recommended to use an individual friction estimation at
each corner of the vehicle. To estimate the friction coefficient, researchers can either follow approaches

that measure longitudinal dynamics or approaches which measure lateral dynamics of the system [18].

In a study performed by Rajmani et al. [19], tire friction is being estimated through three different

algorithms depends on the available sensors. All algorithms are based on the longitudinal slip
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calculation. In their method, first, the longitudinal forces on each tire are estimated, then the slip ratio
will be calculated for each wheel independently, and finally, by using a least-square parameter
identification the road\tire friction coefficient is estimated. The authors have reported the evaluations
of their algorithm both on CarSim® and on a Volvo XC90 sport car and showed that it could reliably
estimate the road friction coefficient.

Hsu et al. [20] have used steering torque to measure aligning moment and estimate road\tire friction
coefficient. Aligning moment change significantly just before the tires reach their maximum capacity,
and can be detected from steering torque available through steer-by-wire or electric power steering
systems. In the model presented by Hsu et al. [20] information derived from steering torque has been
used to estimate the tire sideslip angle. Having the tire sideslip angle would lead to the friction limits
in the lateral direction. In their modeling, the sensitivity of the tire trail to the tire parameters has played

an important role in the early detection of maximum lateral forces before tire saturation happens.

2.2.  Vehicle Stability Analysis Based on Phase Portrait Approach

A phase portrait diagram plots the sideslip angle and yaw rate of the vehicle against each other. A
phase portrait diagram provides significant information for analyzing nonlinear dynamics systems.
Each point of a phase portrait represents the magnitude and direction of the vehicle steady-state
responses for sideslip angle and yaw rate. The phase portrait also reveals the location of the equilibrium
points of the vehicle dynamic system [21]. Based on the type (stable or saddle) and the location of the

equilibrium points, vehicle dynamic behavior at different regions of the phase portrait can be studied.

Figure 2-4 shows a phase portrait obtained from an open-loop dynamic analysis based on a planner
vehicle model. The circles represent the equilibrium points which can lead to defining the stable (white)
and unstable (gray) regions of the vehicle performance and would be highly beneficial for designing a
controller. There is wealthy literature on using phase portrait diagram for designing stability controllers
[22]-27].
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Figure 2-4. Phase portrait of a planner vehicle model with no steering angle effect [28]

Inspired by the phase portrait diagram a safe envelope has been defined where inside its boundaries
the vehicle is said to be stable [29], see Figure 2-5. To guarantee that the vehicle is stable, it is necessary
to define the vehicle stability region for the control system and make sure the vehicle is always within
the boundaries of the stable region. If a vehicle goes out of the safe boundaries, the controller should
be able to bring it back to the safe zone as fast as possible [30].

The stable envelope is defined based on the steady-state values of the vehicle yaw rate and sideslip
angle. As long as the vehicle is inside the safe envelope it can be assured that it won’t spin and remains
stable. It should be noted that since the boundaries of the stable envelope are defined based on the
steady-state analysis, it is possible to be outside of the boundaries and remains stable. In such situations,
the vehicle will go back to the stable region within a short time. It was suggested by Brown et al. [31]
that there could be a larger stable envelope that is yet under investigation.
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Figure 2-5. A stability envelope that divides stable and unstable regions

As soon as a vehicle goes outside the stable region, it must turn back to the safe envelope as fast as
possible. Depends on the state values and vehicle dynamics, it may require various control actions to
be applied to bring it back to the safe region. However, the main question is which control action and
with what actuation value must be used to bring the vehicle back as fast as possible. This question may
rise not only for stability purposes but also for reaching any other control resolutions. Bobier and Gerdes
[32] developed a high-performance sliding surface control with a low computational effort that could
stabilize the vehicle y keeping it inside the safe envelope. They defined the boundaries of their safe
envelope based on the yaw acceleration null-cline. They designed their controller in a way that driver
has full control over the vehicle. While, when the vehicle states are outside of the safe envelope, the
controller adjusts the control actions to minimize the distance between measured states and the
boundaries of the safe envelope. Brown et al. [31] used a phase portrait to develop safe envelopes for
stability and obstacle avoidance. By integrating the two controllers, one for path planning and the other
for path tracking, they could safely deviate from the desired path within the safe envelope. They
implemented the envelope control in a model predictive structure and evaluated their controller
experimentally. They could successfully track the desired path even when the vehicle was outside of
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the stability safe envelope. Erlien et al. [33] developed a shared control structure to perform obstacle
avoidance while stabilizing the vehicle using two different safe envelopes. One of their envelopes
limited the boundaries of the tracking line and obstacles, and the other one limited the vehicle states to
assure vehicle stability. They successfully tackled the nonconvex nature of the optimal controller by
breaking it into a set of convex problems. They evaluated their proposed method by experimental tests.
Bobier et al. [34] utilized the phase portrait to integrate the open-loop dynamics into the yaw rate and
sideslip angle stable boundaries. They studied the effect of steering and braking as their main control
actions on the open-loop dynamics through the phase portrait technique. They implemented the results
of their investigation on a sliding surface controller to stabilize the vehicle during drift maneuver. They
used the iso-clines and null-clines of the open-loop dynamics to locate the equilibrium points. They
studied the effect of the steering and braking commands on the iso-clines and null-clines to have better
insight on the control action effect on the drift equilibrium points. They mixed the phase portraits
outputs for the extreme cases of each control action to be able to have an integrated form of logics for

finding the location of equilibrium points under simultaneous effect of both control actions.

As an extension of the two dimensional (yaw rate - side slip angle) phase portrait, a three-
dimensional phase portrait including longitudinal velocity was studied by Beal and Boyd [35]. The 3-
D phase portrait would allow investigating the effect of combined longitudinal and lateral tire forces
under the applied control actions. The outputs of this approach would make it possible for the control
designer to check both state trajectories and system stability of a complex nonlinear system. Each of
the trajectories shown in Figure 2-6 represents the steady-state responses of the vehicle starting from
initial conditions shown as circles and under the effect of -5% wheel slip braking and 5° of the steering
angle of the front tires. Initial conditions covered in this figure are those that happen mainly during
harsh maneuvers. The stars represent the equilibrium points which along together as the longitudinal
speed changes, create an equilibrium string; All stable trajectories converge to this string [35].
Including longitudinal speed in the phase portrait let one study the nonlinear combined slip effect of

the tire force generation using the 3-D phase portrait.
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Figure 2-6. 3-D Phase portrait having steering and braking as control actions [35]

2.3.  Vehicle Stability and Control with Torque Distribution Method

Torque distribution control or torque vectoring is known as an effective control method among the
available control strategies. The main idea of this method is to directly control the yaw moment acting
on the vehicle by transferring torque between the front and rear axles and\or left and right wheels. By
this method, the vehicle can be stabilized during the cornering maneuver by changing the understeer
characteristics of the vehicle and enhancing its steering response. This method has been commonly
used in vehicles with electric motors due to the capability of having various torques at each corner of
the vehicle [36]-[44]. Esmailzadeh et al. [45] modeled and analyzed the dynamics of an electric vehicle
equipped with four motors. They studied the dynamics of the vehicle's motion, wheels, and electric
motors. they also designed a yaw moment controller based on the developed model for the motorized
wheels electric vehicle [46]. They designed an optimal controller to obtain desired yaw moment by

distributing torque into corners. Their multilayer control system included a feedforward steering control
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and a feedback yaw tracking control. Goodarzi et al. [47] designed a vehicle dynamic controller for
stabilizing the vehicle by optimizing the external yaw moment. They designed a multi-layer control
system which in the high-level could calculate the required traction force. In the middle level of the
control structure, they used a fuzzy logic controller to control the traction force of each wheel
independently. In the last layer, their control system targeted the slip ratio of the wheels. Cao et al. [48]
designed an electric stability controller for an electric vehicle with four independent electric motors.
They proposed a two-layer structure for their control system. The higher level assured vehicle stability
by calculating the required yaw moment. The lower level of the controller distributed the yaw moment
requested by the stability controller into each electric motor. They evaluated their controller on a
CarSim model integrated with MATLAB Simulink. They assumed the vehicle is traveling straight on
a split 4 and can remain stable during critical moments when each wheel experiences a different friction
coefficient. Zhai et al. [49] designed a stability controller based on a torque distribution algorithm. They
used a fuzzy control with a look-up table for their fuzzy sets related to the tire parameters for calculating
the tire lateral forces. They compared their algorithm with conventional torque distribution algorithms,
which distributes torques evenly or just based on the normal loads' variations. They showed their
optimal algorithm has a better stability performance. Her et al. [50] used torque distribution in the form
of differential braking and front/rear traction to reach their desired values for longitudinal forces, yaw
moment, and roll moment. In their yaw moment modeling, they used a linear tire model with constant
values for cornering stiffness. Huang et al. [51] proposed an optimal torque distribution algorithm
through a multi-objective optimization problem for an electric vehicle. The first objective of their multi-
objective optimization was to detect the efficiency of the drive motor. The second objective was to
optimally distribute the torque, and the third objective was to stabilize the vehicle. They used the line
weighting method with adaptive weight to convert the last two objective functions into a multi-objective
constrained optimization problem. They tackled their multi-objective optimization problem of torque
distribution with the second-generation non-dominated sorting genetic algorithm and the hybrid genetic
Tabu search algorithm. In another study performed by Lin et al. [52], a multi-objective optimal torque
distribution strategy was developed for an electric vehicle with four electric motors. They tried to
stabilize the vehicle through optimal torque distribution while maintaining the energy efficiency at its
highest performance. They modeled the motor energy loss to develop an energy loss control allocation.
To fulfill their second objective, they designed a hybrid model predictive controller to minimize the

yaw tracking error. They evaluated their controller by implementing it on a dSPACE platform to
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perform a lane change driving scenario and showed that the controller could improve the vehicle
stability during the yaw tracking. Tahouni et al. [53] developed a novel control system by integrating
active torque vectoring and electric stability controllers. They proposed a nonlinearly constrained
controller with a nonlinear prediction model. By restricting the sideslip angle values in the optimization
problem, they could enhance both the vehicle stability and steerability. They transformed the yaw
moment requested by the controller into distributed drive/brake torque. They compared their
achievements with a nonlinear unconstrained MPC with 14-DOF and showed a faster and more accurate
solution can be achieved by just using constraints on sideslip angle. Alcantar and Assadian [54]
designed a control system which could perform rear torque vectoring on a hybrid electric vehicle to
optimize lateral tire forces. Their controller could improve the longitudinal performance of the vehicle
while it prevents tries from saturation when driving on a low friction surface. They also enhanced the
vehicle yaw tracking during high-speed double lane change maneuver by using a linear tire model for
the lateral and longitudinal tire forces. To design the rear torque vectoring, they modeled the rear axle
drive as a system with 6-DOF and integrated it with a 3-DOF vehicle dynamics. They tried to obtain

minimum tire forces and minimize the yaw tracking error, simultaneously.

Although torque vectoring has been used in many research since 1996, the idea of finding the
maximum available torque-vectoring was first introduced by Sawase and Ushiroda in 2008 [9]. They
considered the vehicle handling limits to calculate the maximum possible torque vectoring, which
would give the best cornering performance to the vehicle. To do so, they used the dynamic square,
which was explained in previous sections to find the vehicle handling limits and also, the optimum
torque distribution to the front and rear axles. As mentioned in section 2.1.2, the vertices of the
guadrilaterals of each dynamic square represent the torque distribution, which saturates both the front
and rear axles, simultaneously. As shown in Figure 2-7, following all vertices along with Dynamic
Square of various lateral accelerations, the optimal front/rear torque distribution is shown by red line

with circle markers.
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Figure 2-7. Optimal torque distribution based on Dynamic Square

In order to have the best cornering performance, the red line of M, = 0 must be followed for the
torque distribution to the front and rear axles. For the case of acceleration, the first quarter of the
Dynamic Square must be considered and therefore, the optimal torque distribution would lie on the line
that showed by the green line with square markers [13]. It should be noted that Dynamic Square shown
in Figure 2-7 has been plotted without considering the effects of normal load transfers and the steering
angle input. Therefore, the introduced optimal solution in [13] based on Dynamic Square is not feasible

and must be enhanced to be capable of being applicable to a real car.

2.4. Vehicle Stability and Control with Active Aerodynamic Systems

Harvesting aerodynamics forces in favor of improving the handling performance of vehicles have
been a very interesting topic for researchers, especially in racecar engineering. Tripled downforce
generated by aerodynamic elements in race cars has increased their lateral accelerations up to 3g [55].
The first signs of using aerodynamic to increase vehicle performance appeared on formula one cars in
1968 by adding inverted wings on the front and rear axles [56]. Adding air wings brought a big
improvement in cornering, accelerating, and braking performance of race cars. Since then optimization

has been used to find the best shape, size, and coordination for the air wings to get the highest downforce
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possible [57], [58]. Along with the advances in the vehicle industry, requirements for safety modules
have increased, and car companies have been encouraged to use aerodynamic technologies such as
active air wings as a safety module on their productions. Adding active aerodynamic wings to a system
can compensate for the effect of lift forces caused by the airflow passing through the vehicle body. The
extra downforce added through active aerodynamic system increases the available braking/traction
capacity and enhances the handling and stability during maneuvers with high deceleration\acceleration
[59]. In addition, during sharp maneuvers, the normal load transfers significantly reduce the inner
wheels' normal loads. Adding active aerodynamic elements would balance the normal load distribution,
which also leads to better traction or braking [60], [61]. The most commonly used aerodynamic
elements are fixed spoilers, which are being used in vehicles to increase their performance by increasing
the downforce acting on the vehicle. However, a fixed spoiler does not offer any control over the
downforce [62]-[66]. An active aerodynamic system can adjust the angles of the front and rear spoilers
based on the vehicle dynamics to have optimum values of downforce.

Corno et al. [67], [68] used aerodynamic wings for improving vehicle ride comfort. They used four
aerodynamic surfaces to increase the ride quality by minimizing the sprung mass vibrations. They
modeled the vehicle by a quarter-car model for their closed-loop controller and validated their model
through high-speed simulations. They assumed the angle of the spoiler as the control input and the
desired lift coefficient as the control output. They showed that by using the independent aerodynamic
wings, the ride comfort improves by up to 30%. In 2014, an adaptive controller was designed and
reported by Meder et al. [69] for the Porsche 911 Turbo. Their goal was to increase the downforce in
the front axle by changing the front ramp angle around 2.5° to 10°, and reduce the lift on axles about
0.07 to -0.15. To do so, they designed an adaptive aerodynamic system that could be adjusted based on
the driving conditions. To cover a wide range of driving scenarios, they defined three different zones
for their aerodynamic control system. The tree zones were separated based on the vehicle longitudinal
speed. The first zone covered the speed less than 80 km/h, the second zone covered speeds more than
120 km/h, and the third one included speeds over 270 km/h. In the first zone, all elements remained in
their start position. In the second zone, the front wing is engaged automatically. The activation of the
aerodynamic wings for zone three for the manual operation was designed and could either be started or
stopped through a button in the front consul. The spoiler angle in their controller was forced to fixed
angles in the third zone for safety reasons. Diba et al. [70] performed an investigation on the use of
adjustable air wings on formula one cars. They applied their controller on a small size race car and
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controlled the angle of attack on each spoiler separately to improve handling and stability. Their focus
was on balancing the normal loads acting on the vehicle and compensating for the negative effect of
the normal load transfers caused during high acceleration maneuvers. Ayyagari and He [71] studied the
aerodynamic effect of the active rear spoiler. They performed CFD analysis as well as experimental
tests in a wind tunnel. They designed a spoiler to improve the lateral stability of vehicles during driving
scenarios with high speed and high accelerations. They studied the aerodynamics effect of rear spoiler
during different angles of attack and different wind speeds. Chen et al [72] designed an integrated
control system including differential braking and active aerodynamic elements. They assumed two air
wings attached to the roof of the vehicle and each could be controlled separately. They used two control
levels, the upper level included a sliding mode controller to track the desired yaw rate, and the lower
level coordinated the aerodynamics control and differential braking control. They showed their
designed controller improved the vehicle performance in yaw rate tracking. Ahangarnejad et al. [73]
proposed a rule-base integrated controller consist of four different independent chassis control systems.
They included an active aerodynamic control, torque vectoring control, active steering control, and the
interconnected suspension control in their integrated chassis control system. The active aerodynamic
control used in their control structure was based on the event-based lookup tables of required normal
loads. They included the vehicle roll dynamic in their modeling but an important missing point in their
formulation was to consider the lateral load transfers in their normal load estimations. Hammad [74]
designed a sliding mode control system with the objective of yaw tracking and used active aerodynamic
as its main control action. He used a lookup table to find required normal loads at each longitudinal
speed. The active aerodynamic system he used included a set of inner wings and outer wings. He

designed the controller in an event-base form with three different modes for each air wing sets.

