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Abstract

The automotive industry is in the midst of a shift towards electrification, with an increasing
prominence of by-wire technologies. This thesis is dedicated to investigating the modeling,
control, and parameter optimization of brake-by-wire actuators, with applications for both
future autonomous and non-autonomous vehicles. To this aim, a modular control architecture
is proposed to facilitate the integration of these actuators into vehicles.

The actuators are initially modeled through bond graph methodology. Subsequently, a
cascaded control approach is employed to govern the intelligent actuators, with individual
controllers designed using the Youla parameterization technique. Two distinct physical
parameter optimization strategies are employed to enhance actuator responsiveness and
energy efficiency. One approach is based on linear system optimization using transfer
function, while the other centers around nonlinear system optimization. Comparative
evaluations of the actuators are conducted using step and ramp tests. Finally, a direct
comparison of the actuators within the proposed control architecture is carried out through
a straight-line braking test scenario.
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Chapter 1

Introduction

1.1 Reserach Goal and Scope

BBW systems are going to be the future of brake systems as they reduce cost and the
number of parts (e.g. vacuum boosters and hydraulic parts), therefore, improving the
system reliability. However, very little research has been done on the comparative analysis of
these BBW systems in terms of different metrics such as efficiency, dynamic responsiveness,
reliability, safety, and implementation cost. This research is attempting to find common
metrics to compare and optimize different brake-by-wire systems and actuators. More
specifically, the three most popular brake-by-wire actuators (EMB, EWB, and EHB) are
studied in terms of energy efficiency and dynamic responsiveness metrics. However, other
aspects will be considered in the comparison of these systems as well. By creating metrics,
the actuator performance can also be compared based on their optimized set of parameters
as well as their key differences.

On the vehicle side, we will investigate different possible topologies of BBW (i.e. combining
different brake types in the vehicle). These proposed brake topologies will be compared in
terms of the selected metrics.

The performance does not depend only on the brake components and topology but also
on the designed control strategy. Therefore, it is equivalently important to investigate
the impact of various control architectures and design the most appropriate architecture
with re-usability and modularity for the proposed brake topologies. A few important use
cases of this control architecture are the integration of friction brake-by-wire actuators with
autonomous vehicle’s control architecture and properly dealing with higher bandwidth BBW
actuators in vehicle dynamics.

The goal of this project is to investigate and understand the impact of various brake-by-
wire smart actuators and their topologies on the overall vehicle architecture and vehicle
dynamics performance, safety, and reliability. To achieve these goals, the following questions
should be answered:

• Which brake-by-wire hardware topology are being considered at the moment by
automotive manufacturers and why?

1



1 Introduction

• What are the appropriate metrics to be used for this comparative analysis?

• What is the most suitable modeling approach for brake-by-wire smart actuators?

• What is the most reusable, modular, and expandable control architecture for brake-
by-wire systems that also guarantees vehicle dynamics safety and performance?

• What is the effect of control architecture on the brake-by-wire metrics? For example,
how would the control architecture affect the energy consumption, reliability, and
vehicle dynamics for the vehicle configurations?

• Which driving scenarios can benefit from brake-by-wire systems and their control
architecture? What are the most appropriate control strategies for brake allocation
between the wheels?

The novelty of this research is to design and develop a pragmatic smart brake-by-wire
actuator including its control architecture by developing an understanding from a relative
comparison of current brake-by-wire actuators through control design and optimization. To
achieve this goal a few novel ideas are proposed in this thesis: To achieve this, the following
novel contributions are made:

1. Use of a versatile control architecture for the BBW actuators that is modular and can
be implemented in both autonomous and non-autonomous vehicles.

2. The use of robust control (Youla parameterization) for the controller actuators.

3. The optimization of brake-by-wire actuators’ physical parameters using transfer func-
tion approach.

4. Comparison of different brake-by-wire topologies in the literature based on the chosen
metrics.

1.2 Dissertation Outline

The outline of this dissertation is as follows,

• Chapter 1 is the motivation, project scope, and literature review of brake-by-wire
technologies. It sheds light on the problem statement and project aims, and evaluates
existing literature to highlight gaps this research seeks to address.

• Chapter 2 explains the control functional architecture of the brake-by-wire system
used for autonomous and non-autonomous vehicles. It provides an understanding of
the conventional systems, leading to an explanation of the architecture chosen for this
thesis.

2



1.3 Literature review of brake-by-wire technologies

• Chapter 3 discusses all the vehicle and tire modeling used in the simulation and
discussions along this thesis. It explains all the models used in both simulation and
control design.

• Chapter 4 presents all the modelling efforts involving the brake-by-wire actuators. It
outlines the mathematical foundations and assumptions made to derive the models
and discusses the representation of these actuators’ dynamics in the simulations.

• Chapter 5 describes all the control strategies and designs from the high level all
the way to the low-level and actuator side. It delves into the underlying theory
and reasoning for the choice of control strategies, their implications, and how they
contribute to the overall architecture of the brake-by-wire system.

• Chapter 6 introduces an optimization methodology for brake-by-wire actuators and
their physical characteristics by optimizing for the performance of these actuators
in the loop. It poses an optimization problem that demonstrates how the optimal
settings enhance these brake-by-wire performances and minimize their energy.

• Chapter 7 presents all the results from the optimization methods explained in
Chapter 6. Additionally, all the simulation results and comparisons of the brake-
by-wire actuators and different topologies are presented and discussed. It provides
an in-depth comparison of all the brake-by-wire topologies using the aforementioned
optimization methodology.

1.3 Literature review of brake-by-wire technologies

X-By-Wire technologies are the future of the automotive industry due to the increasing
demand for electrification, fuel efficiency and greenhouse gas emissions. Their electronic
architectures and interface also make them a great candidate for autonomous and Hybrid
Electric Vehicles (HEV) and Electric Vehicles (EV). Among all the necessary by-wire
technologies, brake-by-wire systems are a priority due to their safety-critical nature in the
vehicle [1]–[3].

Brake-by-wire systems can reduce component weight and allow the actuators to improve
energy consumption. This can minimize fuel consumption and CO2 emissions. Using sensors
and control methods, caliper drag (which happens when the brake pad is not released
completely once the brake pedal is released) can be eliminated; thus, making brake-by-wire
technology even more energy efficient. Individual wheel braking and faster activation time
can be combined with the vehicle’s Electronic Stability Control (ESC) system to make
the vehicle safer. The reliability of new actuators and the risk and cost associated with
deploying new brake technologies are the main hurdles of brake-by-wire systems gaining
popularity in the automotive industry [4].

3



1 Introduction

1.3.1 Brake-by-wire actuators

Brake systems are categorized into wet and dry brakes. Wet brakes employ fluids for
their operation, and dry brakes are usually purely mechanical systems. Electro-hydraulic
brake systems are a type of wet brakes where the brake pressure is modified using pressure
modulators that can be controlled electronically. The pressure source can be packaged in
one centralized location for all four wheels like Bosch’s first electro-hydraulic brake system.
These types of brakes require an accumulator and a pump and usually a vacuum booster
to maintain their high pressure throughout the braking operation. Dry brakes can also be
realized in a few different configurations. Purely electro-mechanical brake utilizes a small
motor, planetary gear set, and a roller-screw to move the brake pad [5]–[8]. However, this
type of brake requires a 42 volt motor to operate and is energy intensive [4]. Electronic
wedge brakes, on the other hand, use a wedge mechanism to create a system that draws the
wedge pad inside the brake; therefore, requiring less energy to operate. They usually need a
14 V supply as opposed to 42 V of the electro-mechanical brake. However, this comes at
the cost of more complicated mechanics and control [5], [8]–[16]. Vienna Engineering also
came up with a similar idea using a crank-shaft mechanism that reduces the complexity of
reduction gears and roller screws [17].

Purely dry brakes such as Electronic Wedge and VE brakes are going to be costlier than
Electro-Hydraulic brakes since they are newer technologies and require more research and
development before they become reliable enough to go into production. The other challenge
for purely dry brakes is reliability since they have more electronic components and they all
need to reliably perform in a harsh environment near the brake where vibration, shock, and
high temperatures can have a significant impact [4].

On the other hand, EHB has already been in the market for a while. For example,
there is an integrated electro-hydraulic brake system that utilizes an electro-mechanical
actuator (similar to an electro-mechanical brake) as a modulator of a master cylinder. This
electro-mechanical actuator uses a motor to rotate a gear mechanism and a ball-screw
that pushes the piston. This axial force pressurizes the brake fluid inside the master
cylinder and the pressurized brake fluid is then transferred to the wheel chamber using a
high-pressure pipeline, where this pressure displaces the caliper (similar to an EHB). This
integrated electro-hydraulic brake has the advantage of using most EHB parts which the
automotive manufacturers are already familiar with and also removes the need for having a
pump, vacuum booster, and accumulator. The result is a brake system that has a faster
response than a normal EHB but still slower than pure EMB [18], [19]. It also seems that
this type of brake actuator is gaining popularity among car manufacturers. Bosch GmbH
developed the iBooster and ESP HEV (electronic stability program for hybrid and electric
vehicles) which are integrated electro-hydraulic and hydraulic control unit (HCU) in 2013.
In 2017, Continental AG introduced MK C1 which is a one-part integrated EHB with fast
actuation and without any vacuum booster or accumulator along with emergency brake
functionalities [20]. ZF TRW (with the IBC) and Hyundai Mobis (with iMEB) are among

4



1.3 Literature review of brake-by-wire technologies

the more recent suppliers who developed and manufactured integrated electro-hydraulic
brake actuators.

1.3.2 Brake-by-wire smart actuator topologies

The configuration and combination of these brake-by-wire actuators have also been investi-
gated.

Rear EMBs only configuration includes a hydraulic brake on the front and EMB in the rear
(with integrated parking brake functionality). This has the advantages of simplified
design requirements, using only 14V power supply for EMB (since it’s used in the
rear axle), removing the parking brake, and safety and reliability features (since it also
inherits from a mature hydraulic brake). There has been no configuration of purely
EMBs, mainly since it requires a 42 V supply.

Front and rear EWBs has been investigated by Siemens VDO. The main issue was the loss
of self-reinforcement once the direction of the rotation of tire changes such as when the
vehicle is on an uphill and the vehicle is moving backward before going forward from
a full stop. The actuators could draw a high current and may not hold the vehicle
stationary. Siemens changes the braking direction for the front and rear axle exactly
before the vehicle stop to mitigate this issue (the front axle brakes in the forward
direction and the rear axle brakes backward). They also limit the current on the brake
actuators. This works in most scenarios; however, on the rear-wheel-drive vehicles,
this could lead to the driven axle pushing against a brake in a closed position and
drawing high current at low speeds where there is a continuous change of directions.
Additionally, there would be a need for an extra motor to perform electronic parking
brake function (unless the forces are distributed between all four wheels during the
parking which again poses a risk when holding a vehicle on a slope as mentioned) [4].

Rear EWBs only has also been prototyped by Mando; however, this would have the min-
imum advantage from the self-reinforcing mechanism as discussed. The company
MOBIS prototypes a front EWB and rear EMB since higher braking force is required
in the front. They mounted these brakes on a sedan vehicle and performed different
ABS maneuvers. EWBs on the front would only need a 14V supply and EMBs on the
rear axle can implement parking brake function and would solve the issue of wheel
direction changes. This configuration has a great advantage in terms of safety and
failure modes (since there are two types of brakes used, which usually are not prone
to the same modes of failure and decrease the probability of overall system failure);
however, the cost of using two different types of brakes would be higher [4], [5].

Combination with Regenerative Braking The combination of these actuators with regen-
erative braking for Hybrid/Electric Vehicles has been studied as well [21]. Since
brake-by-wires are easier and faster than the conventional disk brakes to independently
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1 Introduction

control each wheel, brake-by-wire systems integrate well with the regenerative braking
and can save more energy. Gong et al. showed that using their electro-hydraulic
brake system in an EV can significantly increase the energy recovery from regenerative
braking [21]. Ko et al. proposed rear hydraulic brakes and front EWB in an HEV
powertrain configuration. They then utilized the front axle electric motor in a series
regenerative braking by blend in the front and rear axles friction brakes when needed.
[22].

1.3.3 Objective Metrics for Brake-By-Wire Systems

To compare different systems, objective metrics are needed to measure each system’s
performance, robustness, and safety using the same criteria. Similar metrics have already
been used in other automotive applications to optimize or compare different topologies. For
example, Shankar et al. use different criteria for optimization and component sizing of plug-
in hybrid electric vehicles. The objective functions in their optimization include all-electric
range (AER), the CO2 emission from the drive-cycle, and the cost of components [23].

Gombert et al. provide some basic metrics for brake-by-wire actuators and their vehicle
configurations which was discussed in Sections 1.3.1 and 1.3.2 [4]. This provides some
background for objective metrics that need to be considered for BBW actuators. Yao
et al. consider a multi-objective optimization with a few constraints for their combined
electromagnetic and electronic wedge brake-by-wire actuator. The objective comprises of
time to braking at an acceptable slew rate, maximum initial braking torque, and electric
power of the DC motor. Their constraints include maximum power of the DC motor, brake
slew rate, and maximum braking torque (maximum ground friction coefficient) [24]. Kwon
et al. use a multi-objective formulation to optimize a caliper for the wedge brake. Their
objective function includes the minimization of weight and the maximizing the caliper
stiffness to maintain required stiffness while reducing the weight of the wedge brake. They
then use the response surface model to optimize and find the best possible set of caliper
parameters [25].