2.5.  Control and Stability of Multi-Actuation and Constrained Systems

To integrate active aerodynamic elements with different actuators such as active steering,
differential braking, torque vectoring, etc., a control system must be capable of handling all
nonlinearities and constraints of the system. A method for controlling high-constrained systems with
multiple actuators is Model Predictive Controller (MPC). MPC is a well-known control structure for

yaw tracking and stability purposes of multi-actuation constrained systems [75]-[80]. Li and Luo [81]
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proposed an integrated control structure consist of a yaw tracking MPC and a speed tracking controller.
They assumed five control actuators of steering angle and four corner torques. They assumed that the
tire slip ratios and tire slip angles are small enough to model lateral tire forces linearly. They considered
3-DOF for their prediction model and developed a linear time-invariant MPC for yaw tracking
purposes. They also designed a PID controller for speed tracking with the control actions of corner
torques. In the end, they integrated the corner torques obtained from each controller to a unit set of
control action and sent it to the vehicle. They validated their control structure performance in the
CarSim simulation environment. Unfortunately, their report was deficient in explaining the integration
of optimal control actions from each controller. Fnadi et al. [82] designed a constrained MPC for a
rover to track the desired trajectory. The prediction horizon of their proposed MPC varied with respect
to the rover longitudinal speed to assure enough prediction time. They modeled tire lateral force as a
linear tire model, which is acceptable for the rover’s tire with small sideslip angles. They defined
stability constraints on the rover’s sideslip angle and input constraints on the front and rear steering.
They showed the importance of having stability constrained by comparing their results with an
unconstrained LQR controller. Hashemi et al. [83] designed an MPC that included tire combined slip
effects and force nonlinearities in the prediction model. They designed an MPC, which tracked the yaw
rate and lateral velocity of the vehicle by optimizing the torque corners. They verified their controller
on the low friction surface, experimentally. Yang et al. [84] modeled tire blow-up in extreme driving
conditions and designed an MPC to stabilize the vehicle before and after a tire blow-up. They included
stability and actuator increment constraints in their MPC structure. Their proposed MPC could track
yaw moment and tires’ longitudinal forces by redistributing the normal loads acting on the corners after
atire blow-up. Nabhidi et al. [85] integrated lateral and longitudinal stability control systems. They used
an MPC to find the required yaw moment and longitudinal forces at each corner. Then they incorporated
a low-level controller to adjust torque corners according to the required forces obtained by the high-
level MPC. Nah and Yim [86] enhanced the stability maneuverability of an electric vehicle by
implementing a direct yaw moment multi-actuation control system. They assumed an electric vehicle
with independent four-wheel braking, independent four-wheel drive, and independent four-wheel
steering. They designed a controller to control total yaw moment created through each wheel
brake/drive/steer in a way that the vehicle remained stable in all driving conditions. Zhang et al. [87]
integrated yaw rate and side slip control with wheel slip control to enhance vehicle stability in

longitudinal and lateral direction. They tried to combine their control objectives in MPC structure with
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the control action of torque vectoring. They considered the nonlinearity of tire forces especially in
lateral direction due to variation of tire slip ratios. They also considered the combined slip effect of tire
on lateral and longitudinal forces by introducing a nonlinear tire model in their prediction model. They
defined a linear parameter varying (LPV) MPC structure by linearizing their nonlinear prediction model
at each time step. Their LPV-MPC could handle system stability with constraints as an online
optimization problem. They claimed that their LPVV-MPC could decrease computational time compared
to the other LPV-MPCs available in literature.

2.6.  Vehicle Dynamics on Non-Flat Road

In order to consider the road angles in the dynamic analysis, it is required to either have the road
information in advance or to have an estimation module that can evaluate road properties online as
accurately as possible. As mentioned before, considering the road angles in the control system would
prevent the inaccurate performance of stability control actuators [88]. There are several types of
research performed on road bank estimations. Boada et al. [89] developed an estimation method for
vehicle parameters such as roll angle and road bank angles. Their method was a combination of a dual
Kalman filter with a probability density function truncation method to consider the parameter physical
limitations. Their method was based on the data they obtained from a real vehicle equipped with various
types of sensors. Same as many other studies in this field [90]-[93], they faced the challenge of getting
global information on the roll angle from sensors. The angle provided by these sensors is a combination
of vehicle roll angle and road bank angle. Therefore, separation of the roll angle and road bank angle
is a challenge that has been addressed and some solutions are proposed by researchers. Ryu and Gerdes
[90] could successfully defeat this problem by developing a disturbance observer. They used the Global
Positioning System (GPS) and Inertial Navigation System (INS) sensors to estimate the exact
parameters of the vehicle model. Then, by developing a dynamic model that contained vehicle roll as
state and road angle as disturbance, they could estimate the road angle by using the disturbance

observer.
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Chapter 3

Vehicle Dynamics Modeling on Non-flat Roads

In order to perform an accurate analysis of vehicle dynamics, a model that describes the vehicle
states and its surrounding interactions is highly essential. There is a wealth of literature on the dynamic
analysis of vehicles with planar motion, but the effect of gravity component on the lateral and
longitudinal dynamics of a vehicle moving on a non-flat road is mainly ignored in the previous studies.
Driving on a non-flat road (a road with bank and/or grade angles) commonly happens in both race
tracks and urban/highway driving. Therefore, either for designing a controller for a passenger vehicle
or a performance vehicle, the effect of road angles must be considered. Designing a controller without
considering the gravity component effects on the vehicle dynamics would results in poor performance
of the controller as soon as the vehicle enters a road with the bank and/or grade angles. Therefore, the
road condition must be considered in the modeling for the dynamic analysis which gives the control

designers the most accurate insight into vehicle behavior.

In this study, a 3-DOF vehicle model on a non-flat road is developed. The vehicle states consist of
the yaw rate (r), which describes the vehicle rotation around the z axis, vehicle sideslip angle (8), and
the longitudinal velocity (v,) at the vehicle center of gravity (CG). The road has a bank angle ¢,- and
grade with the angle 6,. . It should be noted that at this stage of the investigation, the roll and pitch

dynamics of the vehicle have been neglected due to the complexity of the 3-DOF model.
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3.1.Vehicle Motions on Non-Flat Road

In this section, the motion of a vehicle moving on a non-flat road is investigated. The schematic
model of the vehicle is shown in Figure 3-1. The (xyz) coordinate system is assumed to be fixed to the
vehicle's center of gravity. The right-hand rotation of the coordinate system around z-axis is defined as
the vehicle yaw angle (), the right-hand rotation about the x-axis is shown as 6,., which represents the
road grade, and its right-hand rotation about the y-axis represents the road bank and is shown by ¢,..
As the vehicle moves on the non-flat road, the (xyz) coordinate system rotates with the vehicle. The
rotation of the coordinate system with respect to a fixed reference system can be described by the

following rotation matrix where ¢ and s are short for cosine and sine, respectively [90]:

11 0 0
Cp=10 cos¢, sin qﬁr] (3-1-a)
[0 —sin¢g, coso,
cosf, 0 —siné,
Co=| O 1 0 ] (3-1-b)
|sinf, 0 cosé,
cosy siny O
Cy = [— siny cosy 0‘ (3-1-¢)
0 0 1
o, cy cl, sy —s0,
C= C¢>C9C1p = (_C¢r s + sy s, Cl»b) (C¢r cp + sy so, Sl,b) sy O, (3'2)

(S¢r Sl/) + C¢r 597” Cl/)) (_Sd)r Cl/) + C¢r 597" Sl/)) C¢r Cgr
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Figure 3-1. Schematic modeling of vehicle on road with bank and grade angles
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In order to find the relative angular velocity of the vehicle shown in Figure 3-1, the right-handed

rotation matrices of Cy and Cy must be applied to the reference frame angular velocity as follow [94]:

N Wy d)'r 0 0
0= wy] =10 +C¢( gr +C9 0])
W, 0 0 P (3-3)

By doing the matrix multiplication, the rotation matrix for calculating the vehicle angular velocities
can be found as:

1 0 —sin6, 71[¢r
Q=[0 cos¢, sing,cos Gr] 6,
0 —sing, cos¢rcosb,l]|) (3-4)

Therefore, the angular velocities of the vehicle can be obtained as follow:

Wy ¢, — sinb, P
Q= wy] = | cos¢, 6, + sing, cosb, P (3-5)
Wy

—sing, 6, + cos¢, cosb, P

In the next step, the velocity and acceleration of the vehicle must be defined. To do so, first, the
coordinate systems must be set. Assuming a fixed coordinate system in the inertial space as (XYZ) and
a coordinate system fixed to the vehicle body as (xyz). The rotation of the (xyz) is the same as

explained before in Eq. (3-2).

Assuming a fixed point on the vehicle body, the displacement of this point can be expressed as:
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X
7= H (3-6)

¥4

A schematic model of the vehicle moving on a road with the bank and grade angles is shown in

Figure 3-2. The inertial and the fixed coordinate systems are also shown in this figure.

Figure 3-2. Rotation of the coordinate system as the vehicle moves along the inclined road

Therefore, the inertial velocity and acceleration of the vehicle are defined as [95]:

1_}inertial = ; + (5 X F) (3-7)

-

Ginertiar = 7+ 0 x (@ x7) + (% 7) +2(0 x 7) (3-8)

where 7 and # are the respective velocity and acceleration of the vehicle body due to the motion in

(xyz). Substituting Egs. (3-4) and (3-6) into Egs. (3-7) and (3-8) and by applying derivatives and after
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some mathematical simplifications, the relative velocity and acceleration can be rewritten in the

following forms:

Uy X+ zZwy — yw,
Vinertial = |Vy| = [V — Zwx + Xxw, (3'9)
Uy Z+Yywy —xwy,
Ay
Ainertial = |4y
aZ

X —yw, —ywy, + 2wy, + 20y, — 0, — Zwy + xw,) + a)y(z' + Yy, — xw, )
= |y — Zwy — ZWy + Xw, + xwW, + a)Z(fc + zwy, — ywz) - a)x(z' + ywy — xwy, ) (3-10)

Z+ YWy + Y0, — Wy, — X0y — a)y()'c + zw, — ya)z) + wy (Y — zwy + x0,)

By separating the time derivative components of the relative velocity, the relative acceleration can

be rewritten in a simplified form. The time derivative of the velocity is defined as:

d d %—ywz—y(f)y+?wy+za:)y
avinertial = avy = |V —Zwy — ZWy T XW; + Xy (3-11)
7+ ywy + Yy, — Xwy — X0y,

By replacing Egs. (3-9) and (3-11) in Eq. (3-10), the acceleration can be simplified as follow:
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— d -
avx — Wy Vy + Wy,
R d
Qinertial = Evy + WV — Wy v, (3-12)
d
by Uz — WyUy + Wy Vy |

3.1.1. Combined Slip Tire Model

Tires are the most important component in terms of controlling vehicle motions and direction
during accelerating and braking. The four contact patches between the tires and ground are the main
sources of force to the vehicle. Therefore, there are many different tire models developed to capture
tire properties and force generations at their most accurate level. Some of the models are based on the
experimental data known as the empirical models, such as the Magic Tire Formula, and some others
are based on the physical and kinematic characteristics of tires at the contact patch like the Brush Tire

Models [96]. The Fiala tire model is one of the common brush tire models, which has been chosen for

this study.

In the simplest form of the Fiala tire model, it is assumed that the lateral force generated by the tire
has a linear relationship between the tire sideslip angles. The ratio of the tire lateral and longitudinal

velocities represents the tire sideslip angle as:

tana = = (3-13)

The tire sideslip angle is the tire lateral deflection at the contact patch, which provides the required

lateral force. The amount of the lateral force at the contact patch, can be found based on the linear brush

model as:

E,=C,a (3-14)



where C,, is the stiffhess of the tire brushes, also known as the tire cornering stiffness. The linear brush
model can approximate the tire lateral force, accurate enough while the tire side slip is small, but as the
tire sideslip angle increases, this linear model cannot capture the correct tire forces anymore. Therefore,
the linear brush model has been modified to the lateral brush tire model which considers the tire
saturation during high slip situations. Indeed, a more complicated model is required to address the tire
behavior when the sideslip angle is high. The Fiala tire model is a nonlinear brush model that can model
tire lateral forces both at law and high sideslip angles. In this model, the tire lateral force is a function

of the tire normal load F,, the road friction coefficient u, cornering stiffness C,, and tire sideslip angle

a as follows:
z 2
—Cytana + tana |tana — ———tan«a al < a
Fy — a 3 L le | 27 #2 Fzz | | lim (3_15)
—uFE, sgna la | > aiim

where a;;,,, is the smallest tire slip angle at which, the total contact patch has reached its friction limit

as:

3uF;

Qim = arctan (3-16)

a

By using the lateral brush model, the linear behavior of the tire at the small values of sideslip angle
will be captured as well as the saturation of the tire when it reaches the friction limits at the higher tire
sideslip angles. However, this model does not consider the combined effect of the longitudinal and
lateral forces. Therefore, in cases where the longitudinal force exists, the lateral brush model cannot
approximate the correct value of the tire lateral forces and can develop errors in simulation and vehicle
dynamic modeling. To overcome this problem, the combined slip brush tire model has been introduced,
which considers the combined effect of the longitudinal force generation on the lateral tire forces in the
presence of either braking or accelerating. In this model, a new parameter ¢ is defined which is coming

from the tire friction limits and assumes the friction limit to be a circle. It should be mentioned that the
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maximum tire capacity in force generation is uF, and the friction circle defines the relationship between

the longitudinal and lateral tire force at the friction limits as:

uF, = |FZ+F} (3-17)

The combined slip tire model, known as the combined slip Fiala tire model, is defined as:

2 3
C

—C,t +—% |t t ———% _tan3 < qj;

F, < tana 374 Z| ana |tana 2702 |2 2 an® a la | < ajim

—{uE, sgna lee | > ayim

(3-18)

where

vV (uF)? — sz (3-19)

{ =
KE;

Since the vehicle longitudinal dynamics, i.e., accelerating and braking, is an important part of this
study, the tire model should have the capability of modeling the force generation in both the lateral and
longitudinal directions. Therefore, the nonlinear combined slip Fiala tire model has been chosen as the

tire model in this thesis.

3.2.Vehicle Dynamic Model

A double-track vehicle model is considered to derive the equations of motion of the longitudinal,
lateral, and the yaw dynamics. It is assumed that the vehicle is an all-wheel drive with the front-wheel
steering.
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Figure 3-3. A double-track vehicle model

As shown in Figure 3-3, the longitudinal and lateral tire forces acting on the corners are shown as
Fyi; and F,,;; where i denotes the front and rear axles and j denotes the left and right sides, which the
forces are acting on them. The steering angles at the front tires are presented as &5; and the tire side slip

angles are shown by a;; as defined by:

vy, +ler v, +ler
ap = arctan—2—2— — O = kA S 8ri, i=rl (3-20)
vX vx
vy—bLr v,—-Lr ]
a,; = arctan = , i=rl (3-21)

Ux Ux

The vehicle has a total mass m, and the yaw moment of inertia I,. The distances of the front and
rear axles to the CG are I and [, respectively. Since the vehicle is at the limits of the handling, the

normal load transfer due to the longitudinal and lateral accelerations must be considered. Therefore,
after applying the effect of the road angles, Eq. (3-2), the normal loads at each corner will be defined

as:
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_mg(cost, cos¢,) L, —may h

m ayh

F.

I 2(l +1,) 2d
P mg(cosO, cos¢,) ., —ma, h mayh
2t 2(l + 1) 2d
P mg(cosO, cosg,) [ + ma, h mayh
arr 2(l +1,) 2d
o mg(cosO, cosp,) [ + ma, h mayh
e 2(4 +1,) 2d

(3-22)

(3-23)

(3-24)

(3-25)

By neglecting the wheel speed dynamics, the longitudinal forces can be determined by the torque

command at each corner as:

Fyij = Reys

(3-26)

where R, ¢ is the effective tire radius and T;; is the torque applied to the tires at each corner. The lateral

forces applied at each corner of the vehicle can be found using the combined slip Fiala tire model

introduced in Eq. (3-18).

Therefore, by having the tire forces defined in this section and the acceleration found in the previous

section, using Newton's law of dynamics, the equations of motion of the vehicle for the longitudinal,

lateral, and the yaw dynamics can be written as:

m(v‘x — a)zvy) = Fxfrcos(5fr) + Fypi cos(6ﬂ) + Fepr + Fypp —

= Fyp sin(é‘ﬂ) +mgsin@, — F,.,
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m(v'y + wzvx) = Fyfrcos(dfr) + Fyp cos(dﬂ) + By + Fypp + Fypr sin(SfT)

(3-28)
+ Fyp sin(5ﬂ) —mg sing,- cos6,
L7 = lf(Fyfrcos(Sfr) + Fyp cos(5ﬂ) + Fypr sin((Sfr) + Fypi sin(é‘ﬂ)) (3.29)
- lr(Fyrr + Fyrl)
The last term of Eq. (3-27), F,.r, IS the aerodynamic drag force and can be calculated as:
1 2
Faero = ZpAcdvx (3-30)

where p is the air mass density, A is the vehicle frontal area, and C is the drag force coefficient. Since
the lateral, longitudinal, and the yaw dynamics of the system are the main concern of this study, the
vertical motion of the vehicle has been neglected at this stage and its effect can be examined carefully

in future studies.

3.3.Non-flat Road Effect on the Open-Loop Vehicle Dynamics

The open-loop dynamics of a vehicle moving along a path with bank and grade have been studied
in this section. The vehicle states are modeled based on the developed equations of motion presented
in the previous section as Egs. (3-27) to (3-29). The numerical values of the model parameters, used in

this section, are presented in Table 3-1.

It is assumed that the road is dry with a friction coefficient u and the friction coefficient must be
estimated by using the estimation algorithms available but for now, it is assumed to be known. For
examining the effect of the road angle effect on the vehicle dynamics, a path with the bank and gradient

has been chosen as shown in Figure 3-4. The path has the curvature in the X-Y plane, as shown in
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Figure 3-4(b), and its altitude changes from —5m to +5m. Also, the road angle variations with time

are presented in Figure 3-5 (a) for the road gradient (6,-) and Figure 3-5 (b) for the bank angle (¢,.).

Table 3-1. Physical parameters of the vehicle used for open-loop simulation

Parameter Value Parameter Value
m (kg) 1530 Reps (m) 0.325
1, (kg.m?) 2315.3 h (m) 0.52
A (m?) 2.3 Cor (N/rad) 69,302
lr (m) 1.11 Cor (N/rad) 52,360
I, (m) 1.67 Cq 0.30
d (m) 1.55 U 0.85
hi “I"” 400 O 1] Yim)
(a)
. /
/ /\
T .r'.: ? .-j
/ R
L = -'-' --’J_,a""fx
e e e
(b) (£]

Figure 3-4. The path with gradient and bank angle: (a) 3-D view, (b) X-Y view, (c) X-Z view
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To complete the path, the steering command shown in Figure 3-6 is applied to the model with zero
motor torque. The vehicle has a front-wheel steer and it is assumed that the steering angle transferred
to the left and right wheels are the same. The vehicle open-loop dynamics obtained from Egs. (3-27) to

(3-29) is presented in Figure 3-7 with a solid blue line considering the road angles.