Metrics and metric-based optimization have also been used in the control architecture of
brake-by-wire systems. Fengjiao et al. use multi-objective optimization for their control
strategy of an electro-hydraulic brake system in an EV. Their objectives include maximizing
the under wheel coefficient of friction on both rear and front wheels while also maximizing
the regenerative energy. Constraints include battery charging power, motor peak torque,
the relationship between braking stability and road adhesion condition [26]. Hielinger et
al. use parameter optimization for an autonomous emergency braking system. Their cost
function includes safety performance which is measured as the reduction of the impact
speed 1, and customer acceptance which includes a sub-cost function for the brake profile
and a sub-cost function for the distance (minimum distance between the vehicle and the

1the speed at which the vehicle might collide to the near obstacle if there is no collision the cost becomes
zero
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obstacle) [27]. Kelling et al. look at a distributed electronic and control architecture design
for brake-by-wire systems and compares a conventional centralized architecture with a
proposed fault-tolerant and distributed system in terms of safety and cost advantages [28].

1.3.4 Control Strategies for Brake-By-Wire Systems

Many researchers have used the sliding mode method to control the wheel slip for Anti-
lock Braking System (ABS). Sliding mode controller (SMC) is a nonlinear robust control
technique, it applies a non-continuous control law to force the system to operate on a sliding
surface which defines the system’s closed-loop dynamic. Compared to bang-bang control,
SMC has the benefits of smaller actuation and added robustness. Anwar uses a sliding mode
controller to control slip in a hybrid BBW system that resulted in a good slip regulation in
low friction surfaces and a smooth ABS and reduced Noise, Vibration, and Harshness (NVH)
in EHB systems [29]. Tanelli et al. used pseudo sliding mode mixed slip-deceleration (MSD)
which continuously controls slip and deceleration while avoiding chattering and is robust to
measurement noise and low sampling frequency [30]. However, SMC is not widely used in
the automotive industry due to its complexity, difficulty of calibration, proper consideration
of actuator delays, and lack of high frequency robustness. Actuators have delays that can
make the sliding mode lead to chatter, energy loss, and excitation of unmodeled dynamics.
However, this is not as much of a problem in the continuous control design [31]. Soltani et al.
use a linearized model of EHB and synthesizes closed-loop shaping Youla parameterization
for the wheel slip control. The stability and performance of the controller were tested on a
HiL (hardware in the loop) setup [32].

The regenerative braking system may result in unstable braking during ABS maneuvers in
the low mu conditions(regenerative braking can change the dynamic of the system which can
lead to instability if it is not compensated). During ABS events, the regenerative braking is
usually turned off [33]. Li et al. used a switching compensating control along with sliding
mode to independently control the friction and regenerative brakes and were able to achieve
a balance between braking performance (brake distance), reliability (fail-safe), and fuel
economy [34]. He et al. used a multi-objective optimization to optimize the energy recovery
efficiency and braking stability [35]. De Castro et al. used an optimization framework that
is based on energy performance metrics, actuator constraints, and bandwidth to allocate
the wheel torque between the regenerative braking and friction brakes [36]. Ehsani et al.
define three different strategies for blending regenerative braking with friction brakes: Series
braking (applying the regenerative braking first and then use friction brakes if necessary)
with optimal braking feel, series braking with optimal energy recovery, and parallel braking.
Series braking with optimal feel minimizes the stopping distance while optimizing the driver’s
pedal feel. Series braking with optimal energy recovery tries to recover as much energy
as possible while satisfying the given deceleration demand. In the parallel brake system,
friction brakes usually have a fixed force distribution ratio between the front and rear wheels
while regenerative braking is also added to the rear wheels (regenerative braking can only
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be applied to the driven wheels which in this case is assumed to be the rear wheel) [37],
[38]. Ko et al. use a series braking strategy in a brake topology that includes rear hydraulic
brakes and a front EWB in an HEV powertrain configuration. In this configuration, if the
brake pedal is pressed less than a threshold, the braking priority is given to the regenerative
braking and as the braking demand increases based on this given threshold, the front EWBs
and then the rear hydraulic friction brakes are blended in. In case of emergency braking, a
parallel braking strategy is activated [22].

The problems of brake system force distributions with regenerative braking capability are
two-fold: the first is to choose the percentage of regenerative braking vs. friction braking at
different times (actuator distribution) and the second is the force distribution between the
four tires (brake force allocation) [19]. Zhang et al. control scheme prioritizes the stability
performance of the vehicle over braking demand during braking-in-a-turn maneuver. Firstly,
they allocate the brake forces between the front and rear axles. Then, these forces are
distributed between the two wheels (inner and outer wheels) based on the longitudinal load
transfer. Their independent braking force allocation for the BBW system shows a good
balance between vehicle stability and braking performance [39]. Anwar uses a generalized
predictive control method to develop a yaw stability controller for allocating the brake forces
on a BBW system [40]. Hong et al. use a direct yaw moment calculation as a reference
model to generate reference yaw rate and sideslip angle. A fuzzy logic controller is used to
distribute the braking force at each wheel to generate the desired yaw rate [41]. Kim et al.
use a genetic algorithm to obtain the optimal torque distribution between the regenerative
braking and electro-hydraulic brakes for any desired yaw moment and given the road surface
friction in a four-wheel-drive hybrid electric vehicle. They also use fuzzy logic control to
track the desired yaw moment. Compared to a longitudinal only regenerative series braking,
they show an increase in energy regeneration [42].
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Chapter 2

Control Functional Architecture

In this chapter, overall control architecture for controlling brake-by-wire actuators is ex-
plained which includes both autonomous and non-autonomous vehicles.

2.1 Software Stack of an Autonomous Vehicle and Motion
Planner

The software stack for an autonomous vehicle typically includes multiple layers of software
that interact with each other to enable the vehicle’s autonomous operation. Figure 2.1 shows
such architecture which consists of the following:

• Environment Perception: The perception layer is responsible for sensing the sur-
rounding environment using various sensors, such as odometry, lidar, and radar. The
perception layer processes the raw sensor data to extract meaningful information about
the environment, such as the location and motion of other vehicles, pedestrians, and
obstacles.

• Environment mapping and localization: This layer includes two parts: localization
and mapping. The localization layer is responsible for estimating the vehicle’s position
and orientation in the world. This layer integrates information from various sensors,
such as GPS, IMU, and wheel encoders, to determine the vehicle’s pose with respect
to a global reference frame. The mapping layer is responsible for constructing a map
of the environment that the vehicle can use for navigation. This layer can use the
data from the perception and localization layers to create a high-resolution map of
the environment, including road geometry, lane markings, and traffic signs.

• Planning and Decision Making: The planning and decision-making layer is responsible
for generating a feasible trajectory for the vehicle to follow, based on the current state
of the vehicle and the surrounding environment. This layer uses various algorithms,
such as probabilistic roadmaps, or search-based planning, to generate a collision-free
and efficient trajectory that satisfies high-level objectives, such as minimizing travel
time or energy consumption. Next, we will discuss the sub-layers within this layer.
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2 Control Functional Architecture

• Control: The control layer is responsible for executing the desired trajectory generated
by the planning and decision-making layer. This layer generates control inputs for
the vehicle’s actuators, such as the throttle, brake, and steering to follow the desired
trajectory while accounting for uncertainties and disturbances. In the traditional
automotive sense, this layer has a few components which will be discussed in the
functional architecture section.

Figure 2.1: Autonomous Vehicle Software Stack

The motion planning layer is one of the critical components of the autonomous vehicle
software stack, as it generates a feasible (collision-free) and efficient trajectory for the vehicle
to follow, based on the current state of the vehicle and the surrounding environment. The
other layers of the software stack, such as perception, localization, mapping, and control,
interact with the motion planning layer to enable safe and efficient autonomous vehicle
operation. Since the motion planning task is too complicated, it cannot be solved entirely in
one block. A hierarchical path planning scheme is the most common approach that is being
used (Figure 2.2). In this scheme, the mission planner focuses on the global and map-level
navigation of the vehicle and chooses the vehicle’s route. A standard algorithm used for this
part of the planner is called A*, further explained in the motion planning section (section
2.3). The mission path information is then passed to the next part, the behavioral planner,
which takes care of the vehicle’s behavior in different environments and with respect to
the other agents such as pedestrians and other vehicles. The behavioral planner decides
when the vehicle needs to change lanes, stop at an intersection, yield when turning left,
and other scenarios. The behavioral planner algorithms use different methods such as state
machine, fuzzy logic, and reinforcement learning to handle this task. The last stage of
motion planning is the local planner, which generates feasible collision-free paths from the
current position to a local goal. Local motion planning algorithms will be discussed in the
motion planning section 2.3.

The focus of this thesis is the control of brake-by-wire actuators using the functional
architecture which will be explained in the later sections. To this end, we can assume
that the motion planner has all the information about the environment and the obstacles
around it and also perfect measurements of vehicle’s states such as its position, velocity,
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Figure 2.2: Hierarchical scheme of path planning in the autonomous vehicle

and acceleration. In the next section, we discuss the functional architecture used in this
thesis for collision avoidance using brake-by-wire actuators.

2.2 Functional Architecture of Autonomous Vehicles

The functional architecture of an autonomous vehicle can be divided into several layers, each
of which performs a specific set of functions to enable the vehicle’s autonomous operation.
Figure 2.3 shows such an architecture:

• Motion planning: As explained previously, the motion planner is a critical component
of the system architecture of autonomous vehicles. It is responsible for generating
a path that the vehicle will follow, taking into account a variety of factors such as
the vehicle’s speed, the road conditions, and other obstacles that may be present.
The motion planner is typically designed using algorithms such as A* search or RRT
(Rapidly-exploring Random Trees) that aim to find the most efficient path from the
current location of the vehicle to the desired destination.

In this case, the motion planner outputs a path that includes x and y coordinates
along with heading angles ψ. It also provides a desired longitudinal velocity.
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• Motion Control (trajectory following): Once a feasible trajectory is generated, the
motion control layer is responsible for controlling the vehicle’s motion along the
trajectory. This layer tracks the desired trajectory while accounting for uncertainties
and disturbances, such as road surface conditions, wind gusts, and sensor noise. The
motion control layer generates overall steering angle and torque commands for the
vehicle’s longitudinal and lateral dynamics to follow the desired trajectory. The
motion controller typically uses control methodologies such as Stanley controller [43]
or model predictive control [44], to adjust the vehicle’s trajectory and ensure that it
stays on the desired path. The motion controller must take into account a variety
of factors, including the vehicle’s dynamics and road conditions, in order to make
accurate control decisions. Other more robust control methodologies such as using
Youla parameterization [45], [46] and H∞ are explored by the researchers as well [47].

• Reference generator: The reference generation layer is responsible for prescribing a
motion reference that determines the desirable vehicle’s motion. This layer includes a
vehicle model that produces desired longitudinal and lateral acceleration and yaw rate
from the given steering angle and torque requests. Normally the vehicle model used
for the reference generator is a bicycle model with a nonlinear tire model.

• High-level control: Once the prescribed motion signals have been determined by
the reference generator, the high-level controller translates these motions into the
generalized forces (Longitudinal (Fx), lateral (Fy), and C.G. moment around z (Mz))
that need to be applied to the vehicle in order to achieve those motions. One approach
to designing a high-level controller for a vehicle is to use robust control techniques
such as H-infinity control [48], [49] or Youla parameterization [50]. H-infinity seeks to
minimize the effect of disturbances on the system while also ensuring good performance
in terms of tracking the desired motions. The use of H-infinity control for the high-level
controller of a vehicle can help ensure that the vehicle is able to follow the desired
trajectories accurately and robustly, even in the presence of external disturbances such
as wind or changes in road surface conditions. This can be particularly important for
safety-critical applications such as autonomous vehicles or Advanced Driver-Assistance
Systems (ADAS), where the ability to accurately follow the desired trajectory can be
important.

• Control allocation: The control allocation layer is responsible for allocating the desired
vehicle control inputs generated by the high-level control layer to the individual
actuators that control the vehicle’s motion. This layer takes into account the physical
constraints of the vehicle’s hardware, such as the maximum tire forces and actuator
limits. The control allocation layer generates actuator commands that are consistent
with the desired vehicle motion and the physical constraints of the vehicle’s hardware.
In the Figure 2.3, engine torque (τengine) is given to the engine, τbrake is given to
brake-by-wire actuators.
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At the actuator level, the system architecture of autonomous vehicles becomes more
complex. The actuator level includes components such as the brakes, the steering system,
and the throttle. Each of these components must be carefully designed and calibrated to
work together in order to ensure that the vehicle moves safely and smoothly along the path
generated by the motion planner and controlled by the motion controller.

One important consideration in the design of the system architecture of autonomous
vehicles is safety. Autonomous vehicles must be able to operate safely in a variety of different
conditions, including adverse weather, unpredictable road conditions, and unexpected obsta-
cles. Safety considerations must be integrated into every aspect of the system architecture,
from the motion planner to the actuator level, in order to ensure that the vehicle can operate
reliably and safely.

In conclusion, the system architecture of autonomous vehicles is a complex and multi-
layered design that involves several components, including the motion planner, the motion
controller, reference generator, high level control, control allocation and the actuator level.
Each component must be carefully designed and calibrated to work together in order to
ensure that the vehicle can move safely and smoothly along the path generated by the
motion planner and controlled by the motion controller. Safety considerations must be
integrated into every aspect of the system architecture to ensure that the vehicle can operate
reliably and safely in a variety of different conditions. Both motion control and motion
planning blocks act like the virtual driver of the vehicle as given by the blocks in Figure 2.1
and Figure 2.2. All the layers after can also be used in the non-autonomous vehicles as well
since they relate to the physical layers of the vehicle as opposed to the virtual driver and
autonomous stack of the vehicle as we will see in the next sections.
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Figure 2.3: Function architecture of an autonomous vehicle from the motion planning to
the actuator level
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2.3 Motion Planning Algorithms for Autonomous Vehicles

Motion planning algorithms can be split into two primary methods of resolving the optimal
path problem. The graph search approach generates a discrete map of the functional space
and calculates the cost of travel to adjacent points from an initial point. The process is
repeated from these adjacent points, generally in the direction that reduces the distance
to a specified target point. Once the target point is reached, the path is selected using
the lowest cost connections. This method provides the basis for algorithms such as A*
and RRT (rapidly exploring random tree). A* is the first algorithm to mathematically
compute an optimal path with a complete solution, meaning that the solution is verifiably
optimal within the boundaries of the configuration space. As such, the solution becomes
exponentially more difficult to compute with higher-order state spaces. To overcome this
obstacle, sampling-based algorithms were developed that return a probabilistic solution.
This may not always generate a perfectly optimal solution but does return the solution at a
rate much faster than could be accomplished using a completion-based algorithm [51].