The open-loop responses of the same vehicle having the same driver inputs and under the same
road conditions are obtained and shown in the figure with CarSim® software (red dash line) and also
using Egs. (3-27) to (3-29) without considering the road angle effects (black dash line).

The comparison performed between the results obtained from CarSim® and those obtained from
the developed model shows the importance of considering the road angles in the mathematical
modeling. It can be seen from Figure 3-7 that although the road angles do not have a huge effect on the
vehicle yaw rate, their impacts on both lateral and longitudinal velocities are considerable. In the case
of using the developed model for the vehicle control on non-flat roads, the importance of including the
road angles would become evident.
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Figure 3-7. Open-loop Vehicle response obtained from CarSim® and mathematical modeling with and without road

angles effect: (a) longitudinal velocity, (b) lateral velocity, (c) yaw rate
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3.4.Summary

A vehicle dynamic model including the road angles was proposed in this chapter. The road angles
including the bank and gradient were analytically considered in the equations of motion of the vehicle.
The lateral and longitudinal dynamics were investigated and evaluated with a CarSim high-fidelity
model to show the improvement of the proposed model compared to the conventional models available
in literature. When the vehicle was assumed to move on a road with the bank and grade, the proposed
model could estimate the yaw rate and sideslip angle of the vehicle to be much closer to the CarSim
high-fidelity model, while the conventional model had noticeable error values in the modeling of the

main states of the vehicle.
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Chapter 4
Optimal Torque Distribution at Limits of

Handling

The torque distribution either to the front and rear axles or to each corners of the vehicle is an
important concept in the vehicle dynamics control, especially while driving at the limits of handling.
Torque distribution has a direct impact on the total yaw moment acting on the vehicle, which affects its
both handling and stability. When an optimal ratio of torque distribution is applied to the vehicle, each
tire can use its maximum capacity of force generation in both lateral and longitudinal directions. When
a constant ratio of input torque is sent to the tires, then a tire might not be able to use that amount of
torque efficiently. This is a common situation during either a high acceleration/deceleration or a sharp
turn maneuver, and it happens due to the normal load transfers. Therefore, when there is a significant
amount of normal load transfers, a tire cannot handle too much torque sent to it and instead of creating
desired values of lateral\longitudinal forces, the tire spins with a high slip ratio.

0 10 20 30 40 50 60 70 80 90 100
Slip Ratio %

Figure 4-1.Effect of slip ratio on tire capacity
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When a tire slip ratio increases and goes above 20%, the tire force capacity drastically drops,
especially in the lateral direction. Figure 4-1 shows tire force variations with respect to the slip ratio.
As shown in this figure, during high slip ratios, lateral force generation is almost zero. When a high
amount of torque is sent to a wheel with a low normal load acting on it, it causes a high slip ratio and

therefore, there is no capacity for lateral force generation.

For instance, a driver may decide to accelerate while performing a sharp turn. As the driver presses
the gas pedal, the acceleration in longitudinal direction causes normal load transfer from the front axle
to the rear axle. This means even when there is no steering angle, just acceleration can affect normal
loads acting on the tire. Since the scenario is a turn-in-acceleration, there is also lateral load transfer
from the inner tires to outer tires. In other words, the front-inner tire has the minimum tire capacity,
and the rear-outer tire has the maximum tire capacity. In this scenario, if the vehicle is a front-wheel-
drive (FWD) and the front axle is an open differential, it means 50% of the torque is being sent to a tire
with almost no capacity for force generation. Therefore, front tires saturate and cannot generate enough

lateral forces and the vehicle travels an understeer trajectory instead of the desired trajectory.

With the recent developments, electric motors can drive each axle or even each wheel
independently to produce any desired wheel torque. Having an electric motor on each corner will let
the optimal torque being sent to each wheel to keep the slip ratio in a range which can create maximum
possible longitudinal and lateral forces. The maximum tire capacities at each corner can be used when
the optimal torque is sent to each wheel. Therefore, lateral and longitudinal grips would be maximized.
When a vehicle is traveling at its limits of handling, maximization of lateral grip assures the vehicle
has the highest capacity for cornering maneuvers. For instance, if a vehicle is traveling a straight path,
optimizing the torque allocation would let the driver apply sharp steering and travel the trajectory with
no understeering or oversteering behavior. Preventing the vehicle from under\oversteering will also

enhance vehicle stability.

4.1. Torque Distribution Based on Dynamic Square

As explained in literature, Dynamic Square plots the nominal values of the front and rear axle forces
based on the available lateral and longitudinal grip as shown in Figure 4-2. In this Dynamic Square, the

solid black lines show the torque distribution quadrilaterals. Each quadrilateral represents the front\rear
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axle torques with the specified amount of lateral acceleration. The numbers on the edges of each
quadrilateral show the available lateral accelerations. It can be seen from Figure 4-2 that as the available
lateral acceleration increases, the related quadrilateral shrinks to a smaller size compared to the ones
belong to the lower lateral accelerations. When the quadrilaterals shrink, the edges bend into arc shapes
at the higher values of lateral acceleration. This specifically happens in the middle area of the Dynamic
Square. The whole Dynamic Square is divided into three sections: the two side parts shown with red
surface color and the middle part shown by blue surface color. The iso-curves in the blue zone represent
the force distributions to the front and rear axles, which make the vehicle oversteer with creating a
positive yaw moment, i.e. the rear axle saturates before the front axle. The iso-curves in the red zones
represent the force distributions to the front and rear axles, which make the vehicle understeer with
creating a negative yaw moment, i.e. the rear axle saturates before the front axle. Two lines with red
circle markers separate the oversteering and understeering zones. These lines show the force ratios in
which the vehicle yaw moment is zero. Zero yaw moment happens at the vertices of each quadrilateral
where both axles saturate simultaneously. At the vertices, the lateral and longitudinal grips are at their
maximum values. Connecting all vertices would create the lines of M, = 0, (lines with the red circle

markers in Figure 4-2).
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Figure 4-2. Dynamic Square

The Dynamic Square is plotted based on the nominal value of the longitudinal force at the rear axle
against the nominal value of the longitudinal force at the front axle. The black solid lines show the
maximum lateral acceleration available at each point based on the longitudinal force ratio and the blue
dashed lines represent the longitudinal acceleration of each point on the figure space. As mentioned
before, the vertices of each quadrilateral are the points where both the longitudinal and lateral
accelerations are maximum. Therefore, by moving along the vertices for each quadrilateral with
different lateral accelerations, the line of optimal longitudinal force distribution to the front and rear

axles can be found, as the lines with red circle markers.

Based on the driver input (brake or gas), the requested longitudinal forces may either be positive
or negative. Depending on the requested force on each axle, either positive or negative force, the
Dynamic Square divides into four parts: (a) both axles have positive forces, (b) the front axle has a
positive force and rear axle has a negative force, (c) both axles have negative forces, and (d) the front
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axle has a negative force and rear axle has a positive force. Since having longitudinal forces with
opposite directions on the axle are not common and out of the scope of this dissertation, parts (b) and
(d) are neglected and the rest of the explanations should focus on parts (a) (acceleration) and (b)
(braking).

Let us assume that the driver requests a positive longitudinal force (accelerating), therefore, part
(2) the top-right corner of the dynamic square will be considered. In order to find the optimal force ratio
for each axle, as mentioned before, the line M, = 0 in the top right corner must be followed. However,
as shown in the figure, when we are at part (a), the exact line M, = 0 cannot be followed as a section
of this line lays in part (d). In other words, for having the optimal force distribution, during lower
longitudinal acceleration, dynamic square askes for negative force on the front axle. Since sending a
negative force to the front axle is not of our interest, instead of following the exact lineM, = 0, the line
is shown with the green square markers in Figure 4-3 has to be followed instead. This line represents
the simplest form of an optimal force distribution for a vehicle in acceleration mode, which maximizes

the lateral and longitudinal grips.

For/m (m/s?)

1 0 1 2 3 4 5 6
Fyp/m (m/s?)

Figure 4-3. Dynamic Square and the optimal torque distribution
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The iso-curves of the dynamic square are plotted based on the quasi-steady state cornering

condition where 7 ~ 0 and # ~ 0 which would result in the following dynamic equations [13]:

Fyp+ Ep =may
Fyr + By =ma, (4-1)
lnyf - lrFyr = 0

where the lateral forces are estimated based on the friction circle. Also, considering load transfer caused

by longitudinal acceleration, the normal loads are defined as:

m
Fz,f = T (g —ax h) (4-2)

m
E,, = T (lrg + ax h) (4-3)

Since it is assumed that the vehicle is at the limits of handling, depending on the axle that saturates
first, the limit of lateral grip will be defined. For instance, if the front axle saturates first, the front axle

lateral force is F), s = Fy ¢ 1im. Since itis assumed that 7 ~ 0, the following relationship can be obtained:

UFypiim —LFy =0 (4-4)
The following equation must be solved for F,,. as:

LFyp
R, = Ltm (4-5)
T

Therefore, the maximum lateral grip, when the front axle saturates first, can be found as:
46



Fyr1im + F
Ay lim = y/om L (4-6)

By substituting Eq. (4-5) into Eq. (4-6), the maximum lateral grip can be rewritten as:

lef,lim
ml,

Ay lim = (4-7)

Following the same procedure for the cases when either rear axle saturates first, or when both axles
saturate, simultaneously, the lateral grip can be defined as [13]:

LFy g 1im/mly Jif Myim <0 (@)
Ay lim = ler,lim/mlf ’ if Mz,lim >0 (b) (4'8)
(Fyf,lim + Fyr,lim)/m Jif Mz 1im =0 ()

The iso-curves at the red zones in Figure 4-2 are plotted based on Eqg. (4-8), the iso-curves at the

blue zone are plotted by using Eq. (4-8), and the M, = 0 lines are plotted using Eq. (4-8).
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Figure 4-4. Road friction coefficient effect on the Dynamic Square

It should be noted that since the optimal solution is found under the condition of tire saturation at
the limits of handling, the friction coefficient between the tire's contact patch and the road is playing a
key role in this study. Therefore, it is necessary to know how sensitive the force distribution would be

to the road friction coefficient.

Figure 4-4 shows the effect of the friction coefficient on Dynamic Square for the maximum lateral grip
of 2 m/s?. Three different values of the friction coefficient are considered. This figure shows that the
longitudinal force distribution is quite sensitive to the friction coefficient and in order to have a precise
solution to the optimal torque distribution, it is necessary to estimate the friction coefficient as

accurately as possible.

4.2. Phase Portrait Analysis

As explained before, a phase portrait diagram reveals important information about the vehicle
dynamics behavior. A 2-D phase portrait plots the steady-state response of the vehicle as iso-curves of

yaw rate and sideslip angle. In order to plot a phase portrait diagram, it is assumed that the vehicle starts
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from an initial condition of (v, v, 7,) and then continues either with or without the effect of control

actuators. In Figure 4-5, each iso-curve represents open-loop vehicle dynamics with no additional

actuation effect starting from different initial conditions.
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Figure 4-5. Open-loop dynamic and safe envelope, vy, = 40 km/h, p = 0.85,and § = 0

The plotted parallelogram shows the boundaries of the safe envelope which, separates the stable
and unstable regions for the vehicle. The safe envelope is plotted based on the following equations [97]:

ug
(4-9)

Tmax,ss
Uy

49



Hg

Tmin,ss = _v_x (4-10)
Lr

Bmax,ss = U_ + tan(alim) (4'11)
x
Lr

ﬁmin,ss = v_ - tan(alim) (4'12)

X

As long as the vehicle states lay inside the safe envelope, it can be said that the vehicle is stable
and when it goes out of the envelope, it becomes unstable. Depending on the vehicle states and
condition at each moment, the vehicle may go back naturally to the stable region, but there are cases
where the vehicle moves away from the stable area, and correction control actions such as steering or
drive/brake torque are required to make it stable again. Since the objective of this thesis is to optimize
the torque distribution, it is necessary to know how torque distribution affects the vehicle dynamics as
well as safe envelope boundaries. Phase portraits can be a powerful tool to analyze the vehicle state's

behavior under different torque distributions.

A sensitivity analysis performed to study the torque distribution effect on the equilibrium points,
and isoclines of the phase plane. Various axial torque distributions are applied to the dynamic model
introduced in the modeling section. It is assumed that steering input is zero at all times and the road

condition is wet with ¢ = 0.55. The total torque applied to the system is T = 1500 N.m.
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Figure 4-6. Open-loop dynamic sensitivity to torque distribution, T = 1500 Nm, p = 0.55,and § = 0
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As mentioned, Figure 4-6 shows a set of phase plane trajectories with various axial torque
distribution ratios. For each phase plane, the equilibrium points are calculated and shown by the red
dots. Also, the (B — r) trajectories are shown along with their isoclines. In Figure 4-6(a), the front
torque ratio with respect to the total torque is T¢ /T = 1 and the rear axle torque is zero. Figure 4-6(b)
shows the phase plane with the distribution ratio of T¢/T = 0.7 and T,./T = 0.3. Figure 4-6 (c), (d),
(e), and (f) have the ratios of T;/T = 0.6,0.5,0.4,& 0.3, respectively. Figure 4-6 shows that as the
axial torque distribution varies through (a) to (f), the equilibrium points will move closer to the center
of the phase plane. In Figure 4-6(a), all the requested torque is sent to the front axle. In this
circumstance, there is only one stable equilibrium point and all isoclines starting from all initial
conditions travel toward the stable point in the center of the phase plane. In the rest of this figure set,
there are three equilibrium points. The equilibrium point in the center is stable and the two others are
saddle points. It can be seen that changing the axial torque ratio has a significant effect on the location
of the saddle points and as a result of the stability of the isoclines. Sending more torque to the rear axle
moves the saddle point closer to the center and more isoclines get unstable. Although, sending more
torque to the front axle enhances the stability, at the same time will affect the maneuverability of the

vehicle during harsh cornering.

To study the stability margins of the vehicle under various torque distribution, three torque
distributions are considered for the sensitivity analysis on the safe envelope. Phase planes with safe
envelope boundaries, defined by Egs. (4-9) to (4-12), are plotted and presented as Figure 4-7 for three
different torque distribution of (a) 30% to the front and 70% to the rear axle, (b) 40% to the front axle
and 60% to the rear one, and (c) 50% to the front axle and 50% to the rear one. It is assumed that the
steering angle is § = 0°, initial longitudinal speed is v,, = 10 m/s, and the friction surface is u =
0.55. The total torque input is set as T = 1500 Nm and the axle torque distributions to the front-rear

axles are, as explained before, 30-70, 40-60, and 50-50, respectively.

Sending higher values of input torque to the rear axle shrinks the safe envelope boundaries. This
shows that for designing a stability controller to keep the vehicle states inside the safe envelope, the
safe envelope boundaries must be updated with any variations of the torque distribution. Designing a
stability controller with constant safe envelope boundaries cannot guarantee the stability of an electric

vehicle when the torque distribution is being optimized online.

52



r (deg/s)

r (deg/s)
r (deg/s)

Figure 4-7. Open-loop Dynamics and safe envelop ( n = 0.55, vy = 10 m/s, Tt = 1500 Nm, § = 0) : (a) Tf = 0.3T, T, = 0.7T,
(b) )T = 04T, T, = 0.6T,and, (c) ) Tr = 0.5T, T, = 0.5T
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To have a better comparison between different powertrains, a front-wheel drivetrain (FWD), a rear-
wheel drivetrain (RWD), and an all-wheel drivetrain (AWD) are compared in all domain of a 2-D phase
plane as shown in Figure 4-8. This comparison is performed at identical initial conditions with the
initial longitudinal speed v,, = 10 m/s, and the steering angle kept constant with the magnitude § =
0°. The blue arrows show the velocity vectors of the AWD system with black arrows, velocity vectors
of the RWD system with blue arrows, and the velocity vectors of the FWD system with red arrows.
Depends on how torque is allocated to the axles, the vehicle dynamic responses change in various
ranges. The available range between each pair of the red-blue arrows shows the range of yaw rate and
side slip could vary based on the axle torque distribution. This range can define the playfield of torque
distribution at that specific point. In case that the desired value for yaw rate and sideslip angle must be

reached, the ratio of the torque distribution can be defined based on the available range between FWD
and RWD vectors.
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Figure 4-8. Drive torque effect on vector field, vy o = 10 m/s, p = 0.55, 6 = 0, and T = 1500 Nm
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4.3. Optimal Axial Torque Distribution

The torgue distribution presented in section 4.1 was based on the dynamic square. Since in drawing
the dynamic square steering angle and lateral normal load transfers were not considered, this method is
not an accurate solution. For instance, when a car is cornering at its limits of handling, the steering
input should not be neglected. Also, the high lateral acceleration would cause a huge amount of lateral
normal load transfer. This can change the normal load transfer balance and the dynamic square
assumptions are not valid anymore. Therefore, the optimal torque distribution defined based on the
dynamic square must be modified with accurate and realistic assumptions. In the following sections,
the modified optimal torque distribution for a system with front and rear open differential axles are
presented.

Assuming a quasi-steady state cornering condition, the dynamic equations of motion previously
defined in Eqgs. (4-6) and (4-7) are rewritten for a vehicle with an AWD drivetrain and front-wheel

steering system moving on a flat road and shown as follow:

cos(8¢) (Fypr + Fypy) + sin(8¢) (Fepr + Fyp1) + Fypr + Fyy =ma, (4-13)

Uy (cos(87) (Fysr + Fya) + sin(8) (Fgr + Fep1)) = b (Byrr + Fyrt) = 0 (4-14)

As explained before, the maximum lateral grip can be reached when the yaw moment acting on the

vehicle is M, = 0. The maximum lateral grip is redefined as:

ay,“-m = (Fyfr,lim COS(6fr) + Fyfl,lim COS((Sfl) + Fxfr sin((YfT) + Fxfl Sil’l(é}q)

(4-15)
+ Fyrr,lim + Fyrl,lim)/m
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In this equation, the maximum tire capacity in lateral force generation is defined based on the
friction circle, and the normal loads are estimated based on Egs. (3-22) - (3-25) which considers normal

load transfer in longitudinal and lateral directions.

To find the precise torque distribution, which considers the combined slip effect of tire forces,
steering angle, and load transfers, the Eqgs. (4-14) and (4-15) must be solved, simultaneously. In order
to find the optimal front and rear torque distributions, the nonlinear Egs. (4-14) and (4-15) must first
be linearized at the operating points. After linearization, the system of equations can be modeled with
the state-space representation of a 2-DOF dynamical system with the inputs of the axial torques and the
outputs of lateral grip and yaw moment acting on the vehicle.

4.3.1. State-Space Representation

In order to find the optimal solution, the equation of motions of the vehicle as well as lateral grip
and yaw moment equations must be linearized at the operating points. The sets of equations used for

this optimization are as follow:

. 1
B = = (Fyprcosd + Fyicos8 + Fypr + Fyry + Frprsind + Fepising) —r (4-16)
X
i . , L.
r= (Fyfrcosd + Fy£1€0S8 + Fyprsind + Fxﬂsmc?) T (Fyrr + Fyﬂ) (4-17)
z z

d .
— Z—Izsm(S(Fyfr — Frﬂ)

1 :
ay,lim = E (COS((S) (Fyfr,lim + Fyfl,lim) + Sll’l(5) (Fxfr + Fxfl) + Fyrr,lim (4 18)

+ Fyrl,lim)
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Mz,lim = lf (Cos(dfr) (Fyfr,lim + Fyfl,lim) + Sin(dfr) (Fxfr,lim + Fxfl,lim))
(4-19)

d .
- lr (Fyrr,lim + Fyrl,lim) - 551n5(Fyfr,lim - yfl,lim)

The above nonlinear sets of equations must be linearized at the operating point. First of all, the
main nonlinear elements of the equation set, the lateral forces, are linearized as following [98]:

0F,;;
Fyij(eij) = Fyij () + 5= (@) — @) (4-20)

I aij=a;

where Fy,;; is defined as Eq. (3-18) and &;; is the tire side slip angle at each corner of the vehicle at the

operating point. The linearized form of the lateral force can be rewritten as:

Fyij = faijaij + Fyij (4'21)

where Fyi ; includes all the constant parts of the Eg. (4-20) and C_a,-,- is defined as:

OF..:.
_ % |aij| < Xim
Cc, = ij @ij=aij (4'22)

aij

0 |aij| > Alim

where a;;,,, is defined as Eq. (3-16). The other nonlinear elements in the set of Egs. (4-16) to (4-19),

are the maximum lateral forces, F,,;; ;;,, which are defined based on the friction circle theory as:
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F

yijum = |W2F%; — F2 (4-23)

zZij xij
The maximum lateral force is linearized at the operating point as:

Fyijiim

_ - 0 _
Fyijuim (T, Tr) = Fyijuim (Tp Tr) + oT, (Tr = Tr)

TfZTf
T,=T,

(4-24)
OFyij 1im

aTr —f (TT - TT)

Tf=T
T,=T,

where Tf and T;. are the respective front and rear axial torques at the operating point, and Tr and T, are
the corresponding front and rear axle torque inputs of the system that need to be optimized. Eq. (4-24)

can be simplified as:

Fyijum = CrijTr + Crij Ty + Fyijim (4-25)

where Cr;; and C,; are the derivatives of maximum lateral force with respect to the front and rear axial

torques, respectively. Fyl- j1im contains all the constant parts of the linearized Eq. (4-24).

By substituting Egs. (4-21) and (4-25) into Egs. (4-16) to (4-19), the following state-space model

can be written:

X =Ax+ Bu+d, (4-26)

y=Cx+Du+ dy (4-27)
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where x is the vector of states defined as:

x=[p (4-28)

The outputs of the system are the maximum lateral acceleration and total yaw moment acting on

the vehicle:

y= [ay,lim Mz,lim]T (4'29)

and u is the input vector as:
u=[Ty T (4-30)

The matrix 4 is defined as:

A A

A= [ 1 12] 4-31
Agy Az (4-31)

where A;4, A12, A21, and A,, are as follow:

_ COS(S(EafT + Eaﬂ) + Earr + Earl
. my (4-32)

_ lfCOSS(C_'afT + Eafl) - lr(C_afr + C_‘afl) 1

. (4-33)
mv;

12
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_ _ _ _ d . _ _
_ lfCOS(S(CafT + Cafl) - lT(C(xfT‘ + C(xfl) + 7Sln5(Caﬂ - Cafr)

Arr =
21 Iz

_ _ _ _ d . _ _
_ lf2C056(CafT + Cafl) + lf(Cafr + C(xfl) + 7lfSln§(Caﬂ — Cafr)

22 =
I vx

Also, the two matrices B and C are defined as:

Furthermore, the matrix D is defined as:

where the matrix elements D, 4, D;,, D4, and D, are defined as:
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(4-35)

(4-36)

(4-37)

(4-38)



1 _ _ sind
Dll = — COS(S(Cf,fr + Cf,fl) + R_ (4'39)
m eff

1 _ _
Di; = E (Cr,rr + Cr,rl) (4'40)
_ _ siné d _ _
D21 = lf COS(S(Cf’fT + Cf,fl) + Kf-f + ESln(S(Cf'fl — Cf,f?") (4'41)
Dyy = -1, (C_‘f,rr + C_‘f,rl ) (4-42)

It should be noted that the state-space model is a linear parameter varying and the model parameters
are updated at each time step.

4.3.2. Actuation Dynamics

The time delay between the actuation torque command and the actual torque applied to the front
axle is considered in this study as a first-order dynamic delay as:

1

i =T 1s Tiin (4-43)

where T; ;,, is the actuator command, and 7 is the electric motors’ time delay. Eq. (4-43) can be rewritten

in the following form as:

! 0 ! 0
Trl_| = [Tf ] T [Tf ,in]
T, 0 1 T, 0 1 T in (4-44)
-1 -t
Au Bu
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By considering the actuator dynamic in the state space form of (4-44), one can reformulate the
state-space system defined as Egs. (4-26) and (4-27) in the form of a new state-space form with four
states of the yaw rate, sideslip angle, and the actual front and rear axle torques. Therefore, the new

state-space model is defined as:

X =AX+BU +d, (4-45)
Y=CX+d, (4-46)
where
_ A B
A= 4-47
oy 4] (4-47)
5 _ [02x2 _
B= [ S ] (4-48)
C=[c D] (4-49)
i, = [ de ] (4-50)
2X1
and
d, =d, (4-51)
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The state-space represented in Egs. (4-45) and (4-46) is in the continuous-time domain and must
be discretized before any optimization progress. The step-invariant method is applied to discretize the
continuous-time model. Assuming the discrete-time period as t; <t < tj,;, With the sample time

ofTy, the discrete-time state-space model is defined as:
Xk+1 = 14_ka + EdUk + Cde (4'52)
Yk = CTka + Jyd (4'53)

where the augmented model matrices are 4; = eA®7% B, = fOTS eAOTB()dr, dy = fOTS eAOTq(t)dr

y C_‘d = 6, and Ciyd = Jy.

4.3.3. Performance Index

To find the optimal values of the system inputs, the following objective function is defined:

J = Waso(Y = Yae) I *+I R U1
(4-54)

where, W is the outputs weight matrix and R is the input weight matrix. In addition, desired values
shown by Y. should be defined for the optimizer. Based on the optimal torque distribution theory

explained in the previous section, the desired yaw moment for maximizing the lateral grip should be

zero. Also, the desired value for maximum lateral acceleration is defined based on the friction circle

Ay max = ,’#292 - ayzc (4_55)
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4.3.4. Constraints

The solution to the optimization problem needs to be bounded by the total torque requested by the
driver. Also, the torque command to both front and rear axles are assumed to be positive and no negative
torque (breaking) is acceptable in this study. In addition to the driver torque command, the tire
capacities restrict the optimization problem. Therefore, the optimization must find the optimal front
and rear axial torque values such that they satisfy the following constraints:

Input Equality Constraint

Tr+T. =T (4-56)

Input Inequality Constraints
0< Tf < ZMReff min(FZfr,FZﬂ) (4'57)
0 < T < 2uRc5r min(Fypp, Fprp) (4-58)

State Variable Constraints:

The other sets of constraints are stability constraints defined based on the safe envelope defined in
the previous chapter. The boundaries for the yaw rate of the vehicle are located on the line of maximum
and minimum steady-state yaw rate as follows:

ug

Tmax = +17_ (4-59)
X
ug

Ymin = _17_ (4-60)
x
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lr
Bmax = U_ + tan(alim) (4-61)

X

lr
Bmin = 17_ — tan(ayim) (4-62)

X

Therefore, the constraints on the state variables are defined as:

[Bmin ] < [E] < ﬂmax] (4-63)

Tssmin Tss,max

4.3.5. Quadratic Programing Problem

In order to minimize the performance index introduced in Eq. (4-54), the optimal input values of
front and rear axial torques must be found by an optimization solver while satisfying all constraints
introduced in Eqgs. (4-56) to (4-63). The performance index J and constrains are rewritten in form of a

guadratic problem as follow:

1
minj = —=UTHU + fU
2 (4-64)

subjectto LB < U < UB

where LB and UB are abbreviated as the constraints of the lower bound and the upper bound,

respectively. Also, the matrices H and f are defined as:
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f=2(XF(CaA)™ + (CaAg)"drg + dfy — Yaes )W CyBy
(4-66)

4.3.6. Feedforward Axial Torque Distribution Controller

In this section, a feedforward controller is designed based on the optimal torque distribution

algorithm that receives the steering and torque commands from the driver and delivers the optimal

torque values to each of the axles. The general structure of the controller is shown in Figure 4-9.
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Figure 4-9. Feedforward optimal torque distributor architecture




The algorithm is simulated and verified in a CarSim® simulation environment and tested on a real
vehicle for different driving scenarios during different road conditions. The algorithm does not control
any yaw rate and sideslip angle due to its feedforward nature. To understand the importance of the
feedforward optimal torque distribution, it is necessary to verify it without the interaction of any other

controllers. The simulation results are presented and explained in the next section.

4.3.7. Simulation Results

In this section, the feedforward controller is applied to a high-fidelity vehicle model in the CarSim
software. A verified high-fidelity CarSim model of a Chevrolet Equinox has been developed in the
Mechatronic Vehicle Systems lab at the University of Waterloo and is used for CarSim simulations in
this section. The CarSim simulation creates the opportunity of fast tuning, calibrating, and verifying
the proposed controller before testing it on the real vehicle. To do so, the Equinox CarSim model is
integrated with the proposed algorithm coded in MATLAB. The steering angle and the total torque are
fed into the model as the driver inputs and the torque distribution to the front and rear axles are adjusted
by the feedforward controller. The CarSim model parameters of the Chevrolet equinox used for the

simulations are presented in Table 4-1.

The results obtained based on the optimal torque distribution (OPT TD) are compared with the
baseline models with constant torque distribution as well as optimal torque distribution based on the
dynamic square (DS). The controller performance is investigated for two different driving scenarios

under two different road conditions.

Table 4-1. Physical parameters of the vehicle used for CarSim® simulations

Parameter Value Parameter Value
m (kg) 2271.62 Repr (M) 0.351

1, (kg.m?) 4600 h (m) 0.64
I (m) 1.4212 d (m) 1.60
I, (m) 1.4337
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4.3.7.1. Acceleration in Turn on Wet Road

An acceleration in turn is performed in this section to study the vehicle performance under the
optimal torque distribution. It is assumed that a total torque with a maximum value of 2500 Nm and a
steering wheel angle with a profile shown in Figure 4-10 is applied as the driver’s inputs. The road is
assumed to be wet with a friction coefficient u = 0.50. Output axle torques obtained from the optimal
torque distribution algorithm is presented in Figure 4-11. This optimal torque distribution tries to
maximize the vehicle's lateral grip. The lateral accelerations are plotted in Figure 4-12. This figure plots
the lateral accelerations of four simulations with different torque distribution strategies. The red line
with the circle marker belongs to the simulation with torque distribution defined based on the dynamic
square method (DS). This method will distribute the torque based on the parameter ratiol,./l¢. Since
this parameter for the selected vehicle is close to 1, the torque distribution from DS method acts close
to an AWD vehicle with constant torque distribution of 50-50.

Another simulation is performed with the total torque sent to the front axle (FWD). The lateral
acceleration related to the FWD torque distribution is not even close to the maximum lateral
acceleration. Black dashed lines show the maximum lateral acceleration that could ideally be reached
during this scenario. This maximum lateral acceleration is calculated based on Eq. (4-55). In the other
simulation, all toque is sent to the rear axle (RWD). The lateral acceleration during this scenario is high
at the beginning of applying the steering angle, but soon the vehicle becomes unstable. This behavior
was previously predicted by the sensitivity analysis performed on the phase plane. Sending the torque
to the rear axle makes the safe envelope smaller resulting in vehicle instability. Finally, the simulation
with feedforward optimal torque distribution (OPT TD) is performed. The black line with square
markers shows the lateral acceleration resulted from optimal torque distribution. The feedforward
optimal torque distribution resulted in the highest value of the lateral acceleration compared to the three

other simulations.
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Having higher lateral acceleration and using the maximum possible vehicle grip in both
longitudinal and lateral directions let the vehicle perform a better turn while accelerating. Figure 4-13
shows the vehicle yaw rate and sideslip angle during the acceleration in turn maneuver on the wet road
with four different torque distribution. It can be seen that FWD torque distribution makes the vehicle
understeers, while the RWD one makes it extremely oversteer and eventually unstable. The DS method
performs a better maneuver compares to the FWD and RWD, but the feedforward OPT TD has the best

cornering performance compared to all the three.

To better understand the effect of optimal torque distribution, vehicle trajectories during
simulations are plotted in Figure 4-14. It is shown in this figure that FWD torque allocation is extremely
understeer while RWD torque allocation makes the vehicle too oversteer. Due to the highly oversteer
behavior of the RWD vehicle, it gets unstable as soon as the steering is applied. When the RWD got
unstable, the simulation stopped and the maneuver could not be finished. The results of this section
clearly showed that the optimal torque distribution performed the best acceleration in turn with sharper

turning compared to all other simulations.
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4.3.7.2. Lane Change on Dry Wet Road

Another driving scenario simulated on a wet road is a lane change. The steering wheel angle and
driver torque input shown in Figure 4-15 are applied in four simulations with different torque
allocations. FWD, RWD, torque distribution from Dynamic Square method (DS), and the optimal
torque distribution (OPT TD) are applied to the CarSim® high fidelity model. The initial longitudinal
speed is chosen as v, o = 40 km/h, and the friction coefficient as 0.50. The optimal torque distribution
to the axles is plotted in Figure 4-16. The comparison between the different toque distribution methods
is shown in Figure 4-17 to Figure 4-19. As explained in the previous section, the optimal torque
distribution lets the vehicle perform a better turn during acceleration. This scenario performs a lane
change during acceleration. As shown in Figure 4-19, the only simulation that was capable of

performing the lane change perfectly was the one with the feedforward optimal torque distribution.

Comparing the lateral accelerations in the performed simulations, Figure 4-17, the OPT TD has the
highest values during the moments steering angle is maximum. The optimal torque distribution would
let the vehicle have its maximum lateral grip at all times. When the steering is applied and a sharp turn
is required, the lateral grip available would let the vehicle have enough capacity in lateral force

generation to perform the turning with the best performance possible.
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Figure 4-15. Driver Input for double lane change on dry

road: (a) steering wheel angle, (b) total torque

Figure 4-16. Optimal torque distribution to the front and

rear axles for double lane change scenario on dry road

71



th
=

\
__________ |
4 S s 05t /\"ﬁq ;\ J
MV - = = = - — ’ ~ { 1\* o
14 = o.na—-—.—l ‘\ v/ j\«
"“"\UAW i Tost | 1
& 1 t .
5 Boe. e 0 2 1 6 8 10
= IR I . .
. AR
ﬂf & al ] - 10 ’/‘l/—.\‘ /
N A\ = / W
.f\vfi VYRV < | |
= (e R g d
pleni= = — = — = \ o i
. ] i
S -10+ u['\;., 4
s ‘ | . |
0 2 4 6 8 10 [ 2 4 6 8 10
Time (s) Time (s)
Figure 4-17. Effect of optimal torque distribution on Figure 4-18. Torque distribution effect on sideslip angle,
lateral acceleration (u = 0.50 , v, o = 40 km/h) and yaw rate. (u = 0.50 , v, o = 40 km/h)
20 . 7
v— FWD
18+ 4 A RWD [7]
/ —e— DS
161 / —=—0pTTD| |
£ ¥
14+ . 1
/ L4
12r i v 1
— !
E 10+ ff v 1
o / L 4
4
8l / e
jf ¥ B e
6 X e
f e
1r v o 1
—"-—H L L] - L L L
2L )
py . |
0 50 100 150

X (m)
Figure 4-19. Torque distribution effect on sideslip

angle, and yaw rate. (u = 0.50 , v, o = 40 km/h)

72



4.3.7.3. Sinusoidal Maneuver on Dry Road

The third driving scenario is a sinusoidal maneuver on a dry road. The steering wheel profile and
driver’s torque input are shown in Figure 4-20. The total torque requested by the driver is 4200 (N.m).
The initial speed of the vehicle is v, o, = 40 km/h and the road friction coefficient is 4 = 0.85. The
simulation is performed with four different torque distributions. The first simulation is an FWD system.
The lateral acceleration related to this simulation is too low and close to 0. The second simulation is
performed on an RWD system. This simulation has a high value of lateral acceleration compared to the
FWD one but gets unstable. As explained before in the sensitivity analysis on phase plane and previous
driving scenarios, the RWD torque distribution increases the chance of instability and needs a stability
controller to stabilize it. This is while having an optimal torque distribution enhances the stability of
the vehicle. The third simulation distributes the torque according to the dynamic square formulation.
This method results in a higher value of lateral acceleration compared to the FWD and better stability
compared to the RWD. The lateral acceleration of the dynamic square method is still lower than optimal
feedforward torque distribution.