RRT (Rapidly Exploring Random Trees) and PRM (Probabilistic Roadmaps) are sample-
based algorithms that generate realistic trajectories based on initialized constraints and
develop a structure that minimizes a cost function to create the path. This is executed via the
graph search method, using discrete points in a configuration space to determine the optimal
trajectory. Using these tree structures, the algorithm can more quickly reach a solution by
minimizing cost between the ends of each branch rather than verifying each discrete point
in the configuration space. This does generate a solution that may be less than perfectly
optimal since the solution is not checked at all points but produces a functionally similar
path without a high computational cost. The graph search method requires a complete map
of the configuration space to function correctly and generate a globally optimal path. This
implies a constraint that the generated path may be locally suboptimal with incomplete
information. Another consideration is that due to the discretization of the configuration
space, a low-resolution localization can result in poor algorithm performance.

Figure 2.4: An example of Rapidly-Exploring Random Trees (RRTs) (Picture from [52])
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The RRT and PRM utilize this discretized configuration space to search for an optimal
path. PRM generates several randomly located sample points in the configuration space
and then calculates the optimality of connections between these points. More advanced
versions of this algorithm selectively compute connections to avoid calculations that would
not contribute to an improved solution. RRT operates by generating a set of random
branches and calculates the performance of each branch, passing through higher-performing
branches to calculate the next set. RRT*, a more advanced version of RRT, checks local
nodes between branches within each iteration. If a new branch can be formed between two
previously found nodes, RRT* replaces that branch with the new branch. This results in the
improved overall performance of the algorithm with a small additional computational cost.
Both types of algorithms can be limited to generating branches that are within a deviation
set that is realistic for an automobile; such that, time is not wasted calculating dynamically
impossible solutions.

The variational method formulates a non-linear optimization problem that converges to a
locally optimal path. Using a finite-dimensional vector, the variational method minimizes
an associated cost function to optimize the resultant path. Instead of using a discrete
mapping of points on the path, the produced lattice is derived from functions relating to
the current position and a set of points at some distance away. The derived functions can
be solved using either direct or indirect methods. Direct methods restrict the solution to
a finite-dimension subspace, usually with a solution defined as a finite weighted sum of
a basis function. This solution can be approximated using numerical integrators which
satisfy constraints at collocation points or via pseudospectral methods which use a discrete-
time interval and interpolate to evaluate trajectory between points. The latter method
generally converges more quickly. Indirect methods utilize Pontryagin’s Minimum Principle
to determine optimality conditions of the path planning problem. While numerically difficult,
this method reduces the dimensionality of the optimization problem.

One example of this method is the Conformal Lattice Planner (CLP) algorithm, which
generates a lattice of potential realizable paths which interconnect a set of nodes and selects
the path for which the cost function is minimized. The paths are generated with road
geometry in mind, allowing for the algorithm to quickly search through the set of paths
likely to yield an optimal result.[53] This method generates a locally optimal path in a short
time frame but is constrained to paths defined by the lattice geometry. Additionally, using
too few nodes on the configuration space can limit the performance of the algorithm.[54]

2.4 Functional Architecture of Non-Autonomous Vehicles

According to Kissai et al. there are multiple control architectures for controlling different
actuators that affect the vehicle’s behaviors, mainly:

• Centralized Control: In this architecture, all the actuators in the vehicle get
controlled by one multi-variable global control block. This type of architecture is not
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Figure 2.5: Conformal Lattice, Unoptimized (Left) and Optimized for Roadway Planning
(Right)

fail-safe, and therefore any level of fail-safe redundancy for micro-controllers or power
converters quickly escalates the cost of the control components. Considering this, a
distributed control approach is favored, which can be achieved by supervisory control.
Figure 2.6 shows the diagram for this type of architecture.

Centralized controller

Actuator 1 Actuator 2 Actuator 3 Actuator N…

Figure 2.6: Centralized vehicle control architecture [55]

• Supervisory Control: In the supervisory control, there is a supervisor that sends
the command to the individual controllers. Those controllers then send a command to
the actuators. Figure 2.7 shows the diagram for this type of architecture.

Supervisor

Controller 1 Controller 2 Controller 3 Controller N

Actuator 1 Actuator 2 Actuator 3 Actuator N

…

…

Figure 2.7: Supervisory vehicle control architecture [55]

16
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• Multi-Layer Architecture: This architecture provides more flexibility and modular-
ity than supervisory architecture. Each layer provides a specific functional requirement
[55]. Because of its great flexibility and modularity, this is the most widely used
architecture (e.g. [48], [50]). One example of this architecture is the one explained for
the autonomous vehicles in section 2.2.
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Figure 2.8: Multi-Layer vehicle control architecture [55]

2.5 Functional Architecture for the Brake-By-Wire Actuators

Based on the multi-layer architecture explained in the previous section, we propose the
control functional architecture in Figure 2.9. Note that this is similar to the Architecture
presented in Figure 2.3 for autonomous vehicles; however, the motion planning and motion
control section of the architecture are removed since the vehicle is assumed to be operating
by a human driver, and no autonomy is required. Instead, the driver’s input to the steering
system and accelerator/brake pedal for torque request are shown. δw and τ are the steering
angle at the wheel and the brake torque request. The driver’s steering input to the steering
system generates the wheel’s steering angle δf . For non-autonomous vehicles, when the
driver pushes the brake pedal, it goes through a brake pedal look-up table which maps
the driver’s pedal input to the brake torque request (A similar map exists for accelerator
pedal and the engine torque which is not shown in this architecture.). δf and τ are
utilized as the inputs to reference generator to generate the inputs for the high-level control
which then create generalized forces and moment. The control allocation then allocates
appropriate brake torque reference to each wheel’s brake-by-wire actuator (τbrakerefij where
i, j ∈ {F,R} × {L,R}). Each actuator then generates the brake torque that is being
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requested. Note that this architecture can be used for autonomous vehicles by adding the
autonomy stack and specifically motion planning and motion control blocks which eliminates
the need for the driver’s input.
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Chapter 3

Vehicle Modeling

Vehicle dynamics and tire modeling form a crucial part of understanding and optimizing the
performance of various vehicular systems, including braking, steering, and suspension. These
are essential for a comprehensive evaluation of the vehicle’s ride and handling characteristics
under diverse operating conditions. As vehicles become more sophisticated and incorporate
advanced technologies like brake-by-wire actuators, the role of vehicle dynamics and tire
modeling becomes even more critical, providing vital information that influences design,
control, and overall performance enhancement of these systems.

This chapter focuses on tire modeling, including longitudinal and lateral modeling, as well
as different vehicle models like the one wheel model, bicycle model, and extended bicycle
model. Tire modeling, crucial to understanding the interactions between the vehicle and
the road, plays a pivotal role in predicting the vehicle’s handling characteristics. On the
other hand, vehicle modeling is instrumental in providing simplified yet comprehensive
representations of complex vehicular systems, enabling us to study and understand their
behavior under varying conditions. The models discussed in this chapter, with different levels
of complexity and accuracy, will be used not only to simulate the behavior of brake-by-wire
actuators but also to design effective control strategies for these systems.

3.1 Tire modeling

Tire modeling is a crucial part of a vehicle dynamic model as it has a significant impact
on vehicle behavior under different scenarios. There are three mechanisms involved in
generating friction force between a rubber tire and the road: adhesion, deformation, and
wear. To study these effects, various empirical and theoretical modeling techniques have
been proposed by researchers.

3.1.1 Longitudinal tire modelling

The longitudinal force of the tire is proportional to the friction coefficient and the normal
force.
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FLi = µi(λ) · Fzi (3.1)

Where µi represents the longitudinal friction coefficient between the tire and the ground
and Fzi is the normal force exerted on each tire. There are different models for the
longitudinal tire forces such as Pacejka magic tire formula [56], Dugoff [57], LuGre [58], and
Burckhardt [59]. For the longitudinal tire modeling, we choose a simplified Burckhart model
to represent the longitudinal tire model, for the sake of its simplicity and being able to
capture longitudinal tire saturation well. The longitudinal friction coefficient is defined as

µ(λ) = c1 · (1− e−c2λ)− c3λ (3.2)

where c1, c2 and, c3 are tire constants that depend on the road surface type (dry asphalt,
wet asphalt, snow, ice) and λ are longitudinal wheel slip and during the brake, assuming
positive slip ratio during braking, it is defined as

λ =
u−Rwωw

|u| (3.3)

Where u is forward velocity of the vehicle, Rw is wheel’s effective radius, ωw is wheel’s
angular velocity. This relationship (Longitudinal friction Coefficient vs. Slip) is shown for a
few of the road surfaces in Figure 3.1.

Figure 3.1: Longitudinal Friction Coefficient vs. Slip for different road surfaces using
Burckhardt tire model
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3.1.2 Lateral tire modelling

Linear tire model

The linear tire model assumes that tire forces are proportional to the slip angle. This usually
works for small slip angles and when the tires are only operating in the linear region. In
this case, front and rear tire lateral forces Ff and Fr are as follows

Ff = Cfαf (3.4)
Fr = Crαr (3.5)

Where Cf and Cr are the front and the rear cornering stiffnesses and αf and αr are front
and rear slip angles. The lateral tire slip angle, also known as the tire slip angle or the
cornering slip angle, refers to the angle between the direction in which a tire is pointing and
the direction in which it is actually moving. It is a measure of how much the tire is deviating
from its intended path while cornering. Therefore, it is defined as the angle between its
lateral velocity and longitudinal velocity.

αf = arctan(
Vcf
Vlf

) (3.6)

αr = arctan(
Vcr
Vlr

) (3.7)

Where Vcf and Vlf are lateral and longitudinal velocities of the front tire, and Vcr and Vlr
are lateral and longitudinal velocities of the rear tire.

Pacejka lateral tire model

The Pacejka tire model, named after its creator Hans B. Pacejka, is a widely used semi-
empirical model for describing the lateral behavior of vehicle tires. The model provides
an approximation of the lateral forces and moments generated by a tire as a function of
various inputs, including the slip angle, vertical load, and longitudinal slip. The lateral force
generated by the tire can be calculated using the following equation:

Fy = D · sin(C · arctan(B · α− E · (B · α− arctan(B · α)))) (3.8)

where Fy is the lateral force acting on the tire, α is the lateral tire slip angle, and B, C, D
are the parameters that depend on the tire properties and characteristics. The parameters B,
C, D, and E are typically determined through experimental testing and fitting procedures to
match the tire’s behavior. These parameters account for the nonlinearities and complexities
of the tire’s lateral characteristics, such as the shape of the lateral force curve, saturation
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Figure 3.2: Pacjeka tire model inputs and outputs [61]

effects, and the transition from linear to nonlinear behavior. It’s important to note that there
are various versions and variations of the Pacejka tire model, such as the Magic Formula
[56] and MF-tire/MF-Swift [60], which offer different levels of complexity and accuracy for
modeling tire behavior. We will discuss the magic formula more in the next subsection.

3.1.3 Full tire modelling

Magic formula developed by Pacejka [56] consist of coefficients for each lateral force, longitu-
dinal force, and self-aligning moment that the tire can produce at the contact patch and best
fit the experimental data. These coefficients along with slip angles and camber angles are
used to generate the forces for given normal forces. These models can accurately predict the
tire behavior and are widely used in literature. The Magic Formula also incorporates other
factors such as camber angle (tilt of the tire relative to the road surface) and longitudinal
slip (difference between the tire’s actual and ideal rotational speed). By considering these
additional variables, the Magic Formula provides a more comprehensive tire model compared
to a simple slip angle-based model. Figure 3.2 shows the inputs and outputs of Pacejeka
tire model 3.2. ω is the wheel’s angular velocity, v is the forward velocity of the tire, γ is
camber angle and Fz is normal force of the tire. Fx, Fy, Mx, My, and Mz are longitudinal
and lateral tire forces, longitudinal, lateral, and normal moments [61]. In this schematics,
slip formula is Equation 3.9 which we will explain in the next section.
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3.2 Vehicle modeling

It’s worth noting that there are variations and extended versions of the Magic Formula
that introduce more parameters to account for additional tire characteristics, including
combined slip (combined lateral and longitudinal slip), self-aligning torque, and more
complex nonlinear behavior. These variations allow for more accurate tire modeling in
different scenarios and applications.

This section describes a simplified version of Pacejka’s Magic Formula. The longitudinal
wheel slip ratio sijx (where i is F (front) or R (rear) and j is R (right), L (left), denoted
as i, j ∈ {F,R} × {R,L}) and the wheel slip angle sijy are computed from the vehicle
longitudinal and lateral velocities in the tire frame vijxt and vijyt as described in (3.9). The
small angle assumption is used to simplify the definition of the slip angle sijy as follows,

sijx =
rwωij − vijxt

|vijxt|
, and sijy = tan−1(

−vijyt
vijxt

), where i, j ∈ {F,R} × {R,L} (3.9)

Note that sijx definition is positive longitudinal slip during the traction and negative during
braking. Using the Pacejka’s Magic formula with constant coefficients, the longitudinal and
lateral forces, Fxij and Fyij , in the tire frame are computed in (3.10) and (3.11) as follows,

µij(sij) = D sin(C tan−1(Bsij)), sij =
√
s2ijx + s2ijy (3.10)

µijx =
Fxij

Fzij

= −sijx
sij

µij(sij), and µijy =
Fyij

Fzij

= −sijy
sij

µij(sij) (3.11)

Where µij is the under tire coefficient of friction for each tire and is dependent on sij
which is combined slip and defined in Equation 3.10. We can use Fxij and Fyij of each tire
in different vehicle models to accurately predict vehicle’s longitudinal and lateral motions.

3.2 Vehicle modeling

To correctly predict the vehicle’s motion under specific brake-by-wire actuators and different
control algorithms, a correct model to capture the longitudinal and lateral model of the
vehicle is required. Vehicle modeling can range from simple one-wheel models (that only
model longitudinal dynamics) to complex full-vehicle models that replicate the behavior
of the full vehicle. In the following subsections, all the vehicle dynamic models that are
utilized in the simulation and control development in this thesis are explained.

3.2.1 One-wheel model

The wheel has rotational inertia and is connected to a point mass. For the preliminary
studies of brake actuators and their algorithms (for example, the Anti-Lock Braking System,
ABS, and Traction Control System (TCS)), this simple one-wheel model can be used and is

23



3 Vehicle Modeling

Figure 3.3: One-Wheel vehicle model

easy to implement later on a hardware-in-the-loop test. Models such as this can be used
for studying longitudinal dynamics in the vehicle. Since it focuses only on the longitudinal
dynamics of the vehicle, it is perfectly suited for studying brake-by-wire actuators and ABS
technologies [62]. Figure 3.3 shows the schematics of this model. Equations 3.12 - 3.14 are
the governing equations; where, Jw is the rotational inertia of the wheel, ωw is the angular
velocity of the wheel, Fb is the brake force, Reff is the effective radius of the wheel, τb is
the brake torque exerted on the wheel, u is forward velocity, m is the vehicle’s total mass, N
is normal force, and µ is the friction coefficient between the wheel and the ground (can be
calculated using longitudinal tire model explained in section 3.1.1).

Jwω̇w = FbReff − τb (3.12)

mu̇ = −Fb (3.13)

Fb = µ(λ) · Fz (3.14)

3.2.2 Bicycle model

The bicycle model is a widely used simplified representation of a vehicle. It is designed
to capture the lateral dynamic behavior of the vehicle. Some models include longitudinal
dynamics as well. The model consists of a rigid frame connecting a front wheel and a rear
wheel, along with a steering angle that represents the angle between the front wheel and
the vehicle’s longitudinal axis. The lateral motion of the bicycle is modeled by the tire
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Figure 3.4: Bicycle model free body diagram and velocities

slip angle, which is the angle between the tire direction and the tire velocity vector. The
longitudinal motion is modeled by the longitudinal slip, which is the difference between the
speed of the wheel and the vehicle’s speed.

The bicycle model is a useful tool for studying the handling and stability characteristics
of vehicles, particularly in cornering maneuvers, where the lateral forces generated by the
tires play a crucial role in the vehicle’s stability.

Equations 3.15-3.20 represent the bicycle model’s equations of motion.

mU̇ = m · V · ωz + Fxf
+ Fxr (3.15)

mV̇ = −m · U · ωz + Fyf + Fyr (3.16)

Iω̇z = aFyf − bFyr (3.17)

Ẏ = Usin(ψ) + V cos(ψ) (3.18)

Ẋ = Ucos(ψ)− V sin(ψ) (3.19)

ψ̇ = ωz (3.20)
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3 Vehicle Modeling

Where m, Iz, a, b, δf , ψ are the vehicle’s mass, the moment of inertia around z, distance
from the center of mass of the vehicle to the front axle, distance from the center of mass of
the vehicle to the rear axle, front steering angle at the tire, and heading angle. ωz, U , V ,
Fyf , Fyr , Fxf

, and Fxr are yaw rate, longitudinal velocity, lateral velocity, front, and rear
tire lateral force, and front and rear longitudinal force. X and Y are the longitudinal and
lateral locations of the vehicle in the global coordinates. To get the tire longitudinal and
lateral tire forces from the tire coordinates to the vehicle coordinates, we can use Equation
3.21 and 3.22 show this transformation.

Fxf
= Flf cos(δf )− Fcf sin(δf ) (3.21)

Fyf = Flf sin(δf ) + Fcf cos(δf ) (3.22)

Where δr is the rear tire angle, Flf and Fcf are longitudinal and lateral tire forces in the
tire coordinates.

For the front tire, using small angle approximation, we can approximate this to:

Fxf
≈ Flf − Fcf δf (3.23)

Fyf ≈ Flf δf + Fcf (3.24)

(3.25)

For the rear tire, we simply have the following

Fxr = Flr (3.26)
Fyr = Fcr (3.27)

To get the tire forces, we have to calculate the velocities at the tire coordinates. Equations
3.28-3.31 explain this relationship for the front and rear tires.

Vcf = Vyf cos(δf )− Vxf
sin(δf ) (3.28)

Vlf = Vyf sin(δf ) + Vxf
cos(δf ) (3.29)

Where Vcf and Vlf are the longitudinal and lateral tire velocities in the tire coordinates.
Vxf

and Vyf are the longitudinal and lateral tire velocities in the global coordinates. Since
δr is zero in front wheel steering vehicles,

Vcr = Vyr (3.30)
Vlr = Vxr (3.31)
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3.2 Vehicle modeling

Using the vehicle’s motion, we also have Equations 3.32 and 3.33.

Vyf = V + a · ωz (3.32)

Vyr = V − b · ωz (3.33)

Now, we can substitute these velocities into the Equations 3.6 and 3.7 and get the slip
angles for the front and the rear tires. We also linearize the velocity equations using small
angle approximations. This is done in the Equations 3.34 and 3.35.

αf = arctan(
V + a · ωz − U · δf
(V + a · ωz) · δf + U

) ≈ arctan(
V + a · ωz − U · δf

U
) ≈ V + a · ωz

U
− δf

(3.34)

αr = arctan(
V − b · ωz

U
) ≈ V − b · ωz

U
(3.35)

Now, we can use the tire models developed in subsection 3.1.2 to calculate the lateral and
longitudinal forces for the bicycle model.

3.2.3 Extended bicycle model

The extended bicycle model is the continuation of the bicycle model. In this case, the model
includes all four tires. Extended bicycle model is a 7 Degrees of Freedom (DoF) model while
a bicycle model is only 3 DoF model. Bicycle model with linear tires is usually used for
linear analysis and designing controllers when a linear model of the vehicle is needed. An
extended bicycle model is used as the platform for simulating the nonlinear behaviour of the
vehicle model. Figure 3.5 shows the schematics for such a model. This model also includes
tire rotational velocities. Assuming small angles, Equations 3.36-3.39 are the equations of
motion governing this model.

m(U̇ − V ωz) = FFLx + FFRx + FRLx + FRRx (3.36)

m(V̇ + Uωz) = FFLy + FFRy + FRLy + FRRy (3.37)

Izzω̇z = a(FFLy + FFRy)− b(FRLy + FRRy) +
T
2 (FFRx − FFLx + FRRx − FRLx) (3.38)

Jwω̇ij = τij − rwfijxt, i ∈ {F,R}, j ∈ {R,L} (3.39)

where m is the vehicle mass, Izz is the yaw vehicle inertia, Jw is the wheel inertia, a and b
are the distance between the center of gravity and the front and rear axle, respectively, T is
the vehicle track width, and rw is the wheel radius. The longitudinal and lateral tire forces
Fijx and Fijy are expressed in the body-fixed frame attached to the chassis.
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The tire model used in this model is the simplified Pacejka model presented in Section 3.1.3.
All the lateral and longitudinal tire forces are calculated using Pacejka tire model. We still
would require normal force of each tire to calculate those forces and because this vehicle
model does not include suspension dynamics, the normal force cannot be computed from
the suspension and tire vertical deflection. Therefore, we have to rely on algebraic forces
to compute normal forces. Algebraic expressions can be used to describe the wheel load
distribution in quasi-steady-state due to longitudinal and lateral acceleration.

Fijz = F 0
ijz ±∆F x

j ax ±∆F y
i ay, (i, j) ∈ {F,R} × {R,L} (3.40)

where the static load (F 0
ijz) and the load transfer terms (∆F x

j and ∆F y
i ) are

F 0
ijz =

mg(L− lj)(W − wi)

LW
(3.41)

∆F x
j =

mh(W − wj)

LW
(3.42)

∆F y
i =

mh(L− li)

LW
(3.43)

Variables wL and wR denote the distance from the center of gravity of the vehicle to the
left and ride sides; W = wL + wR is the track width; lF and lR denote the distance from
the center of mass to the front and rear axles; L = lF + lR is the wheelbase; m is the total
vehicle mass; g is the gravitational acceleration; h is the height of the center of mass with
respect to the ground; and ax and ay are the vehicle longitudinal and lateral accelerations.
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Chapter 4

Brake-By-Wire Actuator modeling

In this chapter, a comprehensive examination of brake-by-wire actuators, including electro-
hydraulic (EHB), electro-mechanical (EMB), and electronic wedge (EWB) brake systems, is
undertaken. Each system is modeled based on the foundational principles of bond graph.
The purpose of this chapter is to explain the technical aspects of these systems by describing
their structural models and the intricate equations of motion that govern their operation.
The schematics of EHB, EMB, and EWB brakes are shown in Figure 4.1a, Figure 4.2a and
Figure 4.3a respectively.

Bond graph is a graphical modeling approach for dynamical systems based on the
flow/exchange of power, and therefore, energy. Among many benefits of bond graphs, they
are suitable for the systems with multiple energy domains such as mechatronic systems that
usually include various electronic, electrical, mechanical, and hydraulic components [63].
Bond graphs are multi-energy domain and open architecture, which means one can easily
add and expand the models with minimum effort compared to other modeling techniques.
Furthermore, the monitoring and processing power and energy consumption of various
components and parts are conducted with ease when using bond graphs. Given the
mentioned benefits of this modeling technique, this method is adopted here to study
and model BBW systems.

4.1 Electro-Hydraulic Brake

Figure 4.1a shows the schematics of an EHB. EHB model consists of a high-pressure
source (master cylinder), hydraulic lines, build and dump valves, a brake cylinder chamber,
and brake pads. The master cylinder provides pressure into the high-pressure line, controlled
by the build and dump valves. Build and dump valves are considered to have varying states
between their fully open and fully closed states. This is as opposed to the valves that can
either be fully open or fully closed at a given time. In practice, these are solenoid valves
that can be controlled with pulse width modulation. For the sake of initial comparison
between these smart brake actuators, a vehicle model containing only one-wheel is utilized.
When the pressure increases in the brake cylinder chamber, this pressure will move the
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4.1 Electro-Hydraulic Brake

brake pad forward. This forward movement of the braking pad stops the brake disk as a
result. Upon stopping, the dump valve opens, decreases the pressure, and releases the brake
pads, bringing them back to their original position.

Based on the Figure 4.1a, the bond graph for EHB is presented in Figure 4.1b. Using the
bond graph, we can come up with Equations (4.1)–(4.4) which represent the equations of
motion for the EHB. qcyl, pp, xcal, Pin, ub, and ud are the volumetric displacement of the
cylinder fluid, momentum of the caliper, caliper displacement, pressure of the master-cylinder
(high pressure input), duty ratio of build valve, and duty ratio of dump valve (between 0
and 1), respectively.

(a) EHB schematics [64]
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Rbuild C :
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qcyl

Rdump

TF 1
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C : 1
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(b) EHB bond graph

Figure 4.1: Schematics and bond graph of EHB

Cd, Sb, Sd, ρ, βhf , Vcyl, Sp, bp ,mp, x0, and kcal are the maximum flow coefficient of the
valve, cross-sectional area of the build valve when fully open, cross-sectional area of the
dump valve when fully open, density of the brake fluid, bulk modulus of the brake fluid,
cylinder’s volume, cylinder’s cross-section surface, damping coefficient, brake pad’s mass,
brake clearance, and caliper stiffness, respectively [64]. Since these equations are highly
nonlinear because of the valves, a linearized version, for the purpose of control development,
is given in Equations (4.5)–(4.7). In this linearization, it is assumed that ud = 1 − ub,
and this means that when one valve is open, the other is closed. EHB equations of motion
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4 Brake-By-Wire Actuator modeling

are as presented in 4.1-4.4.

q̇cyl = CdSbub

√
2

ρ
(Pin − βhf

Vcyl
qcyl)− CdSdud

√
2

ρ
(
βhf
Vcyl

qcyl)−
Sp
mp

pp (4.1)

ṗp = Sp
βhf
Vcyl

qcyl − bp
pp
mp

− kcal max(xcal − x0, 0) (4.2)

ẋcal =
1

mp
pp (4.3)

Pcyl =
βhf
Vcyl

qcyl (4.4)

4.1.1 Linearization of Equations of motion

Based on Equaions 4.1-4.4, we can linearize the equations of motion of the the EHB.
Linearized EHB equations are presented in Equations 4.5-4.7. This linear stat-space
representation can later on be used to design controllers for this actuator.

A =


CdSbu0

√
1
2ρ

−
βhf
Vcyl√

(Pin−
βhf
Vcyl

qc0)

− CdSd(1− u0)
√

1
2ρ

βhf

Vcyl

1√
qc0

−Sp

mp
0

Sp
βhf

Vcyl
− bp

mp
−kcal

0 1
mp

0

 (4.5)

B =
[
CdSb

√
2
ρ(Pin − βhf

Vcyl
qc0) + CdSd

√
2
ρ(

βhf

Vcyl
qc0) 0 0

]
(4.6)q̇cylṗp

ẋcal

 = A

qcylpp

xcal

+B ub (4.7)

4.2 Electro-Mechanical Brake

The EMB comprises a small electric motor, planetary gear set, ball-screw mechanism, brake
pad, and caliper. A planetary gear set and a ball screw mechanism move the brake pad
when the motor rotates. This movement will result in a clamp force that is denoted by
Fcl as illustrated in Figure 4.2a. Utilizing this schematics, the bong graph for the EMB is
drawn in Figure 4.2b.