The torque distribution obtained from the feedforward optimal toque distribution is shown in Figure
4-21. A shown, the total optimal torque has a 10% average reduction. This reduction increases the
longitudinal force generation capacity of the axles. The advantage of this torque reduction is that it
would let the vehicle have a higher lateral grip. This happens due to the combined effect of the slip
ratio. By reducing the longitudinal force by 5 to 10%, the lateral grip could increase up to 45% which,
would effectively increase the vehicle steerability during harsh maneuvers. In addition, due to the open
differential assumption of the axles, the inner tires with higher slip ratio and lower force capacity
determines the maximum torque allowable on each axle. Therefore, by applying the steering angle
during harsh cornering maneuvers, the total torque allowed by the controller reduces to lower values.
The maximum value of this torque reduction is happening at the time of 3s and 4.5 s. This reduction
means that both axles were saturated and adding more torque to any of them would result in a high slip
ratio and energy loss. A higher slip ratio would drop the tire capacity in lateral force generation and
will not let the vehicle use its maximum lateral grip. The feedforward optima torque distributor is
designed in a way that not only pushes the axles to the handling limits but also keeps them at the limits.

This means that if any of the tires of the axle is reached the handling limit, no more torque will send to
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that axle. Therefore, the algorithm has reduced the torque applied to the tries to keep the axles at their

limits of handling that would let the vehicle use its maximum lateral grip.

§ (rad)

4000

—~ 3000t
=

=, 2000 -

-
1000 -

(b)

0

2 4 6 8 10
Time (s)

Figure 4-20. Driver Input for double lane change on dry
road: (a) steering wheel angle, (b) total torque

a, (m/s?)

6,.__5\ 1 e == ——
Al . T~ "
\ ’ N ~
4 - Sd Ay
P
f
| \
2 Py .
|
|
|
09

Time (s)

Figure 4-22. Effect of optimal torque distribution on

lateral acceleration (u = 0.85, v, o = 40 km/h)

3000 T - 1
AN A A e
\ _'_Tfmnt |

«\
=

\‘vv’j MVLV'}J‘ \ ‘\‘ 1

&= 1000 -
A
X
/ X
1 e -

2000

(N.m)

0
Time (s)

Figure 4-21. Optimal torque distribution to the front and

rear axles for double lane change scenario on dry road

q
"

3 (deg)
L

.

*

- ¥
2 " .f/' FWD
<10 ‘\\:\::f 4 RwD
= | e DS
| —=—OPT TD
20 L L .
0 2 1 6 8 10

Time (s)
Figure 4-23. Torque distribution effect on sideslip angle,
and yaw rate. (u = 0.85, v, o = 40 km/h)

74



The maximum achievable lateral grip is shown with black dashed lines in Figure 4-22. The black
line with square markers in this figure shows the measured lateral acceleration while the feedforward
controller was on. The red line with circle markers shows the lateral acceleration of the simulation
performed with the dynamic square method of torque distribution. Having optimal torque distribution
would let the vehicle to use its maximum capacity in both longitudinal and lateral directions and reach

higher lateral acceleration during cornering maneuvers.

The effect of torque distribution on the sideslip angle and yaw rate of the vehicle is shown in Figure
4-23. It is clear that while the torque distribution is being optimized, the sideslip angle and yaw rate
reach higher values but remain in the stable zone. Having a higher yaw rate and sideslip angle would
let the vehicle perform sharper turns. The vehicle is highly understeer when the torque distribution is
constant FWD, and RWD torque distribution makes the vehicle highly oversteer and eventually
unstable. The vehicle has a better steering response when the optimal torque distribution is applied to
the system. Therefore, instead of having understeer or unstable behavior for the vehicle with constant
torque distributions, one could have a performance with high steerability and better turning

maneuverability while remaining stable.

4.3.8. Experimental Results

In order to evaluate the algorithm performance, the feedforward controller is tested on a vehicle
experimentally. Although the proposed controller was successfully verified on the CarSim simulations,
the controller must also be verified through experimental tests. When a vehicle is driven on a test track,
many disturbances can affect the performance of the control system. Some of the most common
disturbances are due to the road uncertainties, such as the variations of the road surface friction
coefficient and the tire uncertainties such as the tire erosion, and/or tire pressure variation. Therefore,
it is highly necessary to perform tests of the controller experimentally. Experimental road tests can

verify the controller performance and its robustness to different disturbances.

An AWD GM Chevrolet Equinox with four independent electric motors at each corner is used for
the experimental tests. The algorithm is designed in the MATLAB/Simulink platform and connected to
the vehicle through a dSPACE MicroAutobox with the sampling time 5ms. The dSPACE
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communicates with the GPS unit, the Internal Measurement Unit (IMU), and the electric motors
through the Control Area Network (CAN). The vehicle longitudinal and lateral velocities are measured
with the GPS unit. The vehicle lateral acceleration is measured with the IMU sensor. The CAN bus
delivers the requested torque command to the electric motors. The vehicle equipped with the
feedforward controller is tested on the test track. Two driving scenarios are tested and results are
presented in the next sections.

4.3.8.1. Acceleration in turn on dry road

An acceleration in turn driving scenario is performed on a dry road. In the first test, the vehicle was
adjusted to an AWD drivetrain configuration with a constant 50-50 torque distribution to each axle. It
was assumed that both axles are open differential and the same torque goes to the left and right wheels
on each axle. For the second test, the wheel torques were controlled with the optimal torque distribution
algorithm. Since it was assumed the axles are open differential, the optimized axle torques were equally
divided between left and right wheels. To perform this scenario, the driver applied a constant steering
wheel angle and started the engine at full throttle. The steering wheel angle and torque commands are
shown in Figure 4-24. The red lines with circle markers show the measurement of the first test with the
50-50 AWD configuration and the black lines with square markers show the measured signals from the

second test with optimal torque distribution.
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Figure 4-28. Vehicle trajectory

Figure 4-25 shows the optimized axle torques sent to the front and rear axles of the vehicle during
the second test. It can be seen the torque sent to the rear axle is higher than the front axle torque. As
explained before, due to the normal load transfer during acceleration the estimated normal loads on the
front tires are less than normal loads on the rear tires. Therefore, the front tires have less tire capacity
compared to the rear ones. Therefore, the feedforward controller sent more torque to the rear axle.
Lateral acceleration from both tests are compared in Figure 4-26 and the vehicle yaw rate and sideslip
angles are shown in Figure 4-27. As shown in Figure 4-26, optimizing axle torques resulted in higher
values of lateral acceleration and the vehicle could perform a better turn in acceleration, as shown in
Figure 4-28.

In the AWD configuration, the front axle received torque values more than it can handle. The front
inner tire did not have enough normal load acting on it and sending a quarter of the driver requested
torque to this wheel resulted in a high slip ratio on this tire. The front inner tire with a high slip ratio
started to spin and made the vehicle shaking with high frequency. At the same time, the high slip ratio
drastically dropped lateral force acting on the front inner tire. Therefore, the lateral acceleration had a

lower value and the vehicle could not perform the desired turn.
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4.3.8.2. Lane change on the wet road

The second scenario performed on the Chevrolet Equinox was a lane change on the wet road. Two
drivetrains, an RWD powertrain, and the optimized axle torque distribution were tested separately with
similar driver’s input on the wet road. The driver’s inputs are shown in Figure 4-29. The optimized
torques to the front and rear axles are presented in Figure 4-30. As can be seen in this figure, the axle
torques are reduced as the steering is applied. The feedforward controller considers the tire capacities
in force generation to prevent sending any torque more than a tire can handle. Since the axles are open

differential, the algorithm considers the tire with minimum force capacity.

Figure 4-32 compares the vehicle yaw rates and sideslip angles of both tests. With the RWD
configuration, represented by red lines with circle markers, the vehicle got unstable the moment after
applying the steering angle. As the vehicle got unstable, the driver tried to first reduce the input torque
and applied a different steering angle than what was desired to bring back the vehicle to the stable zone.
This is while wen axle torques were optimized, not only the vehicle remained stable, but also it could

reach the maximum lateral acceleration during the test.

2500
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/ Time (s) Time (s)
Figure 4-29. Driver Input for lane change on wet road: (a) Figure 4-30. Optimal torque distribution to the front and

steering wheel angle, (b) total torque rear axles for lane change scenario on wet road
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4.4. Optimal Corner Torque Distribution

The previous section perfectly cleared the importance of optimizing torque distribution for vehicles
with open differential axials at the front and rear. However, when it comes to the electric vehicles with
four independent electric motors, the torque distribution problem transforms into a corner-based
optimization problem. A corner-base torque distribution problem is presented in this section and has
been solved through a quadratic programming optimization solver. The developed optimizer is
evaluated first in the MTLAB\CarSim simulation environment and then experimentally on an Electric

Chevrolet Equinox.

4.4.1. State-Space Representation

In order to obtain the corner-based optimal torque distribution, a 2DOF vehicle dynamic model is
introduced in section 4.3.1 as Eqs. (4-16) and (4-17) are used as the main equations of motion. The
outputs of the system are maximum lateral grip and yaw moment of the vehicle at the limits of handling
as defined in Egs. (4-18) as (4-19), respectively. The Fiala tire model defined as Eq. (3-18) is used to

capture tire model nonlinearities. To derive the state-space form of the dynamic system with four the
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maximum lateral force defined as Eq. (4-23) is linearized with respect to the corner torques at the

operating point as follow:

i Ui R
m m
Fi(Tyy) = B (Ty) + —— o, ) (Tpr —
Tij=Tij
aFllm _
0731”] (Trr - Trr) +
rr TU—TU

where T are the corners torque at the operating point and T,

problem. The Eq. (4-67) can be simplified as:

Fle

llm
yl] =
Trr) + 57 T | (Tr = Trr)
Ti .=Ti.
. Y (4-67)
lim
g _
¥ (Trl - Trl)
aT,, Tty

; are the variables of the optimization

yij EfrTfr + Eflel + ErrTrr + ErlTrl + Ejim

i (4-68)

where C;; being the derivatives of the maximum lateral force with respect to the corner torque, and

F/{™ contains all constant parts of the linearized Eq. (4-67).

Another nonlinear term is the nonlinear lateral forces defined based on the Fiala tire model. The
linearized form of the lateral forces is defined as Egs. (4-20) to (4-21).

To define the quadratic form of the vehicle dynamic system with four independent electric motors,

the linearized system is written in the form of the state-space as follows:

Xx=Ax+Bu+d,

y=Cx+Du+d,

(4-69)

(4-70)



where x is the vector of states defined as:

(4-71)

The outputs of the system are maximum lateral acceleration and total yaw moment acting on the

vehicle:

y = [Ay1im  Mgiim]T

and u is the input vector as:

u = [Tfr Tfl Ty Trl]T
The matrix 4 is defined as:

Agy A12]
a=|
Az1 Az

where A4, A1,, A1, and A, are defined as Egs. (4-32) to (4-35).

Also, the matrices B and C are defined as:

[ sind sind

| 0 0
‘mvx eff mvaeff

[ lfsm(S lfsm(S

0 0

|

I,Rers I,Rers

0 ol
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The matrix D is defined as:

[ S6 N CrrCS S8 N CrC8 G [
mR m mR m m m
D= eff eff (4_77)
S§ . S§  _ _ _
I +CpC8 | I | —4CuCs ) —1,Cp —1Cy
Rerr Rers

It should be noted that the state-space model is a linear parameter varying and the model parameters

are being updated at each time step.

4.4.2. Actuation Dynamics

The time delay between the actuation torque command and the actual torque applied to the front

axle is considered in this study as a first-order dynamic delay as follow:

1

Ty = T4 Tuin (4-78)

where Tj; ;, is the actuator command to each electric motor, and t is the electric motor's time delay.

Eq. (4-78) can be rewritten in the following form as:

1 1
—-—— 0 0 0 - 0 0 O
[Trr] "y T, ‘o T
fr i
: 0 —= 0 0 [”] 0 = 0 O[Tﬁ_m]
Tri — T T + T flLin
Trr 0 0 _1 0 |lTrrJ| 0 l 0 Trr,in (4'79)
Trl T Trl T Trl,in
1 1
0 0 0o —— 0 0 0 —
T L T
Ay By
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By considering the actuator dynamic in the state space form of Eg. (4-79), one can reformulate the
state-space system defined as Egs. (4-69) and (4-70) into an augmented form of state-space model with
six states of yaw rate, sideslip angle, and the four corner torques. Therefore, the augmented state-space

model is defined as:

X =AX+BU +d, (4-80)
Y=CX+d, (4-81)
where
_ A B
A= 4-82
lory 4] (4-82)
5 _ [02x4 _
B = [ S ] (4-83)
C=[c D] (4-84)
i, = [ de ] (4-85)
4x1
and
d, =d, (4-86)
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The augmented state-space is presented as Egs. (4-80) and (4-81) is in the continuous-time domain
and must be discretized before any optimization progress. The step-invariant method is applied to
discretize the continuous-time model. Assuming the discrete-time period t, <t < t;,q, With the

sample time Ty, the discrete-time state-space model is defined as:

Xk+1 = 14_ka + EdUk + Cde (4'87)

Yk = CTka + Jyd (4'88)

where the augmented model matrices are 4; = eA®7% B, = fOTS eAOTB()dr, dy = fOTS eAOTq(t)dr

y C_‘d = 6, and Ciyd = Jy.

4.4.3. Performance Index

To find the optimal values of the system inputs, the following objective function is defined:

J = Wasa (Y = Yaeo) 12+ Raxa U112
(4-89)

where W is the outputs weight matrix and R is the input weight matrix.

4.4.4. Constraints

The solution to the optimization problem needs to be bounded by the total torque requested by the
driver. Also, the torque command to both front and rear axles are assumed to be positive and no negative

torque (breaking) is acceptable in this study. In addition to the driver torque command, the tire
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capacities restrict the optimization problem. Therefore, the optimization must find the optimal corner

torques values such that they satisfy the following constraints:

Input Equality constraint

Ter +Tp + T + T =T (4-90)

Input Inequality constraints

0 < Ty < pRessFypr (4-91)
0 < Ty < pRessFypy (4-92)
0<Tyr < UResrFrrr (4-93)
0<Ty < URerrFo1 (4-94)

4.4.5. Quadratic Programing Problem

In order to minimize the performance index introduced in Eq. (4-89), the optimal input values of
the corner torques must be found by an optimization solver while satisfying all constraints defined in
Egs. (4-90) to (4-94). The performance index J and constrains are rewritten in form of a quadratic

problem as follow:

1
minJ = -UTHU + fU
2 (4-95)

subjectto LB < U < UB
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where LB and UB abbreviate the constraints lower bound and upper bound, respectively. Also, matrices

H and f are defined as:

f=2(XF(CaA)" + (CaA)"dly + ATy, — Yaes)WCyBy (4-97)

4.4.6. Feedforward Corner Torque Distribution Controller

In this section, a feedforward controller is designed based on the optimal corner torque distribution
algorithm that receives the steering and torque commands from the driver and delivers the optimal
torque commands to each electric motor. The general structure of the controller is shown in Figure 4-33.
The optimal corner torque distribution is experimentally evaluated on a Chevrolet Equinox for different

driving scenarios. The results are presented and explained in the next section.
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Figure 4-33. Feedforward optimal torque distributor architecture

4.4.7. Experimental Results

The corner base version of the feedforward controller is evaluated experimentally on an AWD GM
Chevrolet Equinox with four independent electric motors in this section. The open-loop optimal torque
distribution is implemented in MATLAB\Simulink environment and connected to the vehicle through
a dSPACE MicroAutobox with a sampling time 5 ms. The dSPACE communicates with the GPS unit,
the (IMU), and the electric motors through the CAN. The vehicle longitudinal and lateral velocities are
measured with the GPS unit. The vehicle lateral acceleration is measured with the IMU sensor. The
CAN bus delivers the requested torque command to the electric motors. Two driving scenarios are

tested and results are presented in the next sections.
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4.4.7.1. Acceleration in turn on dry road

To perform an acceleration in turn, the driver applied a constant steering wheel angle with the
magnitude d,,, = 7 rad, as shown in Figure 4-34. The vehicle started to accelerate from an initial speed
Vo = 0 with full throttle and reached the maximum total torque of 5000 Nm in t = 1s. This driving
scenario is repeated once with the feedforward controller being turned on and another with the
feedforward controller is off. When the feedforward controller is off, the vehicle distributes the driver’s
requested torque equally between all four corners. As the lateral and longitudinal accelerations
increased, the normal load transfers in the lateral and longitudinal directions would increase, too. Due
to the lateral load transfer effect, the inner tires of the vehicle have a lower normal load. In addition,
the longitudinal load transfer reduces the front tires normal loads. As a result, the front inner tire has
the minimum normal load and the rear outer tire has the maximum normal load during the scenario.
The feedforward controller estimates the normal loads of each tire and optimizes the corner torques
such that each tire stays at its limits of force generation and produce maximum possible longitudinal

and lateral forces. The optimal torque distribution on each corner are presented in Figure 4-35.
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Figure 4-34. Driver Input for acceleration in turn on dry Figure 4-35. Optimal torque distribution to the front and
road: (a) steering wheel angle, (b) total torque rear axles for acceleration in turn on dry road
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Figure 4-38. Vehicle trajectory

Optimizing the corner torque increases the vehicle's lateral grip, which allows the vehicle to reach
higher lateral acceleration, see Figure 4-36. It can be seen in this figure that the lateral acceleration has
reached its maximum possible value; maximum lateral acceleration is shown with the black dashed line
in Figure 4-36. This is while when the optimal torque distribution is off, the lateral acceleration (red
line with circle markers) is approximately 40% less than its maximum limit. Figure 4-36 also shows
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huge fluctuations in the lateral acceleration data collected from the experiment with the feedforward
controller being off. The high slip ratio at the front right tire contact patch causes fluctuations in the
lateral acceleration and making the front axle shakes in high-speed values. The high slip ratio in the
front tire, when the feedforward controller is off, has caused by sending 25% of the total torque to this
tire while there is almost no normal load acting on this tire. The normal loads acting on each tire are
shown for both experiments with the feedforward controller on and off in Figure 4-39 and Figure 4-40.

It can be seen in Figure 4-39 and Figure 4-40 that from t = 3s to t = 5s the estimated normal loads
acting on the front right tire are negative. Since having a negative normal load is not possible in reality
it means that the actual value of the normal load is either zero or the front tire is lifted from the ground.
Therefore, sending 25% of the torque to this tire creates a high slip ratio, and drastically reduces the
vehicle lateral grip. It can be seen in Figure 4-35 that during this time, the optimal torque sent to this
tire is almost zero to keep the tire lateral grip at its maximum value. The wheel speed of tires during
each test are presented in Figure 4-41 and Figure 4-42.

The result of maximizing the lateral grip with optimizing the corner torques can be seen in the
vehicle trajectory shown in Figure 4-38. Comparing the vehicle trajectories in both tests, one can see
the importance of having a maximum lateral grip during sharp cornering.

14000

T 12000
FF Cont. ON ‘ - \ e TR
12000 - |—=— Front Left 10000 e >
—<O— Front Right “L o i ® )
10000 | | @ Rear Left . P
4 —&A— Rear Right =, 8000 a
T 8000 E e FF Cont. OFF
2 2 60004 —o— Front Left | -
E 6000 Ng —— Front Right
E E 0 —@— Rear Left
Q S 4000 —A— Rear Right | |
S 4000 f S » |
L) )
= = 2000 g, A \ { o a4
& 2000 - & 1PN
ol 0 (L APPSOV S e Y
-2000 ; : ; : -2000 . ; : ;
0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)

Figure 4-39. Tires normal load when feedforward is ON Figure 4-40. Tires normal load when feedforward is OFF
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4.4.7.2. Double Lane change on dry road

The second scenario performed on the Chevrolet Equinox was a double lane change on a dry road.
The same scenario is repeated once with the feedforward controller on, and another with the
feedforward controller off. The driver’s inputs are shown in Figure 4-43. The optimized torques to the
corners with the controller on are presented in Figure 4-44. The vehicle has been started from a speed
of v, = 20 km/h and when the steering angle is applied, the normal load transfers are estimated and

the torque corners being optimized with respect to the available tire capacities at each corner.
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Figure 4-47. Vehicle trajectory

Comparing the vehicle trajectories at each test, it can be seen that feedforward torque control can
perform a deeper double lane change. When the controller is off, the lateral displacement is 50% shorter

than when the controller is on. This can be highly beneficial during an obstacle avoidance scenario.

4.5, Summary

One of the objectives of this chapter was to perform dynamic analysis of a vehicle driving under
different axial torque distribution. The phase portrait of the two main vehicle states, namely, the sideslip
angle, and yaw rate, presented the dynamic behavior of the vehicle with different torque distributions.
According to the studies conducted in this chapter, the axle torque distribution can impact the vehicle
stability, significantly. Depending on the desired trajectories for the vehicle sideslip angle and yaw rate,
the optimal axial torque distribution could be used to obtain the best possible result. A parameter
sensitivity analysis was performed on (8 — r) phase plane of the vehicle under various axial torque
distribution. The effect of torque distribution on the equilibrium points, safe envelope, and trajectories
of the phase plane was studied. It was concluded that when more torque is applied to the rear axle, the
location of the saddle equilibria moves closer to the center of the phase plane, and the safe envelope
shrinks. The dynamic analysis showed that there should be a torque distribution ratio, which could

optimize the vehicle stability as well as steerability. Therefore, the axial-base and the corner-base
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optimal torque distribution algorithms were developed to enhance vehicle performance at the limits of
handling. The torque distribution algorithms aim to push the vehicle to its handling limits so that the
vehicle could reach its maximum possible lateral acceleration. Two feedforward controllers were
designed that based on the steering and torque commands from the driver, the torque was optimally
distributed to the corners. The feedforward controllers were evaluated numerically as well as
experimentally. It was shown that optimal torque distribution maximizes the lateral grip of the vehicle

and enhances vehicle performance and maneuverability.
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Chapter 5

Active Aerodynamic Control System

An active aerodynamic system consists of aerodynamic surfaces to control the air forces applied to
the vehicle at high speeds. The two main force components created by aero surfaces are in longitudinal
(drag) and normal (lift\downforce) directions. Designing the aero surfaces with appropriate shapes and
angles result in creating mostly downforces. The extra downforce added through the aerodynamic
surfaces increases the braking/traction capacity and enhances the handling and stability during
maneuvers with high acceleration. In addition, adding active aerodynamic surfaces would balance the
normal load distribution, which also leads to better traction or braking.

In an active aerodynamic system, the aero surfaces’ angles are not constant. They are mechanically
connected to a DC motor that changes the surfaces’ angles within a limited range. In this dissertation,
it is assumed that the vehicle is equipped with two active aero surfaces at the front and rear. The angles
of the aero surfaces are controlled independently through a feedforward-feedback control system. The
active aerodynamic control system consists of a feedforward controller and a feedback model predictive
controller (MPC). The feedforward controller assigns appropriate angles to the front and rear aero
surfaces based on the tire's grip and the driver’s requested forces. Then the optimal angles found by the
feedforward controller are fed to the vehicle and the feedback MPC. The designed MPC with the main
objective of yaw rate and sideslip tracking adjust the aero surfaces’ angles. The angle adjustment
commands from MPC are combined with the feedforward commands and the final angles are applied
to the vehicle. In the next section, the active aerodynamic system modeling, the feedforward control

structure, and the MPC structure are explained in detail.
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5.1. Active-Aerodynamic System Modeling

As mentioned before, in this section, the active aerodynamic model is explained. As shown in
Figure 5-1, it is assumed that the vehicle is equipped with two aero surfaces one at the front of the
vehicle and the other one at the rear.

FZT

Figure 5-1. Schematic model of the vehicle with active aerodynamic wings at the front and rear of the vehicle

Since the vehicle is assumed to be at its limits of handling, the normal load transfer due to the
longitudinal and lateral accelerations must be considered. Also, the effect of active aerodynamic loads

is considered in the normal load estimations. The normal loads at each corner are defined as:

1 ma.h

Fz-',-]‘ﬁl7:4 = Z(mglr + anf(laf + l) - anrlar - maxh) + 221/ (5'1)
1 mayh

Pyt = 57 (gl + Frap(lag +1) = Faarlar = mayh) ——2 (52)
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mayh

1
FHAA = Z(mglf — Faaflaf + Foar(lgr + 1) + mayh) + oF (5-3)
vaa _ 1 mayh
Fz,rl = z(mglf - anflaf + anr(lar + l) + maxh) - 2d (5'4)

where F,,; is the normal load created from the active aerodynamic wings, and [,; is the
approximate point of application of the normal load of active aerodynamics as shown schematically in
Figure 5-1.

As explained in section 3.1.1, the lateral forces are being modeled using the Fiala tire model. In
this model, the normal load acting on the tire is one of the main parameters. Therefore, the normal load
variations of the vehicle with aero surfaces must be fully addressed in the tire model and the control
model. To understand the effect of the normal load in the tire model, the lateral tire force generated

under various values of normal loads are plotted in Figure 5-2.
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Figure 5-2. Tire lateral force under various normal loads
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By defining the tire cornering stiffness C, , as the derivative of the lateral force with respect to the
tire sideslip angle, the effect of the normal load on the tire cornering stiffness can be studied. For
instance, as shown in Figure 5-2, at the tire sideslip angle a = 5°, the cornering stiffness C, varies
significantly with the variation of the normal load from F, = 5000 N to F, = 9000 N. Therefore, when
active aerodynamic wings are added to the system as actuators, the effect of normal load variations
must be considered in the tire modeling. To include the active aerodynamic modeling in the system,
the Fiala tire model introduced as Eq. (3-18) is rewritten as follow:

2 3
—C,tana +—Ol tana | tan a S S—
a 3 U FZ+AA | | 27 MZ (FZ+AA)2

—uE 4 sgn a le | > aym

3
F, = tan® a la | < aym (5-5)

Another important parameter in the active aerodynamic modeling is the aerodynamic
characteristics of the aero surface. In order to obtain the aerodynamic characteristics of the aero surfaces
such as lift and drag coefficients, advanced aerodynamic analysis is required which is out of the scope
of this research. Instead, the results of an investigation performed in [64] are used to identify
aerodynamic characteristics of the are wings for this dissertation. The aerodynamic characteristics of
the aero surfaces were obtained through experimentally testing the vehicle in a wind tunnel. Different
tests were performed with various angles of attack from —6° to 18° [64]. The results are presented in
Table 5-1.
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Table 5-1. Aerodynamic characteristic of aero surface at different angles of attack [64]

Angle of attack Lift Coef. Drag Coef.
a, (deg) C, Cx
-6 -0.142 0.0525
-3 0.087 0.0431
0 0.327 0.0432
3 0.573 0.0538
6 0.825 0.0720
9 1.015 0.0966
12 1.185 0.1342
15 1.275 0.1810
18 1.150 0.2520

According to Table 5-1, the lift coefficient for the aero surfaces changes nonlinearly with respect
to the aero surfaces’ angles of attack. A curve fitting method is used to define the function of C,(«,).

By having the lift coefficient, the normal reaction forces from the wing surface are calculated as:

1
Frai = EIDAL'UJ? Cri(az) (5-6)
where p is the air density, and A; is the frontal area of the wing surface.

5.2. Active-Aerodynamic control system

An active-aerodynamic control system is designed to find the optimal aero surfaces’ angles of
attack and stabilize the vehicle using the active aerodynamic system. The schematic model for the active
aerodynamic control system is presented in Figure 5-3. The designed controller consists of two main
parts, (a) feedforward controller and (b) feedback MPC. Each of these controllers is explained in detail

in the following sections.
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Figure 5-3. Schematic model of the feedforward-feedback MPC controller for active aerodynamic system

5.2.1. Feed-Forward Active Aerodynamic Control

A feed-forward controller is designed in this section to find the aero surfaces' angles of attack
according to the available grips on each axle. The feedforward controller receives the driver’s steering
angle and torque input and the only actuators considered for this controller are the front and rear active
aerodynamic wings. By neglecting the wheel dynamics, the requested longitudinal forces are defined
as:

prea _ i
xtj Reff

(5-7)

where T;; is brake/drive torque input on each wheel.

To estimate the lateral tire forces, steady-state yaw rate, and sideslip angle of the vehicle are defined

as follow:
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Trr = Sign(rss) min(lrssl: |ay,max|) (5-8)

.Bff = sign(Bss) min(|Bssl, |Bmax|) (5-9)
where
Tss = [+ kyov2 (5-10)
and
m
_ b, s (5-11)
58 [+ kyv2

where k., is the understeer coefficient of the vehicle response. Also, 5,4« is based on the safe envelope
theory defined as Eqgs. (4-11) and (4-12). By including the tire grip being added to the vehicle by the

active aerodynamic system, the maximum lateral acceleration a,, 4, is modified as:

Fmax 2
yma = jw (94250 a2 512
where
max 1 2 max 5-13
zai zszivszi(azi (5-13)

To estimate normal loads acting on each wheel, lateral and longitudinal normal load transfers must
be considered. To obtain the lateral acceleration required for calculation of lateral normal load transfer,

a circular motion with a radius of R = 1/§ is assumed, and lateral acceleration is defined as follow:
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a, == (5-14)

Therefore, by having the requested longitudinal and lateral forces, the requested tire normal load

can be found as:

e = o) (i) (519

The above F;ii.q would be the minimum required normal load on each tire for the vehicle to perform
the driver’s requested maneuver. If the requested normal load is less than the estimated one, then the
active aerodynamic actuators must be activated to compensate for any lack of normal loads on tires.
Since the aero surfaces are axial base, the tire with a maximum difference between its estimated normal
load and requested one would be the priority for aero surface activation. Therefore, the required normal

load from each aero surfaces is found as:

F, .1 = max(|AF,;, |FJe)) (5-16)
where

AF,; = F T —FSf (5-17)

zij ij

5.2.2. Feedback MPC Active Aerodynamic Control

The designed feedback MPC is explained in this section. The controller has the objective of
tracking the desired yaw rate and sideslip angle with the only available actuators, front and rear active
aerodynamic surfaces. The feedback controller receives the output of the feedforward controller F. 1

zai
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and apply angle adjustment to the aero surfaces to fulfill the objectives of yaw rate and sideslip angle

tracking.

5.2.2.1.  Prediction model
The double-track vehicle model is shown in Figure 3-1 is used as the prediction model. The vehicle
equations of motion are defined as:

1

muv,

g = (FyfrCOSS + Fy£1€0S8 + Fypp + Fyypp + Fyprsing + Fxﬂsin5) -r (5-18)

. lf . , lr
7= . (Fyfrcos8 + Fyp10S8 + FyprSinG + Fypysind) — ’ (Fyrr + Fyr1)
(5-19)

d |
— Z—IZSlnG(Fyfr — Frﬂ)

The prediction states of the controller are the sideslip angle, and the yaw rate of the vehicle, i.e. x =
[ 7]T. The inputs to the prediction model are the adjustment angle of attack for the front and rear

aero surfaces:
u=[Aay Aay]T (5-20)

The outputs of the feedback MPC are the vehicle yaw rate and the sideslip angle, i.e. y = [8 r]”.

The desired values for the vehicle yaw rate and the sideslip angle are defined as:

Yaes = [Baes Taes]” (5-21)

where
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Tdes = Sign(rss) min(lrsslv |ay,max|) (5'22)

Baes = sign(Bss) min(|Bss, [Bmax|) (5-23)

To derive the linear state-space model, the Egs. (5-18) and (5-19) must be linearized at the operating
points with respect to the tire sideslip angle and the angles of attack of the aero surfaces. The main
nonlinear part in the Egs. (5-18) and (5-19) are the lateral tire forces. Therefore, the nonlinear Fiala tire

model must be linearized at the operating point as follow:

OF.

Fyij = Fyij (@, @) + (o = al]) — ay=ay + (azr = aZf) D @ij=aij
ij Azf=0zf az Azf=0zf
O(Zf=a’zf azfzazf (5_24)
OF,;; _
+ (az — Qp) da ajj=a;j +Fy.ij
zr aszazf
azf=&zf

where @;; and @,;; are the tire sideslip angle and aero surfaces’ angles at the operating point. Defining
the lateral force derivatives with respect to the tire sideslip angle and aero surfaces’ angles as C; ;and

Cyi j» the Eq. (5-24) can be rewritten as:

Fyij = @;jCaij + azpCppij + @z Cppij + Fyj (5-25)

where F;; includes all constant parts of the Eq. (5-24).

By substituting Eq. (5-24) into Egs. (5-18) and (5-19), and performing mathematical simplification,

the following state-space form is derived:
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x=Ax+Bu+d (5-26)

y =Cx (5-27)
The state matrix A4 is defined as:
A A
A= [ 1 12] 5-28
Ay Ay (5-28)

where A;4, A1,, A1, and A, are as follow:

A _ COS(S(C_‘afr + Cafl) + C_‘arr + Carl
1= mv, (5-29)

lrcos8(Cagr + Cat) = br(Cagr + Cag1) 1

A = (5-30)
12 mv}g
— — — — d . — —
lfCOSé‘(Cafr + Cafl) - lr(CafT + Cafl) + 7Sln5(Caﬂ - Cafr) (5_31)
21 = I,
— — — — d . — —
l?cos5(Cafr + Cafl) + l%(Cafr + Cafl) + 7lfSlTl6(Cafl - Cafr)
Ay = e (5-32)

The input matrix B is defined as:
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B = [Bll B12]

Bz1 Ba (5-33)
_ cos8(Cpp pr + Cop.p1) + Coprr + Cop
11 muv, (5-34)
B.. — COS(S(CTzr,fr + C_‘zr,fl) + CTzr,rr + Ezr,rl
12 muv, (5-35)
- - - - d . - _
lfCOSS(sz_fr + sz,ﬂ) - lr(sz,rr + sz,rl) + TSlnS(CZf.ﬂ - CZf:fT)
By = L (5-36)
_ _ _ _ d . _ _
lcos8(Cor,fr + Car 1) = b (Carrr + Car ) + 5 58 (Cor gt — Car 1) (5-37)

B, =
22 Iz

5.2.2.2.  Actuation Dynamics

In order to consider the time delays of the actuators, as an alternative of using a common method
of delay handling with adding a first-order delay block to the control system [99], the dynamics of the
actuator are included in the prediction model. The angle of attack for each aero surface is defined by a
linear movement converted from the rotational movement of a DC motor. Considering the resistances
in the electrical system and inertia of the mechanical system and linkages of the active aerodynamic
wings, there would be a time delay from the actuator command to the DC motors and then to the angles
of aero surfaces and down forces applied to the vehicle. To model the time delay of the active

aerodynamic surfaces, a second-order time delay is assumed as:
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Aay = ——Aay + —Aay i
TZ TZ

The dynamic equation of actuator delay can be written in the state-space form as:

1 1
: N | — 0
Aazf _ T, Aazf T, Aazf,in
A‘azr B 0 1 Aag, * 0 1 Aazr,in
| 7, 1® 7

The above state-space model is rewritten as:

Xy = Ayxy + Byuin

(5-38)

(5-39)

(5-40)

In order to fully integrate the actuator dynamics in the control system and prediction model, the

state-space model of the control system is augmented with Eq. (5-25) as follow:

el =lon alle+ g o+ o]
Y =[C 03x2] [;i]

The Augmented model defined as Eq. (5-41) can be rewritten as:

X =AX +Bu;, +d
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The step-invariant method is applied to discretize the continuous-time prediction model. Assuming
the discrete-time period t, <t < tj,4, With the sample time Ty, the discrete-time prediction model is

defined as:

Xi+1 = AgXy + B + dg

(5-44)
Y = C_ka

Ts

o eAOTq(t)dr

where the augmented model matrices are 4, = eA®7% B, = fOTS eAOTB(t)dr, dy =

andCy; = C.