Using this bond graph, the equations of motion for the EMB can be written using
Equations (4.8a)–(4.8d). Note that the same nonlinear friction model has been used for the
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4.3 Electronic Wedge Brake

EMB and EWB models. Im, Vin, and ωm are current, voltage input, and angular velocity of
the shaft, respectively. Lm, Rm, Kt, Jm, Dm, Ns, Np, and Kcal are the inductance of the
electric motor, electrical resistance, electromotive force constant, total moment of inertia of
the rotational parts (including the shaft and gears), axial viscous friction, planetary gear
reduction ratio, ball-screw gear reduction ratio, and caliper stiffness, respectively [65].

EMB equations of motion are as follows:

İm =
1

Lm
× (Vin −Rm × Im −Kt × ωm) (4.8a)

ω̇m =
1

Jm
× (Kt × Im −Dm × ωm − τf −Np ×Ns ×Kcal ×max(Xcal − x0, 0)) (4.8b)

Ẋcal = Ns ×Np × ωm (4.8c)

FCal =

{
Kcal (Xcal − x0) , if Xcal ≥ x0

0, otherwise
(4.8d)

(a) EMB schematics
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Figure 4.2: Schematics and bond graph of EMB

4.3 Electronic Wedge Brake

The EWB actuator converts the motor’s rotation to a linear force on the wedge by using a
planetary gear set (not depicted in the schematic) and a roller screw. The motor shaft’s
axial stiffness and resistance are also considered in modeling this actuator. Kcal represents
the combined caliper stiffness and the stiffness between the wedge and the disk. This is
similar to the EMB configuration, except that the caliper is shaped like a wedge, which, by
inserting it inside the brake casing, creates a self-reinforcing mechanism. Figure 4.3a shows
a schematics of this actuator and Figure 4.3b shows the corresponding bond graph for this
actuator.
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4 Brake-By-Wire Actuator modeling

Using the bond graph for EWB, we can come up with the Equations (4.9a)–(4.9h) that
show the equations of motion for the EWB, where N , qax, Kax, Dax, Xw, Vw, Fm, α,
and µcal are combined gear reduction, shaft axial displacement, shaft axial stiffness, shaft
axial viscous resistance, wedge displacement, wedge velocity, motor force exerted to the
wedge, wedge angle, and friction coefficient between the pad and the wheel, respectively.

EWB equations of motion are as follows:

İm =
1

Lm
× (Vin − im ×Rm −Km × ωm) (4.9a)

q̇ax = LNω − Vw
cos(α)

(4.9b)

Fm = Kaxqax +Daxq̇ax (4.9c)

ω̇ =
1

Jm
{KmIm −Dm × ω − τf − L×N × Fm} (4.9d)

V̇w =
1

mw(1 + tan2(α))
× { Fm

cos(α)
+ (Kcal ×Xw × tan(α)× (µcal − tan(α))} (4.9e)

Ẋw = Vw (4.9f)

FB = µcalKcalXw tan(α) (4.9g)

FCal =

{
Kcal (Xcal − x0) , if Xw ≥ x0

0, otherwise
(4.9h)

τf is the lumped nonlinear frictions present in the shaft, planetary gears, and worm
gear. The Lugre friction model has been used to model this nonlinear friction. The Lugre
model is used for modeling the frictions in actuators since it offers a dynamical model which
captures the dynamics very well while needing a lower number of parameters. Other types
of friction models can be used as well to represent the frictions. Equation (4.10a) represents
the Lugre friction model [66] where σ0, σ1, σ2, ωs, j, τc, and τs are the contact stiffness,
damping coefficient of the bristle, viscous friction coefficient, Stribeck velocity, shape factor,
Coulomb friction, and static friction, respectively. Equation (4.10d) shows that there is a
linear relationship between the Coulomb friction and the clamping force, which is usually
derived through experiment. As clamping force increases, the normal forces inside the gears
increase as well, which results in increasing the friction torque [6]. Lugre dynamic friction
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model for EMB and EWB is as follows:

g(v) = τc + (τs − τc)× e−(| ω
ωs

|)j (4.10a)

ż = ω − σ0 · |ω| · z
g(v)

(4.10b)

τf = σ0 × z + σ1 × ż + σ2 × ω (4.10c)

τc = C +G× FCal (4.10d)
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4 Brake-By-Wire Actuator modeling

(a) EWB schematics (cross-section view) [9]

Se : Vin 1 GY

I : Lm

İm
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Figure 4.3: Schematics and bond graphs of EWB.
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Chapter 5

Brake-By-Wire Control Strategies

In this chapter, we will discuss the layers involved in the control of BBW actuators shown
in Figure 2.9 in more detail. We first go over Youla Parameterization approach explained in
[67] which is then used in designing high-level controllers in section 5.3 and also design the
low-level controllers for smart brake-by-wire actuators in section 5.5.

5.1 Youla Parameterization Robust control methodology

Robust control is a branch of control theory that deals with the design of controllers that
can handle the presence of uncertainties in the nominal system model. In its early stages,
this field was viewed as a reaction to perceived inadequacies of optimal control methods. As
robust control principles have become mainstream, its methods have infiltrated the optimal
control literature. Doyle provides a historical overview of the relationship between modern
optimal control and robust control specifically H∞ theory [68]. Youla et al. [69] and Kucera
[70] independently came up with a controller design for Single Input Single Output (SISO)
and Multiple Input Multiple Output (MIMO) plants that are not necessarily stable and
extended the idea of Q factorization [71].

Youla et. al [69] present an analytical feedback design technique for single-input-output
processes characterized by their rational transfer functions. The design procedure takes
into account the topological structure of the feedback system and ensures asymptotic
stability for the closed-loop configuration. The controller is designed using the Wiener-Hopf
factorization of the plant transfer function, which separates the plant into minimum-phase
and nonminimum-phase components. The minimum-phase part is used to design a stabilizing
controller, while the nonminimum-phase component is used to design a compensator that
deals with the nonminimum-phase zeros of the plant. The performance index used in
the design procedure is the H-infinity norm, which ensures the existence of an optimal
compensator for the system. The design procedure can handle unstable and nonminimum-
phase processes, and it accounts for feedback sensor noise, disturbance inputs, and process
saturation. Similarly, Kucera [70] uses an algebraic approach to the stability analysis and
controller synthesis of discrete linear feedback systems. It provides a necessary and sufficient
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5 Brake-By-Wire Control Strategies

condition for stability in algebraic form, and all compensators that stabilize the feedback
system are found. Kucera offers a physical interpretation of the stability condition in terms
of mode cancellations between the system to be compensated and the compensator. The
controller synthesis is achieved by finding a compensator that satisfies the stability condition
and achieves the desired closed-loop performance.

Youla parameterization is a robust control technique that allows for shaping the desired
closed-loop transfer function (T), known as complementary sensitivity transfer function,
while ensuring internal stability, disturbance rejection at low frequency, and sensor noise
and unmodeled disturbance rejections at high frequencies. The main idea is to shape the
closed-loop transfer function (T) with a transfer function called Youla (Y(s)), which when
multiplied by the plant transfer function (Gp) would become the closed-loop transfer function
(Equation 5.1). To have a good tracking performance at steady-state, T(s) should be one in
magnitude at low frequencies, it should be small in magnitude at high frequencies to ensure
high-frequency disturbance rejection.

T (s) = Gp(s) · Y (s) (5.1)

Therefore, according to Equation 5.1, we can shape the closed-loop transfer function
(provided that we meet the interpolation conditions, for ensuring internal stability, mentioned
below). It is worth noting that Youla transfer function is related to the actuator effort so
having a low magnitude Youla, especially at high frequencies would keep the actuator effort
low in a linear sense (since the transfer functions are linearized version of the plant).
The closed-loop transfer function (T(s)) is complementary to the sensitivity transfer function
(S(s)) and the vector sum of these two transfer functions as given by (Equation 5.2) is known
as an algebraic constraint. Therefore, this sensitivity transfer function should be small at
low frequencies (to reject low-frequency disturbances) and equal to one in magnitude at
high frequencies due to the algebraic constraint.

S(s) = 1− T (s) (5.2)

If Gp is stable, the feedback loop would be internally stable if and only if Y (s) is selected
to be a stable transfer function. In this regard, Yy(s), Sy(s), Ty(s), and Gp · Sy should
all be stable to make the feedback loop internally stable. Consequently, to meet these
conditions in case of an unstable pole (αp) which is repeated n-times in the plant (Gp),
Equations (5.3) and (5.4) define rational interpolation conditions, which must be met to
enforce internal stability. If it is a single unstable pole (not repeated), Equation (5.3) is the
only interpolation condition that needs to be satisfied:

Ty(αp) = 1, Sy(αp) = 0 (5.3)

dkTy
dsk

(αp) = 0,
dkSy
dsk

(αp) = 0, ∀k ∈ J1, nK (5.4)
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5.2 Reference Generator

If there is a repeated non-minimum phase zero (αz), zeros in the RHP (Right Half Plane),
the interpolation conditions are met by Equations (5.5) and (5.6). If the unstable zero is only
repeated once, Equation (5.5) is the only interpolation condition that must be satisfied [67]:

S(αz) = 1, T (αz) = 0 (5.5)

dkSy
dsk

(αz) = 0,
dkTy
dsk

(αz) = 0, ∀k ∈ J1, nK (5.6)

Once we ensure that the conditions in the Equations (5.3)–(5.6) are met, we can acquire
the controller using Equation (5.7):

Gc(s) = Y (s) · Sy(s)−1 (5.7)

5.2 Reference Generator
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Figure 5.1: Reference Generator highlighted in the overall control architecture

The role of the reference generator or driver evaluator is to provide a set of desired outputs
or goals that the control system should aim to achieve. Researchers use this method to
make the vehicle behave the way it is desired [48], [50], [72]. Doumiati et al. use a reference
generator to create a yaw rate target to stabilize a vehicle with active front steering and
rear braking [72]. Tseng et al. use a bicycle model to create a target yaw rate based on the
driver’s steering input to stabilize the vehicle [73]. For the purpose of this thesis, we use
a bicycle model with steering and torque inputs to generate the desired responses. This
model is explained in 3.2.2. The only difference between that model and the model used in
the reference generator is the torque input. To include brake torque, we would have to add
Equation 5.8 as the definition of Fx in Equation 3.15.

Fxr =
τb
Rw

(5.8)

Where τb is the total brake torque applied to the vehicle, Rw is effective radius of the wheel
and Fxr is longitudinal tire force.
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5.3 High-Level Control
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Figure 5.2: High-level control block highlighted in the overall control architecture

For the high-level control block, we first need to write down the equations of motion of the
vehicle based on the generalized forces Fx, Fy, and Mz. This results in Equation 5.9.

V̇x = Vy · ωz +
Fx

m
(5.9)

V̇y =− Vx · ωz +
Fy

m
(5.10)

ω̇z =
Mz

Izz
(5.11)

To create controllers for this MIMO system, we can linearize the system around an equilibrium
point and reach Equation 5.12. Vx0 , Vy0 and ωz0 are equilibrium points for longitudinal
velocity, lateral velocity, and yaw rate and they are chosen to be 30 m/s, 2 m/s, and 0.1
rad/s respectively.

V̇xV̇y
ω̇z

 =

 0 ωz0 Vy0
−ωz0 0 −Vx0

0 0 0


VxVy
ωz

+


1
m 0 0

0 1
m 0

0 0 1
Izz


Fx

Fy

Mz

 (5.12)

The input is Vx, Vy, and ωz and the output is the generalized forces and moment (Fx, Fy,
and Mz). Therefore, in this case, y = x which results in Equations 5.13 and 5.14 for C and
D matrices.
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5.3 High-Level Control

C =

1 0 0

0 1 0

0 0 1

 (5.13)

D = 0 (5.14)

Using Equations 5.12-5.14, we can calculate the transfer function matrix for the MIMO
plant as given in Equation 5.16. As it is shown, this matrix has off-diagonal elements.
However, using Relative Gain Array (RGA) number of the matrix, we can show that the
off-diagonal elements have near zero effect [50] and therefore we can decouple this system
to 3 individual SISO systems. RGA of a MIMO system is a normalized form of the gain
matrix that describes the input-output pairing. If the RGA is diagonal, that means that we
can seperate the MIMO system into three SISO systems and control them separately since
the cross coupling effects are zero.

RGA(G(s)) = G · (G−1)T (5.15)

Gp(s) =


s

m·(s2+ω2
z0

)

ωz0
m·(s2+ω2

z0
)

Vy0 ·s−Vx0 ·ωz0
Izz ·s·(s2+ω2

z0
)

−ωz0
m·(s2+ω2

z0
)

s
m·(s2+ω2

z0
)

−Vx0 ·s−Vy0 ·ωz0
Izz ·s·(s2+ω2

z0
)

0 0 1
Izz ·s

 (5.16)

The individual SISO transfer functions are written in Equations 5.17-5.19. Now that we
have the plant transfer function for each input and output, we can design controllers for
each of them using Youla parameterization explained in Section 5.1.