5.2.2.3.  Performance index

The objective of the designed feedback MPC is to track the desired yaw rate and sideslip angle.
The desired yaw rate and sideslip angle are defined based on the steady-state responses explained in
section 5.2.1. The performance index to optimize the input values for the states to follow the desired

values is defined as follow:

Np

1
1 =5 (105 = Tae)ly + lfinsl;) (545)

k=1

where N, is the number of prediction horizon, Yy is the outputs of the system, and Yy, is the desired

values for the system output. The notation || (Y, — Y4es) % is the short version of (Y, — Y;.5)TW (Y, —
Y,0s) Where W is the positive semi-definite output weight matrix. The term ||uin,k||; in the objective

function minimizes the control effort and R is the positive definite input weight matrix.
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5.2.2.4. Constraints

The main constraints considered in the design of the feedback MPC is the input variable constraints.
The constraints are defined based on the angles of the surface wings. They are defined as the upper

bound and lower bounds of the control inputs as follow:

min max
Uin < Uiy < Uy, (5-46)

Since the feedback controller adjust the output of the feedforward controller, the values of a;.f

must be considered in the constraints of the feedback controller:

amin — a;-f < Aay; < afi* — a;.f (5-47)

5.3. Simulation Results

The performance of the designed feedforward-feedback controller for the active aerodynamic
system is evaluated in the CarSim simulation environment. The control system is codded in Simulink
software, and integrated with a high fidelity CarSim model. The controller is evaluated during straight
driving and braking, as well as during lane changes at the limits of handling. The simulation results are

presented in the following sections.

5.3.1. Straight Accelerating

In this section, the feedforward control performance is evaluated during straight driving and
braking. When a vehicle is moving straight, there is no error in yaw rate and sideslip angle. Therefore,
the feedback MPC does not have contribution while driving straight. On the other hand, the torque
requested by the driver might be more than tire capacities and an active aero system need to be activated.
Since the feedforward controller works based on the tire capacities, as soon as the tires are near
saturation, it activates the aerodynamic system and increases tire capacities as needed. A driving

scenario where the driver requests a high amount of drive torque while driving straight is simulated in
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this section. In this driving scenario, when the vehicle is moving in a straight line with the longitudinal
speed v, = 100 km/h, the driver requests a driving torque with the magnitude T = 3600 N.m as
shown in Figure 5-4.
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) ) ) ) Figure 5-5. Front and rear normal loads created by the
Figure 5-4. Driver’s steering and torque inputs )
feedforward active aero controller

As shown in Figure 5-5, the feedforward controller has activated the front aero surface with
maximum capacity and the rear aero surface is creating a 200 Nm normal load. The dashed lines in
Figure 5-5 show the maximum and minimum amount of normal forces each aero surfaces can create.
The tire capacities in force generation are shown in Figure 5-6 to Figure 5-8. The black solid lines show

the total tire forces in longitudinal and lateral directions calculated based on the circle tire model

(E2 + Fyz)l/ 2 The solid lines with square marker show the maximum tire capacity in force generation
when the active aerodynamic system is on and normal load shown in Figure 5-5 are applied to the
system. The red dashed lines with circle marker show the tire force capacity when the active
aerodynamic system is off. Due to the normal load transfer during accelerating, the front tires have a
low capacity in force generation compared to the requested normal forces, red dashed lines with circle
marker. Therefore, the feedforward controller activates the front aero surface to compensate for the
shortage of tire force capacity in front tires. The rear active aero also activated and created 200 N normal
force. It can be seen in Figure 5-8 and Figure 5-9 the rear tire capacities without active aerodynamics

being on are more than the requested longitudinal forces. Activating the rear air wing can also affect
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the front tires with the coupled effect of the front and rear active aerodynamic system. Therefore, the
rear active air wing not only compensates for the rear tire capacities but also helps the front tires to
have more capacity in force generation. Therefore, the rear aero surface has been activated more than

required tire forces in the rear axle.

The effect of having normal loads increased by the active aerodynamic system can be seen on the
tires” slip ratio. The low tire capacity makes the tires’ slip ratio increase and tire force capacities
decrease even more. The effect of increasing normal loads on the slip ratio of the front and rear tires
are shown in Figure 5-10. It can be seen that when the active aerodynamics is on, the slip ratios on both

axles are reduced by approximately 50%.
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5.3.2. Double Lane Change

In this driving scenario, a sinusoidal steering input with the amplitude of 0.5 rad is applied to the
vehicle. The requested drive torque with the maximum amount of T = 1500 N.m is shown in Figure
5-11. In this case, it is assumed that the vehicle has a RWD powertrain system with an open differential
in the rear axle. Both feedforward and feedback controllers are contributing to keep the vehicle stable

and track the desired yaw rate and sideslip angle. The feedforward controller has activated the rear air
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wing as shown in Figure 5-12. Due to the RWD drivetrain system, there is no requested force on the
front axle. On the other hand, as the steering magnitude increases, the lateral force requested by the
driver increase. Therefore, the magnitude of the total forces estimated by the feedforward controller
goes above the rear tires’ capacities. Therefore, when the steering angle is applied, the feedforward

controller activates the rear air wing and keeps the front air wing off.

Figure 5-13 shows the feedforward-feedback controller performance in tracking the desired yaw
rate and sideslip angle. The air wing angles calculated by the feedforward controller are sent to the
feedback MPC as initial angles for each air wing. Then the feedforward angles are being adjusted
according to the feedback MPC objectives of tracking the desired yaw rate and sideslip angle.

Figure 5-14 shows the angles of the front and rear active aerodynamic surfaces during the
simulation. It can be seen that the feedback MPC activates the front air when the vehicle is understeer.
An example of the vehicle being understeer is from t = 2.2 s to t = 3.8 s when the vehicle yaw rate
(black solid line) has not reached the desired yaw rate (blue solid line). When the front active
aerodynamic is activated, normal loads acting on the front tires increases, and front tires can generate
higher values of lateral forces. Creating more lateral forces will increase the oversteering yaw moment
acting on the vehicle and helps the vehicle to reach higher yaw rates. At the same time, the feedback
MPC decreases the angle of the rear active aerodynamic surface. Decreasing the normal loads acting
on the rear tires can decrease the understeering yaw moment to let the vehicle to reach the desired yaw
rate. Even though reducing the rear wing angle can help the vehicle reach the reach higher values of
yaw rate, but it cannot be reduced to zero. This would affect both rear tire capacities and the stability
of the vehicle. Therefore, the feedback MPC optimizes the rear wing angle to keep the vehicle stable,
follow the desired yaw rate with minimum error, and keep the tire at its handling limits to create

maximum possible lateral and longitudinal forces.

In Figure 5-13, the result of the system equipped with the feedforward-feedback controller is
compared with a case that the active aerodynamic system is off (solid red line). It can be seen when the
active aerodynamic system is turned off the vehicle gets oversteer and unstable. Since the vehicle is
RWD, applying the steering angle creates a huge amount of lateral forces on the front tires and make
the vehicle highly oversteer. Therefore, when the active aerodynamic increases the rear normal loads

on the rear tires, it can balance the yaw moment of the vehicle with creating an understeer yaw moment.
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It should be noted that creating an understeering yaw moment can be effective only if it happens
before the vehicle gets oversteer. When the vehicle is oversteer, the understeering yaw moment created
by the rear aero surface cannot bring the vehicle back to the stable zone and the vehicle gets unstable.
This is why having a feedforward controller is very important. The feedforward controller does not

wait for the yaw error to get big enough to contribute. It activated the rear aero surface as soon as it
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sees the vehicle requires a higher value of lateral forces to reach the desired yaw rate and increases the
tire capacity by activating the rear wing. The effect of having a feedforward controller is shown in the
next figures. In the same driving scenario, as explained before, the vehicle is simulated when the
feedforward controller is off. Figure 5-15 shows the vehicle states and red lines belong to the scenario
with the feedforward controller off. It can be seen that turning off the feedforward vehicle makes the
vehicle unstable. The blue line is the results from the previous simulation with active aerodynamic
angles, shown in Figure 5-14, and the air wing angles calculated by the feedback MPC are shown in
Figure 5-16. It can be seen that the feedback MPC is doing its job as perfectly as it should. It has
activated the front aero surface during the time vehicle is understeer (t = 2s to t = 2.6), and as soon
as the vehicle gets oversteer at t = 2.6, it stops the front aero surface and activates the rear aero surface
to create understeer yaw moment. But at this time, the rear active aerodynamic actuator is not strong

enough to create a sufficient amount of understeer yaw moment and cannot stabilize the vehicle.
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5.4. Summary

In this chapter, active aerodynamic surfaces with the ability to changing their angles of attack in
real-time were added as the vehicle actuation system. A control structure consists of a feedforward

controller and a feedback MPC with the objective of yaw tracking was developed. The tire
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nonlinearities and actuator dynamics were included in the prediction model. In order to increase the
accuracy of the prediction model, a parameter varying prediction model was used instead of traditional
linear time-invariant prediction models. The feedforward controller's main contribution was activating
aerodynamic surfaces while the vehicle was moving straight and the yaw rate error was zero. The
feedforward controller activated the front/rear aerodynamic surface whenever the wheel was
approaching the saturation or the brake/drive torque sent to the wheels was more than their handling
capacity. The feedforward controller was also highly essential during harsh maneuvers where the
feedback MPC could not stabilize the vehicle. The feedforward controller could start the aerodynamic
surface activation as soon as it estimated any lack of normal load, while the MPC had to wait for the
yaw error to activate aerodynamic surfaces. Adding the feedforward controller improved the
performance and stabilized the vehicle in harsh driving scenarios.
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Chapter 6
Optimal Torque Distribution and Active
Aerodynamics Control Integration

Although optimal torque distribution strategy has been very effective in improving the stability of
the vehicle, there are situations that the requested torque is more than tire force capacities. In such
conditions, the torque distribution strategy is not enough, and either the driver must reduce the total
torque request or the controller should be smart enough to cut the extra torque commanded by the
driver. In a performance car in which high-speed maneuvers are expected, cutting the torque requested
by the driver may not be acceptable. In these cases, active aerodynamic surfaces can increase the normal
load acting on the wheels to increase tire force capacities. Considering such situations, integrating the
optimal torque distribution strategy with active aerodynamic control in the form of a multi-actuation
control system becomes vital. In the present study, a multi-actuation Model Predictive Controller
(MPC) is designed with the objectives of yaw tracking and stabilizing the vehicle lateral dynamics.
Active aerodynamic surfaces in the front and rear of the vehicle and electric motors at the corners are
the actuators of the designed MPC. In addition, a high-level constraint adjustment module is developed
to observe the constraints of the MPC and prevent any unnecessary activation of the active aerodynamic
surfaces. The high-level constraint adjustment module not only optimizes the actuation cost but also

improves the MPC performance in stabilizing the system.

6.1. Control System Design

A model predictive controller is designed and explained in this section. The controller includes six
actuators as four electric motors at each corner and two active aero surfaces at the front and rear of the
vehicle. The main objective of the controller is tracking the desired yaw rate and optimizing the torque

corners and angle of attack of each aero surfaces. A constraint adjustment model that observes tire
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nonlinearities and constraints is designed and added to the control structure. The details of the control

structure proposed in this chapter are explained in the following sections.
6.1.1. Prediction Model

A double-track vehicle model shown in Figure 3-3 is used as the prediction model. The prediction

states of the controller are the sideslip angle, and yaw rate of the vehicle x = [8 r]T. The inputs to

the prediction model are corner torques and front\rear aero surfaces’ angles of attack:

u:[Tfr Tfl T Tn Az Ozr] (6-1)

The output of the control system is the vehicle yaw rate, y = [r]. The desired value for the vehicle

yaw rate is defined as y;.; = 1405 and calculated based on the steady-state yaw response:

Tdes = Sing(Ts) min(lrsl: |ay,max/vx|) (6'2)

where ay 4, is the maximum lateral acceleration achievable and is estimated as:

ay.max = ((.ug)z - aﬁzc)l/z (6'3)
Also 7, is defined as:
Orv
fYx
=— 6-4
55 T T kgov? (6-4)

where k, is the understeer coefficient of the vehicle response.

To derive the linear state-space form of the prediction model, the nonlinear tire model is linearized

with respect to the tire sideslip angle and aero surfaces’ angles of attack. It is assumed that the steering
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angle and longitudinal speed is constant during the prediction horizon. Therefore, the lateral tire forces

are expanded as:

oF, ;; dF,; o
Fyij = (aij — @) % + (az — @) 65:1'] + Fy (@i, @) (6-5)
ajj Azi

where @;; and @,;; are the tire sideslip angle and aero surfaces’ angles at the operating point. Defining
the lateral force derivatives with respect to the tire sideslip angle and aero surfaces’ angles as C,; ;and

Cyi j» the Eq. (6-5) can be rewritten as:

Fyij = ;jCqij + a5 Cyij + Fij (6-6)

where F; ; includes all the constant parts of Eq. (6-5). Substituting Eg. (6-6) into Egs. (5-18) and (5-19),
the prediction model can be written as x = Ax + Bu + d and y = Cx, where matrices 4, B, and C are
presented as:

A=l o) o

4y = Cort + Cart + C8(Capy + Cpr) (6-8)

muv,

_ C(S(C_‘Offr + C_‘afl)lf - (C_‘arr + Carl)lr 1
muv2

(6-9)

aip

1 _ ~ _ _ d _ _
a1 = T(Ca(ca r+ Ca'fl)lf - (Carr + Carl)lr - 556(6.0:;‘1" - Cafl)) (6'10)
z
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1 _ _ ) _ _ 2 d _ _

Qzz = v (C(S(Cafr + Cafl)lf + (Carl + Carr)lr - Esa(cafr - Cafl)lf) (6'11)
zvXx

1 _ _ ) _ _ ) d _ _

Az = ﬁ(ca(cafr + Cafl)lf + (Carl + Carr)lr - 555(Cafr - Cafl)lf) (6'12)
zvXx
b b b b b b
B= [ 11 P12 D13 D1y Dys 16] 6-13
ba by by bu bas b (613)
S8 cs EZ T+EZ Ezrr Ezr
where byy = byy = Rey piy’ biz =b14 =0, by5 = (é—vxﬂ), big = # , and
desv1,85
b, 20770 (6-14)
effiz
—QCS + 156
by, =—2— 17 (6-15)
Refflz
by3 = d 6-16
N T (6-16)
byy = d 6-17
2= 7R T (6-17)
_ _ d _ _
b C8(Copr + Copr)lr — 755(sz, — Cur1) (6-18)
25 =

L
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and

- 9 o9

In order to consider the time delays of the actuators, as an alternative to using a traditional method
of delay handling with adding a first-order delay block to the control system [99], the dynamics of the
actuator are included in the prediction model. To do so, for the electric motors at each corner, a first-
order dynamic delay is assumed as T;; = (1 + 7s)~'T};;, Where 7 is the electric motor delay time

constant, and T;; ;;, is the actuator command for the electric motors. Considering this time delay, the

Jj,i
electric motors dynamics can be written as:

. 1 1
Tij = - ;Tij + ?Tij,in (6-20)

To model the time delay of the aero surfaces, it was assumed that the angle of attack for each aero
surface was controlled through the rotational movement of a DC motor. The resistances in the electrical
system and inertia of the mechanical system and linkages of the active aerodynamic wings are the main
sources of the time delay of the active aerodynamic system. To simplify the modeling of the time delay
for the active aerodynamic surfaces, instead of including the DC motor and mechanical linkage

mathematical equations, the following first-order time delay is considered:

. 1 1
Az = — T_ az + T_ Aziin (6-21)
z z

where 1, is the time constant for the time delay between the requested angle of attack by the system,

@i in, and the actual angles of the aero surfaces.

Considering the Egs. (6-20) and (6-21), the dynamics of the actuators can be rewritten as:
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Xy = Ayxy + Byuin (6-22)

where
xy=Trr Tp Tor Tri Qzp gr]T (6-23)
Uin = [(Trrin Triin Trrin Triin @fin Qrin]T (6-24)
A, = —diagt Yt 4Lt oY) (6-25)
B, =diag(z™Y, v 7, v 7 1Y) (6-26)

where T and 7, are the time constant for modeling time delays of electric motors and active aerodynamic
systems, respectively. To integrate the actuator dynamics in the control system and prediction model,

the state-space model of the control system is combined with Eq. (6-22) as follow:

~—}-l-/ '~
A B d
(6-27)
X
v=lc_al]
C
The Augmented model defined as Eq. (6-27) can be rewritten in the following form:
X =AX + Bu;, +d
(6-28)

Y =CX
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where X = [x, x,,]T and the augmented matrices 4, B, C, and d are defined as Eq. (6-27). The step-
invariant method is applied to discretize the continuous-time prediction model. Assuming the discrete-

time period t;, <t < t,q, With the sample time Ty, the discrete-time prediction model is defined as:
Xie+1 = AgXye + Bain e + dg

Yk = Eka (6_29)

where the augmented model matrices are 4, = eA®7% B, = fOTS eAOTB(t)dr, dy = fOTS eAOTq(t)dr

and Cy; = C.

Remark 1. The presented prediction model is a linear parameter-varying model in which all the
parameters in the matrices A, B, C, and d are being updated at each operating time according to the

available measurements from the vehicle sensors.

The next step is to parametrize the state-space model using the input increments. To do so, the
difference of the control inputs are defined as following [100]:

Auip e = Uink — Uink—1 (6-30)

Defining the input as a new state to the state-space model as X, , = u;, x—1, EQ. (6-30) can be

written as:

Xukr1 = Xy + Aujn i (6-31)

By integrating Eq. (6-31) and Eq. (6-29) the incremental form of the model can be written as:

Xk+1 ] |:14—d Ed [Xk ] [E ] I:& ]
+ d| Au: + d

Xu,k+1 0 1 Xu,k 0 Yink 0
Xk
he=1C 0lfy" |

(6-32)

124



The augmented model in Eq. (6-32) is the prediction model used in the proposed MPC.

Remark 2. Using input incremental Au;,, as the inputs to the controller has the benefits of
simplifying the implementation procedure. It also does not need any steady-state information of the
control inputs or state variables [100].