Gpx =
Vx
Fx

(s) =
s

m · (s2 + ω2
z0)

(5.17)

Gpy =
Vy
Fy

(s) =
s

m · (s2 + ω2
z0)

(5.18)

Gpz =
ωz

Mz
(s) =

1

Izz · s
(5.19)

For Youla parameterization, we can choose the Equations 5.20-5.22 for each Youla transfer
function for each model. This will result in a roll-off in Youla transfer function and a second
order transfer function in closed-loop transfer function (Ti = 1

(τi·s+1)2
i ∈ {x, y, z}). Figure

5.3 shows the Complementary (T), sensitivity (S), and Youla (Y) transfer functions for Fx,
Fy and Mz loops.
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Figure 5.3: Complementary (T), sensitivity (S), and Youla (Y) transfer functions for Fx,
Fy and Mz loops

Yx =
1

Gpx

1

(τx · s+ 1)2
(5.20)

Yy =
1

Gpy

1

(τy · s+ 1)2
(5.21)

Yz =
1

Gpz

1

(τz · s+ 1)2
(5.22)

After having the Youla transfer functions and Ti, we finally can calculate the controller
using Equation 5.7.
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5.4 Control Allocation
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Figure 5.4: Control allocation block highlighted in the overall control architecture

The allocation strategy is used to distribute the CG forces and moments (Fx, Fy, and Mz) to
all the actuators. In this case, we have four individual brakes that we would have to allocate
the generalized forces and moment to them. This will result in a constraint optimization
formulation. The cost function includes the target following of uref = [Fx, Fy,Mz] and brake
torque rate of change. For the target following, we must calculate the current generalized
forces exerted on the chassis for which there is a mapping between each wheel brake torque
and the vehicle states X = [Vx, Vy, ωz]. This map is represented as f(X, τ̃ , δ) where X is the
vehicle states and τ̃ is the vector of wheel brake torques τ̃ = [τFL, τFR, τRL, τRR] and
δ is the steering wheel angle at the wheel. For the target following a weighted least square
is used which is shown as ||uref − f(X, τ̃ , δ)||2Q = 1

2(uref − f(X, τ̃ , δ))TQ(uref − f(X, τ̃ , δ))
where Q is a positive definite matrix for weighting each target. A weighted least square
term for brake torque rate of change is also added. This is to limit the amount of rate of
change of brake torque that is being asked from the brake actuators. This is represented as
||∆τ̃ ||2R = 1

2∆τ̃
TR∆τ̃ where ∆τ̃ = τ̃ − τ̃prev and τ̃prev is the optimal brake wheel torque

found in the previous timestamp.
This optimization would also include two constraints. The first constraint is the actuator

limit constraint which sets an upper limit on the maximum brake torque that can each
actuator provide. This constraint is written as Equation 5.26. The other constraint involves
the friction ellipsoid for each tire. We must make sure that the braking torque for each tire
does not exceed the maximum braking that it can provide for that surface and condition.
This friction ellipsoid can be represented as Equation 5.23. To get the parameters for the
tire ellipsoid, we can use the Pacejka tire formula explained in Chapter 3, Section 3.1.3.
(µ̄x, µ̄y) is the center of the ellipsoid and ∆µx and ∆µy are the ellipse semi axes. More
explanation on how these friction ellipse parameters are calculated from the magic formula
is explained at [48]. In the optimization, this is shown as Equation 5.25.

(µx − µ̄x)
2

∆µ2x
+

(µy − µ̄y)
2

∆µ2y
= 1 (5.23)
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Finally, the optimization will look like the following formulation.

min
τ̃

||uref − f(X, τ̃ , δ)||2Q + ||∆τ̃ ||2R (5.24)

s.t. g(τ̃) ≤ 0 (5.25)
0 ≤ τ̃ ≤ ¯̃τ (5.26)

Since this is a quadratic cost with nonlinear constraints, we can use a Sequential Quadratic
Programming (SQP) solver to solve this in the loop.

5.5 Brake-By-Wire low level actuators
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Figure 5.5: BBW low level actuators highlighted in the overall control architecture

In this section, we go over control strategies used for controlling an individual brake-by-
wire actuator. The main methodology used for the motion control of brake-by-wire smart
actuators in this thesis uses Robust control mainly Youla parameterization which was
explained in section 5.1. In the next few sections, we will go over the details of the actuator
control design for each EMB, EWB and EHB smart actuators.

5.6 Cascaded Control

Since the brake-by-wire smart actuators are Single Input Multiple Output (SIMO) problems,
we consider the cascaded control scheme. Cascaded control enables SIMO systems to perform
better and be more robust by being able to individually control each loop [74]. Therefore,
the controllers were designed using cascaded control to mitigate different nonlinearities in the
brake actuators (e.g., mechanical friction, pressure nonlinearities). Each inner closed-loop
is an open-loop for their outer loop controller design. The controller design of each plant
is conducted through the Youla parameterization approach, as discussed in the previous
section. Figure 5.6 shows this cascaded control design for EMB and EWB actuators. In
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5.7 Saturation and anti-windup

the EMB and EWB, for the first loop, motor voltage is input, and motor current is the
output. In the second loop, the motor’s desired current is input, and the motor’s angular
velocity is output. Finally, for the outermost loop, the input is the desired motor angular
velocity, and the clamping force is the output (the normal force of the brake pad on the
wheel). The shaft’s current and angular velocity can be measured directly and is readily
available, but the clamping force must be estimated or measured with a force sensor. In the
next chapter, we will discuss more about each control loop and their specific bandwidths.
For example, Figure 6.1 shows an example of a cascaded control design for EMB/EWB for
each loop.
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Control

Velocity 
Control

Force
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Angular velocity of the shaft (𝜔𝑚)
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Figure 5.6: Cascaded control scheme for the EMB/EWB (a); The bottom Figure shows
the decomposed system for control design (b).

5.7 Saturation and anti-windup

One important part of the EMB/EWB plant, which is not shown in Figure 5.6, is the current
and voltage saturation. Current is saturated at ±25 A, and voltage is set to saturate at
±42 Volts. Because of these, the controllers might saturate and, therefore, results in loss of
performance and/or instability. Anti-windup is a technique used in controllers with integral
terms or when dealing with systems that have actuator saturation constraints. It is used
to minimize the adverse effects of control input nonlinearities on closed-loop performance.
There are several types of anti-windup schemes, and the choice of scheme often depends on
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the specific requirements of the control system. Here are a few common types:

• Conditional integral (Clamping): This method switches off the integration when
a specific condition is met (saturation condition). There are several variations of this
method:

1. Limiting the integral term to a predefined value.

2. Stopping the integration when the error is greater than a predefined threshold,
which is when the process variable value is far from the set-point value.

3. Stopping the integration when the control variable saturates.

4. Stopping the integration when the control variable saturates and the control error
and the control variable has the same sign [75].

• Back-calculation: Back calculation involves recalculating the integral term when
the controller saturates. Specifically, the integral value is either reduced or increased
(when the controller output is greater than its upper limit or less than its lower limit,
respectively) by feeding back the difference between the saturated and unsaturated
control signal. This technique includes an observer property that helps estimate the
accurate state of the controller in cases where there is actuator saturation and the
input of the plant does not align with it [75].

• Model Recovery: This is a more advanced scheme that involves augmenting the
controller with an additional dynamic system designed to recover the performance of
the unsaturated system. This can provide superior performance but is more complex
to design and implement. For example, anti-windup bumpless transfer (AWBT)
compensation can be applied to multivariable controllers of any structure and order.
This approach unifies existing schemes for AWBT compensation under a general
framework [76]. Zaccarian et al. propose a L2 framework for the bumpless transfer in
multi-controller system that have satuaration in them. The authors use LMI framework
to come up with an anti-windup compesator [77]. Todeschini et al. use a similar LMI
based method to come up with an anti-windup compensator for an electro-hydraulic
brake-by-wire smart actuator that has multiple input saturations and dead-zone [78].

In this thesis, a simple back calculation anti-windup was used to address the current
saturation and to mitigate this issue (Figure 5.7). There could also be another anti-windup
for the voltage saturation; however, normally, the voltage does not reach saturation levels if
the current saturation has been addressed. Furthermore, adding an extra anti-windup may
result in limiting the bandwidth of the closed-loop system. In addition, other anti-windup
strategies such as the one in [77] or [78], which is specifically for cascaded controllers, could
have been utilized.
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Figure 5.7: Anti-windup gain used to compensate for the current saturation.

5.8 EHB Control Scheme

In the EHB control design, a SISO controller was designed based on the linearized equations
mentioned in Equations (4.5)–(4.7). The operating points taken for this linearization are
u0 = 0.3 and qc0 = 0.3× q0. q0 is the steady-state value of qcyl. In addition, as mentioned
before, it is assumed that ud = 1−ub. This continuous control law works well when building
and dumping the pressure in the cylinder chamber. However, in the case of keeping constant
pressure during the steady-state, we might run into the issue of having both build and dump
valves open partially at the same time and therefore losing some of the master cylinder’s
pressure which wastes energy. For example, ud = 0.7 and ub = 0.3 would hold the constant
cylinder pressure, but this is not energy efficient as the pumps keep running. For this reason,
a switching logic was added to the continuous Youla controller. This switching statement
changes the values of ub and ud to zero once the clamping force error is within the desired
threshold. Otherwise, it passes the same values from the controller to the plant as shown in
Figure 5.8.

Figure 5.8: Control scheme for the EHB.
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Chapter 6

Brake-by-wire smart actuator optimization

In this chapter, a multi-objective optimization scheme for brake-by-wire actuators based on
their transfer functions is considered. This optimization considers dynamic responsiveness
and the actuator’s effort as objective metrics.

6.1 Optimization: Using Linearized Plant Transfer Functions

After linearizing the plants, we can obtain their transfer functions. We then synthesize the
controllers using the Youla parameterization technique discussed in section 5.1. There are
a few assumptions made when designing the controllers during the optimization process.
Controllers are designed to create closed-loop transfer functions to be in a certain form.
Equations (6.1), (6.2), (6.4), (6.6a), (6.6b) , (6.8), (6.9a) and (6.9b) describe the form of
plant transfer function (Gp), Youla transfer function (Y), and closed-loop transfer function
(T) for the first, second, and the third loop of EMB (EWB follows a similar control design
pattern, and EHB follows the same pattern, but it only has one control loop, and therefore,
the design choice is similar to the one in Equation (6.2)). The goal here is to design a
closed-loop transfer function with the frequency shape of a second-order Butterworth filter
and add extra first-order filters whenever necessary. The Butterworth filter has a few
desirable behaviors that make it a great candidate: it has a maximally flat magnitude region
and it rolls off at a specific tuneable frequency with a slope of -20 db/decade. For example,
in Equation 6.6a, the inverse of the second loop transfer function has a s in the numerator..
To meet the BIBO stability condition, we cannot directly cancel this s in the numerator with
a pole located at zero, hence, we add a low pass filter to the Youla transfer function ( 1

s+W1
)

where W1 , chosen to be a small value, is the pole for the filter that is added to the Youla
transfer function. This can be chosen in such a way that it does not affect the bandwidth
of the closed-loop system. In this equation, G′

p2 represents the plant transfer function of
the second loop without the s in the numerator (G′

p2 · s = Gp2). Moreover, in the case
of Equation 6.9a, a repeated first-order transfer function was added to the Youla transfer
function to make this transfer function proper (Gp3 is a fourth-order transfer function; for
simplicity, we choose to use first-order poles. N-th order Butterworth filter could also be
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used in this case). More details on the design of these controllers are provided in [79]. It
should be noted that ωn1 , ωn2 , and ωn3 are chosen for each loop to have a specific bandwidth
(ωn1 , ωn2 , and ωn3 are the Butterworth filter’s cut-off frequencies for the different added
Butterworth filter to Youla transfer functions). In the case of EMB, this is 200 Hz, 10 Hz,
and 2 Hz for the first, second, and last loop, respectively. For the EWB, they are chosen
to be 500 Hz, 400 Hz, and 2 Hz. Finally, for EHB, it is chosen to be 2 Hz. Therefore,
all of the brake-by-wire actuators have the same final closed-loop of 2 Hz for the clamp
force loop. This is a deliberate choice to make sure all the brake-by-wire actuators have
the same bandwidth (for the clamping force) for the final comparison in terms of energy
and responsiveness metrics. The chosen control parameters mentioned here (such as ωn

and ξ) will remain the same over the course of all optimizations. This is performed to have
fixed control design for the optimization procedure, and the only change will be the physical
parameters of the system. These physical parameters and their values and their range are
mentioned in Table 6.1. For the EHB, they include cylinder’s volume (Vcyl), cross-sectional
area of the build valve when fully open (Sb), cylinder’s cross-section surface (Sp), brake
pad’s mass (mp) and caliper stiffness (Kcal). For EMB, they include inductance of the
electric motor (Lm), electrical resistance (Rm), total moment of inertia (Jm), axial viscous
friction (Dm), planetary gear reduction ratio (Ns), ball-screw gear reduction ratio (Np),
caliper stiffness Kcal, and electromotive force constant (Kt). For the EWB, these parameters
include the same as EMB actuator in addition to wedge angle (α) and wedge mass (mw).
Figure 6.1 shows the Bode magnitude plots of T, S, and Y for this type of control design.
The transfer functions and controller models defined above are mathematically expressed
as follows. Note that GpI is the transfer function for the current plant, Gpω is the transfer
function for the angular velocity plant and GpF is the transfer function for the force plant.

GpI =
NGpI

DGpI
, (6.1)

where NGpI := Jms
2 +Dms+ (NsNp)

2Kcal and
DGpI := (LmJm) · s3 + (RmJm + LmDm) · s2 + (RmDm + Lm(NsNp)

2Kcal + K2
t ) · s +

Rm(NsNp)
2Kcal,

Y1 =
1

GpI

× ω2
n1

s2 + 2× ξ × ωn1 × s+ ω2
n1

, T1 =
ω2
n1

s2 + 2× ξ × ωn × s+ ω2
n1

, (6.2)

Gpω =
Kt × s

Jms2 +Dms+ (NsNp)2Kcal
(6.3)

Gp2 = T1 ×Gpω =
ω2
n1

s2 + 2× ξ × ωn × s+ ω2
n1

× Kt × s

Jms2 +Dms+ (NsNp)2Kcal
, (6.4)

G′
p2 =

Gp2

s
(6.5)
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Y2 =
1

G′
p2

× ω2
n2

s2 + 2× ξ × ωn2 × s+ ω2
n2

× 1

s+W1
× (

W2

s+W2
)2, (6.6a)

T2 =
ω2
n2

s2 + 2× ξ × ωn2 × s+ ω2
n2

× s

s+W1
× (

W2

s+W2
)2, (6.6b)

GpF =
KcalNsNp

s
(6.7)

Gp3 = T2 ×GpF =
ω2
n2

s2 + 2× ξ × ωn2 × s+ ω2
n2

× s

s+W1
× (

W2

s+W2
)2 × KcalNsNp

s
, (6.8)

Y3 =
1

Gp3

× ω2
n3

s2 + 2× ξ × ωn3 × s+ ω2
n3

× (
W3

s+W3
)4, (6.9a)

T3 =
ω2
n3

s2 + 2× ξ × ωn3 × s+ ω2
n3

× (
W3

s+W3
)4, (6.9b)
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Figure 6.1: An example design of cascaded controllers for the EMB/EWB.

After designing the controllers, we then utilized the aforementioned transfer functions
to optimize actuator response and actuator usage. The process of optimization starts with
designing the controllers based on the physical parameters of the system and deriving these
transfer functions as a function of the physical system parameters (since the parameters
change, the plant transfer functions (Gp) change, and therefore, these transfer functions will
be different for each set of physical parameters).

The bandwidth of a plant is related to its dynamic response, and therefore, increasing
the bandwidth would result in faster system response. The bandwidth of a system/plant is
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6 Brake-by-wire smart actuator optimization

defined as the frequency range where the magnitude of the system gain does not drop below
-3 dB. For EMB/EWB, the plant transfer function, which is chosen (denoted as Gp here)
for calculating the system bandwidth, is from voltage input to the clamping force output.
For EHB, the plant transfer function maps ub to the clamping force. The bandwidth of the
plant for all these actuators is denoted as Bandwidth{Gp}.

Another factor to consider is the actuator’s power usage which is related to the actuator’s
effort, and hence, it is related to the Youla transfer function, denoted as Y (s). The Youla
transfer function for the overall system in case of cascaded control design would become
Ysys = Y1 × Y2 × Y3. Ysys stands for the Youla transfer function from the clamping force
reference to the voltage input (or to the ub for the EHB), which is the Youla transfer function
of the overall control system. It can be shown if the magnitude of Ty(s) or the gain of
closed-loop transfer function is one at low frequencies, the Youla transfer function at low
frequencies is inversely related to the plant transfer function Gp(s) (From Equation (5.1),
if Ty = 1, then Y = 1

Gp). By increasing the plant gain at low frequency (approximately its
DC gain, denoted as DC{Gp} in this section), Y (s) will decrease at low frequencies.

Furthermore, we need to lower the overall values of the Youla transfer function magnitude
at other important frequencies, especially around the plant bandwidth. This will ensure the
reduction of the actuator effort in all possible frequencies. To this end, we can use an H2 norm
of this transfer function. H2 norm is related to the output signal energy when the system
input is an impulse [67]. Since we are interested in a specific frequency range of the Youla
transfer function, a band-pass filter, see Figure 6.2, is used to emphasize the frequency region
of interest. ωL and ωH are chosen to be 0.1×Bandwidth{Gp} and 1e4×Bandwidth{Gp}.
The large range is chosen specifically to account for low and high frequency range of Youla
transfer function around the bandwidth. This will ensure that the Youla transfer function
magnitudes at low and mid-range frequencies stay low. The optimization problem is then
formulated by combining all these costs as given in Equation (6.10):

minimize
x

f(x) = α1 × ||Ysys ×WY ||2 + α2 ×
1

DC{Gp}
+ α3 ×

1

Bandwidth{Gp}
subject to x ∈ [xmin, xmax],

(6.10)

where α1, α2, and α3 are tuning parameters, and x is the vector of physical parameters
of the system that can be changed during the design process (e.g., gear ratios, moments
of inertia, and motor’s inductance). xmin and xmax denote the minimum and maximum
of the parameter set, respectively (refer to Table 6.1 for the range of parameters and their
initial values). WY is the frequency weighting function for H2 norm optimization. It should
be noted that each cost in Equation (6.10) is normalized by its nominal value to ensure
the minimization of the three costs is done without bias. A choice of physical parameters
for each actuator, their initial and optimized value are given in Table 6.1. We can solve
Equation 6.10 using a nonlinear solver since the cost includes nonlinear components. We
have used interior point algorithm (in fmincon function of MATLAB) to solve this problem.
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6.2 Nonlinear Optimization

Figure 6.2: Band-pass filter, WY , is used to emphasize specific frequency region of Youla
transfer function in the H2 norm optimization.

The nonlinear optimization case in the next section is also solved using the same solver.

6.2 Nonlinear Optimization

Using linear transfer functions to optimize the plants provide us with an optimized initial
parameter set. Although this set might be good enough for primarily linear plants; most
brake actuators are nonlinear due to different factors such as friction, plant saturation,
and dead-zone. Therefore, to further optimize the plants, we should perform optimization
with the nonlinear plants to consider all the nonlinear effects. Since all the plants are going
to run in the feedback control environment in practice, the nonlinear optimization is done
on the closed-loop systems. A 10 kN step clamp force reference target is chosen for the
brake’s closed-loop system. This 10 kN step reference is chosen as a way to benchmark
the performance of the actuators and their controllers. The controllers are designed in the
same way explained in chapter 5 and 6.1. The control parameters are fixed in the same
way as the transfer function optimization while the physical parameters of the systems
change. Since the physical parameters of the system are changed, we need to recalculate the
controllers at each step of function evaluation in the optimization (Gp changes, and so does
Y and Gc). Since the optimization is performed on nonlinear plants, a different objective
function should be used. The objective function for the nonlinear optimization consists of
four parts: energy usage, maximum power, settling time, and overshoot percentage. Energy
usage (Eusage) is the total amount of energy used by the actuator to follow the target in
two seconds (enough for the actuators to reach and hold the target). Maximum power
(maxPusage) is the maximum power used by the actuator during the 2 seconds that the
actuator follows the 10 kN step reference. Settling time (Ts) is the time that it takes for
the caliper force to build up to near ±2% of the steady-state value. Overshoot percentage
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6 Brake-by-wire smart actuator optimization

(OS%) is the percentage that the maximum value of the caliper force deviates from the 10
kN reference target. Power usage for the EMB and EWB is defined as current multiplied by
the voltage. For the EHB, we are adding up the amount of power loss (denoted as Pbuild

and Pdump) to be equal to the power usage (Figure 4.1b):

Pbuild = ebuild × fbuild = (Pin − βhf
VCyl

× qcyl)× {CdSbub

√
2

ρ
(Pin − βhf

Vcyl
qcyl)} (6.11a)

Pdump = edump × fdump = (
βhf
VCyl

× qcyl)× {CdSdud

√
2

ρ
(
βhf
Vcyl

qcyl)} (6.11b)

Taking all of these into account, the cost function for nonlinear optimization is given in
Equation 6.12. Note that each cost is normalized by its nominal value.

minimize
x

f(x) = α1 × Eusage + α2 ×maxPusage + α3 × Ts + α4 ×OS%

subject to x ∈ [xmin, xmax]
(6.12)
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6.2 Nonlinear Optimization

Table 6.1: Initial and optimized physical parameter values of EMB, EWB and EHB and
the range of the parameters.

Parameter Units Lower
Bound

Upper
Bound

Initial TF-based
Opt.

Nonlinear
Opt.

Lm H 4.48×10−5 5×10−3 5.6×10−5 6.36×10−5 2.8×10−3

Rm Ω 2.50×10−2 1×10−1 5×10−2 2.5×10−2 3.76×10−2

Jm kgm2 s−2 6.0×10−5 5.8×10−4 2.9×10−4 7.19×10−5 1.03×10−4

Dm Nms 2.0×10−4 1.5×10−2 9×10−3 2.02×10−4 9.0×10−4

Ns - 7.96×10−5 1.3×10−3 6.37×10−4 1.3×10−3 1.2×10−3

Np - 6/266 18/266 4.14×10−2 6.74×10−2 6.26×10−2

Kcal Nm−1 2.3×107 4.3×107 3.35×107 4.3×107 4.19×107

EMB

Kt NmA−1 5.0×10−2 5.2×10−1 6.97×10−2 1.59×10−1 4.3×10−1

Lm H 4.48×10−5 5×10−3 5.6×10−5 4.7×10−3 4.48×10−5

Rm Ω 2.50×10−2 1×10−1 5×10−2 2.5×10−2 2.6×10−2

Jm kgm2 s−2 6.0×10−5 5.8×10−4 2.9×10−4 5.8×10−4 9.26×10−5

Dm Nms 2.0×10−4 1.5×10−2 9×10−3 2.0×10−4 2.1×10−4

Ns - 7.96×10−5 7.96×10−4 4.77×10−4 7.96×10−4 7.89×10−4

Np - 6/266 18/266 4.17×10−2 6.77×10−2 6.76×10−2

Kcal Nm−1 2.3×107 4.3×107 3.35×107 4.3×107 4.29×107

Kt NmA−1 5.0×10−2 5.2×10−1 6.97×10−2 5.0×10−2 5.88×10−2

α degrees 10 24.5 10 24.5 24

EWB

mw kg 0.1 0.5 0.3 2.9×10−1 3.15×10−1

Vcyl m3 1.6×10−5 1.28×10−4 1.6×10−5 1.6×10−5 7.93×10−5

Sb m2 1×10−7 4×10−7 4.0×10−7 4.0×10−7 2.16×10−7

Sp m2 6.38×10−4 1.02×10−2 1.6×10−3 1.7×10−3 3.7×10−3

mp kg 5×10−1 2 1.973 1.967 1.25
EHB

Kcal Nm−1 2.3×107 4.3×107 4.3×107 4.3×107 3.69×107
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Chapter 7

Simulation Results and Discussion

7.1 Actuator optimization

Figures 7.1–7.3 show the results of a 10 kN clamp force step response and the linear and
non-linear optimization of brake-by-wire actuators. These simulations are performed using
the nonlinear plant of the actuators. The nonlinearities that exist in the EMB and EWB
include motor current and voltage saturation, brake caliper saturation, and the Lugre friction
model. The nonlinearities in the EHB include the valve nonlinearities and the dead-zone.
The "Initial" represents the initial set of parameters of the plant before the optimization.
The initial setting for each actuator is compared with a similar setting in the literature
to make sure the results are sound and follow other researchers’ results. However, for the
optimized plants’ results, since this is the first study that discusses optimization on these
physical parameters, there are no other papers to compare the results with. The “TF-based
Opt.” represents the linear transfer function optimization, and ”Nonlinear Opt.” represents
the results for the set of plant parameters after the optimization is performed using the
nonlinear plants as discussed in Section 6.2.

For the EHB, Figure 7.1 shows that the transfer function-based and the nonlinear
optimization both have reduced the cylinder pressure. It must be noted that the results
for the initial set of parameters are consistent with [64]. The cylinder’s pressure in the
Zhao et al. reaches steady-state around 0.3 seconds, similar to the results for this study.
This shows that robust control along with the linearization is working for this EHB actuator.
The readers have to note that the difference between the EHB model studied here is that
the valves are considered to change continuously, and therefore, a continuous Youla control
scheme is used to control the valves; however, in reality, this needs to be taken care of using
a digital controller and pulse width modulation technique. The clamping force response
time for the optimized simulation has also decreased from 0.5 seconds to around 0.3 seconds
and 0.2 seconds for TF-based and nonlinear optimization, respectively. The power usage
plot shows that, in all the cases, the power consumption stops once the actuators reach the
steady-state target. This is because of the switching logic that closes both valves once they
reach the steady-state value of the clamping force. Since the optimized plants reach the
steady-state faster, and they use less actuation to do so, their energy and power usage is
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7.1 Actuator optimization

Table 7.1: Comparison of the amount of energy used in the 10 kN step response for 2
seconds (the amounts are in Joules).

EMB EWB EHB
Initial set 15.5 60.13 109.73

TF-Based optimized set 2.73 1.91 44.36
Nonlinear optimized set 1.69 2.14 29.70

reduced (see Table 7.1).

Figure 7.1: Comparison of the initial parameter sets vs. optimized in an EHB for a 10 kN
step input. The clamp force plot for the initial parameter setting was consistent
with Zhao et al. [64].

For the EMB, Figure 7.2 illustrates that the clamping force step response is about the same
for all plants. This is because the controllers are set to have the same bandwidth; they all have
the same response. In this case, the nonlinearities are mitigated by robust controllers, and the
current/voltage saturation is taken care of by the anti-windup compensator. As shown,
the current reaches its saturation level for the initial EMB plant, and the gain anti-windup
is shown to be working. However, the difference between the plants manifests itself in the
power consumption plot. The initial plant uses a lot more power and energy to perform the
same task as the optimized plants. Tf-based and nonlinear optimized plants both have a
significantly smaller power usage, with the nonlinear optimized plant consuming a slightly
lower amount of power. The overall energy consumption for these plants is summarized in
Table 7.1. Comparing to Line et al., for the initial parameter setting, the clamping force
also reaches the steady-state around 0.2 seconds [6]. The current is higher than the results
shown in Line et al.; however, the voltage is not plotted for their results. One explanation
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7 Simulation Results and Discussion

is that a higher amount of current would result in lower voltage and vice versa. Another
point to note on the power plot is the small oscillations on the Tf-based and nonlinear
optimization parameter sets. This is due to the optimization bringing down the damping in
the electrical components which resulted in small oscillations in the voltage and therefore
power. This could be mitigated by manually changing the Youla controller second order
damping factor (ξ in second order Youla filters) but it is left to show the original results of
the optimization without hand tuning.