6.1.2. Constraints

In the present study, the two main constraints considered in the design of MPC are input variable
constraints and state variable constraints. For the input variables, two types of constraints are included
in the system: the constraints on the input increments Au;,, and constraints on the amplitude of the

control variables u;;,.
Input rate constraints:
The constraints defined on the rate of variations of input variables are defined as:

At < Ay, < AulteX (6-33)

Depending on the nature of the actuator, the value of the maximum and minimum of the input
increment changes. For the set of actuators used in this study, the following maximum and minimum

values are defined for the optimization problem:

Au{?f” = [ATfr,min ATfl,min ATrr,min ATrl,min Aaf,min Aar,min]T (6'34)

Au{?lax = [ATfr,max ATfl,max ATrr,max ATrl,max AOlf,max Aar,max]T (6'35)

Input saturation constraints:

Another set of constraints are defined on the amplitude of the control inputs. They are assumed as

the upper bound and lower bound of the control inputs as follow:
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min max
Uin < Uiy < Uy, (6-36)

Considering the actuator capacities, there would be different values for the upper and lower bounds
of each actuator. For the first four input variables, the torques to each corner of the vehicle, depends on
the variation of the road friction coefficient, the variation of the normal loads acting on the tire, and the

combined slip effect of the tire forces, the following constraints are defined for each corner torque:

0< Tij < .ugRefsz,ij (6-37)

Remark 3. The normal loads used for constraints are being estimated based on the available

measurements at each operating point.

Also, an equality constraint must be defined for the corner torques to guarantee their summation is

equal to the total torque requested by the driver:

Ter + Tpr + Tor + Ty = Teota (6-38)

The constraints on the other two input variables, the angles of the surface wings, are defined based

on the physical limitations of the aero surfaces on changing their angles as follows:

min
zi

< @y < Al (6-39)

a Zl

where a%* is the maximum angle of the front\rear aero surface, and a*™ is the smallest angle.

Zi
State variable constraints:
The last set of constraints are defined on the state variables of the vehicle, yaw rate, and sideslip

angle. Safe boundaries for the yaw rate and sideslip angle are defined according to the safe envelope
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theory [101]. The boundaries for the yaw rate of the vehicle are located on the line of maximum and

minimum steady-state yaw rate as follow:

Tes = i@ (6-40)
Uy
lr
Bmax =—+ tan(alim) (6'41)
Uy
lr
Bmin = U_ - tan(alim) (6'42)

X

Therefore, the constraints on the state variables are defined as:

[ﬁmm ] < [f] < .Bmax] (6-43)

rss,min rss,max

Remark 4. All constraints are being updated in each operating point according to the available

measurements and estimations.

6.1.3. High-Level Constraint Adjustment Module

To assure active aerodynamics are actuated only when they are truly necessary, a constraint
adjustment module is added to the control system. This module receives the tire force estimation data
and calculates the available tire capacity (ATC). A safe margin is defined for activation of the
aerodynamic wings that allow them to activate as soon as ATC is less than 20%. In addition, whenever
the ATC is more than 20%, the angles of attack changes to zero and deactivate the aero surfaces. The
ATC is defined for each tire and whenever each of the tires on the front or rear axles require additional
capacity, the active aerodynamic wings related to that axle will be activated. This module will increase
the efficiency of the active aerodynamic system, reduce the costs of actuator systems, and improve the

performance of the optimization system.
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6.1.4. Objective Function

The MPC is designed to track the desired vehicle lateral response. To find the optimal input

variables, the following quadratic objective function is defined:

p
1
=2 ) (0 = Yae Iy + IAVIIR)
k=1

where W is the outputs weight matrix and R is the input weight matrix. N,, is the number of prediction
horizon where in this research set for 15. Considering the sample time Ty = 10 ms, the total length of
the predication horizon would be 150 ms which is enough time to see future dynamic behavior of the
vehicle. y4.s is the desired output value which must be tracked by the controller and was defined as

Eq. (6-2) in Section 3.1. The schematic structure of the controller is shown in Figure 6-1.
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Figure 6-1. Schematic model of the vehicle with active aerodynamic wings at the front and rear of the vehicle
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6.2. Simulation Results

In this section, the proposed controller is applied to a high fidelity vehicle model in the CarSim
simulation environment. The CarSim model is integrated with the proposed algorithm coded in
MATLAB software. The steering angle and the torque command are fed into the model as the driver
inputs and the designed controller finds the optimal values of the aero surfaces” angle of attack and
corner torques of the vehicle. The physical parameters of the high-fidelity CarSim model used for the
simulations are presented in Table 4-1. The results obtained with the proposed controller, which is
referred to as Controller B in the figures, are compared with another MPC, which only optimizes the
corner torques and does not support the active aerodynamics (Controller A). The designed controller
performance is investigated under two different driving scenarios and two different road conditions

presented in the following sections.

6.2.1. Sinusoidal Steering Input on Dry Road

The performance of the designed controller is investigated in this section for a driving scenario
with sinusoidal steering and constant torque input as shown in Figure 4-10. The vehicle state responses
are shown in Figure 6-3 under the effect of two different controllers. The solid black lines shown in
this figure represent the state responses of the vehicle with Controller B and the red ones belong to
controller A. As shown in Figure 6-3, Controller A is not capable of stabilizing the vehicle and cannot

track the desire yaw rate shown as a dashed blue line.
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Figure 6-4. Optimal normal loads generated by front and Figure 6-5. Optimal torque command sent to each electric

rear aero surfaces motors

The input variables obtained from Controller B are shown in Figure 6-4 and Figure 6-5. The optimal
front and rear normal loads created by the aero surfaces are shown in Figure 6-4. The solid lines show
the normal loads and the dashed lines show the boundaries for maximum and minimum normal loads
that could be generated with each aero surface. The optimal values of aerodynamic normal loads are
calculated based on the optimal angles of attack calculated by controller B and Eq. (5-6). Adding normal

loads to the front and rear axles would increase tire capacities in force generation. Depending on the
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tire situation, a tire may need extra capacity in either lateral or longitudinal directions. During driving
scenarios with high longitudinal accelerations, the normal load transfer from the front axle to the rear
axle highly affects the force generation capacities of the front tires. This is where we expect the
controller to activate the front aero surface. Since the objective of the controller is to track the desired
yaw rate, the controller needs to generate understeer or oversteer yaw moments. The extra yaw moment
acting on the vehicle would let the vehicle track the desired yaw rate and remain stable. In this
simulation, the activation of the rear aero surface helps to generate an understeer yaw moment, while
activating the front aero surface would generate oversteer yaw moment. As can be seen in Figure 6-3,
when the acceleration starts, at least one of the tires is getting close to saturation. Therefore, the front
active aero starts at time 2 to 2.4 s, Figure 6-4. Then, after Time = 2.5 s, the vehicle body is getting
close to oversteering and becoming unstable, as it happens in the vehicle with controller A. At this
moment, the controller must create an understeering yaw moment to bring the vehicle back to the stable

region.

Consequently, when the vehicle is getting oversteer, Controller A tries to create an understeering
yaw moment by transferring the torque from the front-left tire to the rear-left one. Although this torque
transfer creates an understeering yaw moment from AF; on the front axle, but decreases the lateral force
capacities on the rear axle, which is in contrast with the understeer yaw moment requirement. It also
cannot send torque to the rear-right tire to create more understeering yaw moment, there is no more
capacity left on the rear-right tire. The reason is the lateral normal load transfer and the fact that the
inner tires have less normal loads acting on them during the turning maneuvers. At the same time,
controller B starts to activate the rear aero surface to increase rear tire capacities. It also tries to keep
the torques on each corner constant, and therefore all extra capacity on rear tires could be used for
generating extra lateral forces. Meanwhile, the front wing angle is changing to zero, and then the lateral
forces on the front axle decrease. Increasing lateral forces on the rear axle and decreasing lateral forces
on the front axle create an adequate amount of understeering yaw moment that can successfully stabilize

the vehicle.
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6.2.2. Acceleration in Turn on Dry Road

Another driving scenario is designed and simulated on the CarSim high-fidelity model with two
controllers A and B. This driving scenario is happening on a dry road with a friction coefficient u =

0.85. The total torque requested by the driver is T = 4000 Nm and 1 rad of steering wheel angle is
constantly applied 1 second after acceleration is started, Figure 6-6.
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Figure 6-6. Driver Input for turn in acceleration on dry

Figure 6-7. Dynamic responses of the vehicle: (a)
road: (a) steering wheel angle, (b) total torque

longitudinal speed, (b) side slip angle, (c) yaw rate

As shown in Figure 6-7, Controller A was not capable of stabilizing the vehicle and after 5 seconds,
the simulation stopped. To stabilize the vehicle, Controller A tries to decrease the torque acting on the
front-right tire and increases the torques acting on the rear tires, shown in Figure 6-9. Decreasing torque
of the front-right tire generates an understeering yaw moment from the longitudinal force differences
on the front axle, but increases the lateral force generated by the front-right tire, which is in the fight
with the understeer yaw moment generated. At the rear axles, the rear-left tire is saturated and cannot
handle any more torque, while the rear-right one is the outer wheel in the turning and have a higher

capacity due to the higher normal load acting on it. Therefore, sending torque to the rear cannot be
helpful in this situation since it creates an oversteering yaw moment.
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Figure 6-8. Optimal normal loads generated by front and Figure 6-9. Optimal torque command sent to each electric

rear aero surfaces motors

Figure 6-8 shows the way Controller B prevents the front aero surface from activation as soon as it
sees the vehicle becomes unstable t = 2.5s. Therefore, instead of transferring too much torque from
the front axle to the rear one, it activates the rear active aero wing. By activating the rear aero surface
and avoiding any huge torque transfer, Controller B increases lateral forces acting on the rear axles,

which creates an understeering yaw moment and prevents the vehicle from getting oversteer.

6.2.3. Acceleration in Turn on Wet Road

While driving in wet road conditions, active aerodynamic systems are highly beneficial especially
when the vehicle is working at the limits of handling. A good example of such situations is turning in
acceleration when the vehicle is being pushed to the limits of handling. Figure 6-10 shows driver torque
and steering input for this driving scenario. The total torque of T = 2800 Nm is applied to the CarSim
model with the initial speed v, = 70 kmph on a road with friction coefficient u = 0.5. Although the
amount of normal loads created by aero surfaces in this situation is not as high as in previous scenarios,
Figure 6-12, they have been very helpful in coordination with optimal torque distribution. As explained
before, Controller A could not create enough understeering yaw moment by only transferring torques
between corners. Controller B was able to track the desired yaw rate and keep the vehicle in the stable

region, Figure 6-11.
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In this chapter, a multi-actuation MPC was designed with the objectives of yaw tracking and

stabilizing the vehicle lateral dynamics. Active aerodynamic surfaces in the front and rear of the vehicle

were added to the vehicle. The MPC optimized the torques allocated to each corner of the vehicle as
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well as the active aero surfaces’ angles of attack. A high-level constraint adjustment module was
designed to observe the tire behavior and the requirement of the active aerodynamic system. The
constraint adjustment module enhanced the MPC performance by preventing any unnecessary
activation of the aero surfaces. It does not allow the MPC to activate aero surfaces except when one of
the axles is close to the force saturation. The performance of the designed predictive controller was
evaluated through numerical simulations. It was shown that including the active aerodynamic surfaces
as actuators to the control system could increase the stability of the vehicle during harsh maneuvers.
Compared to a controller without active aerodynamic elements, the proposed multi-actuation controller
showed a much better performance in both yaw tracking and stabilizing the vehicle. Active aero
surfaces in the front and rear axle were highly beneficial in creating understeering yaw moments when
the vehicle was about to become oversteer. Such benefits are due to the increased tire force capacities

resulting from higher normal forces on the tires when active wings are activated.
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Chapter 7

Conclusions and Future Work

7.1. Conclusions

In this thesis, an integrated multi-actuation control structure was designed for a performance

vehicle. The control structure includes a feedforward controller and a constrained feedback MPC.

The feedforward controller with the objective of maximizing the lateral grip receives the driver
command and desired lateral dynamics through the driver command interpreter and optimizes the
corner torques and the aero surfaces’ angles. Maximizing the lateral grip improved the steerability of
the vehicle by preventing the vehicle from getting oversteer or understeer in cornering maneuvers.
Having a feedforward controller also improves the aerodynamic system performance by activating the
aero surfaces with respect to the driver’s command. Due to the open-loop nature of the feedforward
controller, the actuation commands do not have to wait for the feedback error signals and will be
activated as soon as the driver’s commands are applied. Therefore, the feedforward controller enhances
both the performance of the feedback controller and the overall performance of the vehicle. To design
the feedforward controller, first, a sensitivity analysis was performed on the open-loop vehicle
dynamics using sideslip angle and yaw rate phase portraits. The effect of various torque distribution
ratios on the nonlinear dynamics and equilibrium points concluded that sending more torque to the rear
axle changes the location of the saddle points closer to the center of the phase plane. As the saddle
points move closer to the center of the phase plane, the safe envelop shrinks and the vehicle becomes
unstable faster. This is while sending torque to the front axle moves the location of the saddle points

farther from the center of the phase plane and increases the size of the safe envelope. Therefore, it was
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necessary to find an optimum ratio for the torque distribution at each driving moment to have the
maximum lateral grip and for performing sharp cornering maneuvers without any oversteering or
understeering. Having a real-time optimal torque distribution with the objective of maximizing the
lateral grip perfectly solved the problem of torque distribution. The optimal axial torque distribution
algorithm was implemented as a feedforward controller and evaluated through simulations and

experimental studies.

The optimal axial torque distribution algorithm was extended to a corner-base configuration which
could optimally distribute driver torque input into all the corners. The corner-base version of the optimal
torque distribution was also implemented in the form of a feedforward controller and it was shown that
it could successfully maximize the lateral grip and enhance the vehicle maneuverability during harsh
cornering maneuvers. Optimizing the torque corners resulted in a 45% increase in the lateral
acceleration compared to an AWD vehicle with the constant torque distribution. Comparing the
experimental results of an axial torque distribution with the corner torque distribution strategies, it was
shown that the lateral acceleration reached to an approximate 30% higher value when the torque corners

were optimized.

Although the feedforward controller enhanced the vehicle maneuverability, a feedback controller
was required to assure stability and yaw tracking of the vehicle. The designed multi-actuation
constrained feedback MPC successfully tracked the desired lateral dynamics and optimized the
actuation commands. Due to the high number of actuators, a real-time constraint adjustment module
was designed to observe the overall behavior of the vehicle. If the operation of an actuator was not
necessary at a moment, the constraint adjustment module would close the boundaries of the actuator
constraint to prevent it from being activated. The constraint adjustment module successfully improved

the performance of the designed MPC and reduced the operation of actuators when not needed.

Integration of the optimal torque distribution and active aerodynamic system let a performance
driver request more traction/brake torque during high-speed maneuvers. Activating the aero surfaces at
the front and rear of the vehicle balanced the normal load distribution at the corners. It also lets the

optimal torque distribution strategy to better stabilize the vehicle during harsh cornering maneuvers.
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7.2. Future Work

For the extension of the studies performed in this thesis, here are suggestions, which can be

considered for future works:

e Feedback Controller for Maximizing lateral grip

The designed feedforward controller can use feedback sensory information to increase the accuracy
and performance of the optimal torque distribution strategy. It should be noted that the objective of the
designed torque distribution strategy is to maximize the lateral grip. Therefore, in some cases, this
objective can be in the fight with the objective of the yaw tracking feedback controller. Therefore, the

conflict between these two main objectives must be studied carefully.
e Increasing optimal torque distribution robustness to the friction coefficient

As mentioned in the thesis, the friction coefficient plays a key role in the optimal torque distribution
strategy. In a worst-case scenario, if the friction coefficient cannot be estimated accurately, a special
condition can be defined for the controller to adjust the constraints respectively. For instance, if the
friction coefficient is not accurate and the vehicle is losing its stability, the optimization constraints can
be adjusted and be set to the previously defined extreme case parameters to consider the friction

coefficient in its minimum value and keep the vehicle stable.
¢ Including road angles in the control design:

In Chapter 3, the dynamic model of a vehicle moving on a road with bank and grade angles was
developed. This model can be used as the MPC prediction model to extend this work to non-flat roads.
When a traditional vehicle dynamic model that does not consider road angles is used as the prediction
model, the controller performance might be compromised when the vehicle drives on non-flat roads.
Adding road angles to the state-space can make the prediction model more precise and result in a better

performance of the control system when the vehicle is moving on a road with bank and grade angles.

e Adding longitudinal dynamics in the modeling and control design:

The longitudinal dynamics can be added to the open-loop analysis performed on the 2-D phase
portraits. 3-D phase portraits are also great tools for analyzing nonlinear vehicle dynamics. In addition,
the longitudinal dynamics can be added to the state-space model. In this thesis, the longitudinal speed

was assumed constant during the prediction horizon and was updated only at each time step through
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available sensory measurements. By considering the longitudinal speed as a state variable, its value
will be updated during the prediction horizon and it will improve the performance of the MPC. It should
be mentioned that adding longitudinal speed as a state will increase the nonlinearity of the model, and

the prediction model must be linearized or a nonlinear MPC must be used to solve the problem.
e Feedforward controller in the form of MPC:

For improving the performance of the feedforward controller, both for maximizing the lateral grip
and for activating aerodynamic surfaces, the optimization can be replaced by a model predictive
structure to improve the accuracy and performance of the feedforward control systems.

e Adding wheel dynamics to the control structure:

To improve the accuracy of the optimal torque distribution, wheel dynamics can be added to the
state-space model. This would allow estimation of longitudinal forces with a lower error by including
the wheel spin and slip ratio effect on the tire force generations. In addition, wheel stability control can

be added to the multi-actuator control structure to help the prediction model better detect tire saturation.

e Adding roll dynamics:

Adding roll dynamics will allow incorporating the lateral load transfers during cornering
maneuvers in the controller. This would improve the feedforward controller by generating more
accurate normal load estimations, and the MPC feedback controller to have a more accurate prediction
model. The accuracy in normal load prediction also enhances the controller performance by having a

more accurate tire model and estimating lateral tire forces better.
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