Figure 7.2: Comparison of the initial parameter sets vs. optimized in an EMB for a 10 kN
step input. The clamp force plot for the initial parameter setting was consistent
with Line et al. [6]

For the EWB, Figure 7.3 shows the step response for all the plants. For the initial parameter
setting, the clamping force reaches to steady-state in around 0.5 seconds. Compared to Che
Hasan et al., which uses a PID controller, this is around 0.2 seconds faster [12]. Additionally,
using the Youla parameterization along with cascaded control, the overshoot is also smaller.
The voltage peak for both are around the same, although the voltage for this paper is
slightly higher. The nonlinear optimized plant is showing a faster response than the transfer
function optimized and the initial plant. The overshoot in the nonlinear optimization of
the plant has also slightly decreased when compared with the Tf-based optimization plant.
As shown, the current once again saturates for the initial plant. For this plant, the current
was saturated for around 0.3 seconds, and the anti-windup compensation has taken care
of this; however, this has negatively impacted the closed-loop response and made it slower.
Looking at the power consumption, it is clear that the Tf-based opt. has used a slightly
lower amount of power, and the nonlinear opt. has used a significantly lower amount of
actuation power. It should be noted that the voltage and current go to negative overshoots
in all the plants, which comes from the fact that the clamping force overshoots and it needs
to go back to target levels after that which results in negative values of current and voltage,
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as shown in Figure 7.3.

One important point to note on the initial parameter setting in Table 7.1 is comparing
the energy usage of different actuators. This shows a big discrepancy between EMB/EWB
vs. EHB. One explanation for that could be the hydraulic pressure needs specific amount
of energy to build up; however, when utilizing electro-mechanical brakes, it is all electric
motors and mechanical components, there is no need for energizing any hydraulic circuits.
There is only friction component that the motor has to overcome to reach to the clamping
force. This results in a more efficient system.

Figure 7.3: Comparison of the initial parameter sets vs. optimized in an EWB for a 10 kN
step input. The clamp force plot for the initial parameter setting was consistent
with Che Hassan et al. [12].

Similar to the step response, we have performed a ramp response of 10 kN/s with the
saturation of 10 kN for the given plants. Figures 7.4–7.6 show similar results to the ones of
the step response as discussed previously. It should be noted that the ramp response is only
discussed in this thesis, and the cited papers above did not mention performing this test on
the actuators.
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Figure 7.4: Comparison of the initial parameter sets vs. optimized in an EHB for a
ramp input.

Figure 7.5: Comparison of the initial parameter sets vs. optimized in an EMB for a
ramp input.
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7.2 straight-line braking maneuver

Figure 7.6: Comparison of the initial parameter sets vs. optimized in an EWB for a
ramp input.

Table 7.2 shows the amount of energy usage by each plant with a different set of parameters.
Comparing the energy usage of brake-by-wire actuators in Tables 7.1 and 7.2, we can conclude
that EMB and EWB use significantly lower amounts of energy. However, looking once again
at the Figures 7.1–7.3, we can see that EHB has at least a 0.1–0.2 seconds faster response
than the dry brake-by-wire actuators such as EMB and EWB [80].

Table 7.2: Comparison of the amount of energy used in the ramp response for 2 seconds
(the amounts are in Joules).

EMB EWB EHB
Initial set 5.14 18.06 174.42

TF-Based optimized set 2.17 0.83 128.67
Nonlinear optimized set 1.41 0.82 89.72

7.2 straight-line braking maneuver

To compare the brakes and their topologies, straight-line braking is done with a 40 m/s
initial speed on asphalt. The total mass of this vehicle is 2057.8 kg and the moment of inertia
around y-axis is 3515 kg ·m2. The ideal deceleration is set to be 0.8g for this maneuver.
The topologies chosen for this comparison are the ones from the literature review explained
in the first chapter. This includes 1. Front EHB and rear EMB, 2. All EWB, 3. Front
EHB and rear EWB, 4. All EHB, and 5. All EMB. For each topology, there are three
metrics being used as a comparison: stopping distance, stopping time, the energy usage of
the front and rear actuators, and total energy expenditure of all the brake actuators during
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the straight-line braking maneuver. This maneuver is done in a way that the ABS does not
need to engage since as we will see in the Figure 7.8 the values of longitudinal slip remain
low. If the maneuver was done on close to ABS condition, we would see longitudinal slip
close to the maximum and near locking up. In those scenarios, the ABS has to be engaged
to ensure the vehicle stops in the shortest distances and the wheels don’t lock up.

Since all the brake topologies respond in a very similar manner in terms of vehicle
dynamics, we first show how the vehicle would react in a straight-line braking event using
the architecture explained in Chapter 5. Figure 7.8 shows longitudinal slips (sx) for each
tire. The negative values mean that the tires are in braking. As shown, the front and rear
tires both reach specific longitudinal slip values and the rear tires have higher slip values
than the front tires.

Figure 7.7: Brake torque allocated at each wheel during the straight-line braking maneuver
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Figure 7.9: Longitudinal velocity of the vehicle

Figure 7.7 shows the brake torque request for this maneuver. This is the result of the
control allocation block. The right and left tires have the same brake torque request as they
are both on the same surface. The brake force distribution during the straight-line braking
is dependant on deceleration. Since the deceleration would increase the normal forces on the
front and decrease them on the rear. Therefore, there is more braking force available on the
front tires than the rear ones. The rear tires would require lower torque as there is lower
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7.2 straight-line braking maneuver

normal force and therefore lower maximum torque available in the rear tires. However, the
longitudinal slip of the rear wheels are larger than the front wheels despite of the availability
of lower maximum torque. In the following subsections, we will go over the results for each
brake topology for this specific maneuver.

7.2.1 Front EHB + Rear EMB

Table 7.3 shows the result of straight-line braking for the front EHB and rear EMB topology
with and without optimization. As it is shown, the optimization has slightly reduced the
stopping time and stopping distance; however, this reduction seems to be small. The most
of reduction is in the energy usage as excepted with nonlinear optimization parameter set
using around 1/3rd of the initial energy.

Table 7.3: Front EHB+Rear EMB topology energy usage, stopping time and distance during
straight-line braking for different parameter sets

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Front (J)

Energy-
Rear (J)

Energy-
Total (J)

Initial set 5.41 112.15 359.05 41.67 400.72
TF-Based Optimization 5.40 112.49 192.36 126.8 319.17
Nonlinear Optimization 5.38 112.02 126.24 6.00 132.25

7.2.2 All EWB

Similar to the previous topology, an all-EWB topology also benefits heavily in terms the
energy usage with the nonlinear optimization reducing the energy usage. However, this
energy reduction seems to be a lot more (1/100th of the initial set). This is due to the fact
that the power consumption especially at steady state has significantly reduced with the
new parameter setting. Additionally, we see this optimization also effect stopping distance
by 10.45 m which is 8% reduction of the initial setting stopping distance. The stopping time
also has reduced slightly by 0.23 seconds.

65



7 Simulation Results and Discussion

Table 7.4: All EWB topology energy usage, stopping time, and distance during straight-line
braking for different sets of parameters

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Front (J)

Energy-
Rear (J)

Energy-
Total (J)

Initial set 5.60 122.26 551.44 418.22 969.66
TF-Based Optimization 5.41 114.67 8.91 5.96 14.877
Nonlinear Optimization 5.37 111.81 7.09 5.30 12.39

7.2.3 Front EHB + rear EWB

For the front EHB and rear EWB topology, the stopping distance reduces by around 3.97 m
between the initial set and the nonlinear optimization parameter set. The stopping time
also reduces by 0.1 second. However, the energy reduction seen in this topology is a lot
more. This is due to the significant energy usage reduction of EWB actuators in the rear.

Table 7.5: Front EHB + rear EWB topology energy usage, stopping time and distance
during straight-line braking for different sets of parameters

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Front (J)

Energy-
Rear (J)

Energy-
Total (J)

Initial set 5.47 115.89 340.10 435.10 776.04
TF-Based Optimization 5.40 113.63 172.42 6.12 178.54
Nonlinear Optimization 5.37 111.92 124.53 5.45 129.98

7.2.4 All EHB

For an all EHB topology, there is not much difference between stopping distance and stopping
time when the optimization is done. However, we again see a significant reduction in energy
usage of brake actuators by around 1/3rd.
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Table 7.6: All EHB topology energy usage, stopping time and distance during straight-line
braking for different sets of parameters

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Front (J)

Energy-
Rear (J)

Energy-
Total (J)

Initial set 5.42 112.22 363.82 324.25 688.06
TF-Based Optimization 5.40 112.88 183.14 162.33 345.47
Nonlinear Optimization 5.39 112.22 122.79 110.06 232.86

7.2.5 All EMB

For an all EMB topology, we can observe that stopping distance and time are around the
same for all the parameter sets. And the energy usage has been reduced by around 6.7 times
compared to the initial set.

Table 7.7: All EMB topology energy usage, stopping time and distance during straight-line
braking for different sets of parameters

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Front (J)

Energy-
Rear (J)

Energy-
Total (J)

Initial set 5.39 112.20 60.25 41.36 101.61
TF-Based Optimization 5.65 117.85 172.38 133.57 305.96
Nonlinear Optimization 5.39 112.20 9.23 5.99 15.21

7.2.6 Comparison of different topologies

In this subsection, we compare all the different topologies by their initial parameter sets and
also when the nonlinear optimized parameters are used. Table 7.8 shows the performance of
all the different topologies in their initial setting. We can see that an all-EMB topology has
the second shortest stopping distance and the smallest stopping time while using the least
amount of energy. The front EHB and rear EMB topology have around the same stopping
time and a lower stopping distance. However, the energy usage for this topology is 4 times
higher than an all-EMB topology.

Next, looking at Table 7.9 shows all the topologies after the nonlinear optimization is
performed on the actuators. We can see a very uniform stopping distance and stopping time
along all the topologies. However, the energy usage by the actuators still varies. In this case,
an all-EWB topology uses the least amount of energy, followed by an all-EMB topology.
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Table 7.8: Comparison of different topologies in terms of energy usage, stopping time, and
distance during straight-line braking for the initial sets of parameters

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Total (J)

Front EHB+Rear EMB 5.41 112.15 400.72
All EWB 5.60 122.26 969.66

Front EHB+Rear EWB 5.47 115.89 776.04
All EHB 5.42 112.22 688.06
All EMB 5.39 112.20 101.61

Table 7.9: Comparison of different topologies in terms of energy usage, stopping time, and
distance during straight-line braking for the optimized sets of parameters (using
nonlinear optimization method)

Stopping
Time (s)

Stopping
Distance

(m)

Energy-
Total (J)

Front EHB+Rear EMB 5.38 112.02 132.25
All EWB 5.37 111.81 12.39

Front EHB+Rear EWB 5.37 111.92 129.98
All EHB 5.39 112.22 232.86
All EMB 5.39 112.20 15.21
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7.3 Conclusion

In this thesis, we presented the modeling (using bond graph) and a new control strategy
(Youla parameterization) for three different brake-by-wire actuators for straight braking.
We used a modular control functional architecture that can be used for both autonomous
and non-autonomous vehicles BBW actuator controls.

On the actuators low level controllers and physical parameters, we did two different types
optimizations: 1. Using transfer functions for optimization. 2. Using nonlinear optimization
on energy, power and overshoot percentage of the plant. The physical optimization of these
plants using linear transfer functions, and nonlinear plants were discussed, and the results
were presented. The optimized results show a promising energy reduction when compared
with the nominal parameters. EHB’s, EMB’s, and EWB’s energy consumption were reduced
to around 10%, 3%, and 20% of their original parameter sets, respectively.

We also looked at 5 different common brake topologies used in the literature and compared
them between different parameter sets on mainly three different metrics in straight-line
braking: stopping distance, stopping time, and total energy. At the end, we also compared
the topologies against each other. We concluded that most of the brakes do similar in their
stopping distance and time while the total energy varies significantly and it’s lower for
topolgies that have EWB and EMB actuators compared to all EHB topology.

7.4 Future work

There a few ideas that would be worth considering for future research ideas. The proposed
optimization method can be equivalently and effectively utilized for other brake-by-wire
actuators to reduce their energy consumption while increasing their dynamic response. It
should be noted that in practice, other criteria such as structural, electrical, and heat
transfer measures should be added to the optimization method.This can result in more
constraints for the optimization problem, which in turn will alter the final results. However,
the optimization framework and the objectives will stay the same. Usually, having more
constraints will result in a lesser deviation from the initial results. However, as shown in
the results, the gains in energy consumption and dynamic responsiveness would be high
enough that additional constraints could be considered without penalizing too much the
final energy consumption and dynamic responsiveness.

To further investigate the capabilities and limits of the BBW and the proposed architecture
a few more testing scenarios besides straight-line braking can be done. This would include
braking while cornering, and braking on split mu conditions. This would test out the control
allocation block specifically and also would show the effect of possible potentials of BBW in
other driving scenarios.

Another research that could further be looked at is the integration of these smart BBW
actuators with the regenerative braking and their effect on the overall control architecture
and the vehicle dynamics. For example, looking at ABS events on low mu surfaces would be
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a specific maneuver to show if the integrated ABS and other control modules are correctly
working to keep the vehicle stable in that sitution.

Furthermore, an intriguing avenue for exploration lies in the seamless integration of
the established control architecture and BBW actuators with the motion planning and
motion control layer, as outlined in the functional architecture chapter. This integration
opens the door to investigating collision avoidance scenarios for autonomous vehicles and
understanding how BBW systems influence these situations. By delving into these scenarios,
the intricate interplay between control systems and actuators could be unraveled, gaining
insights into how BBW technology can meaningfully enhance collision avoidance strategies
within the realm of autonomous driving.
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