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Abstract

In recent years, the field in which the automotive industry researched most is the au-
tonomous driving. As a consequence, also the motorsport world embraced the concept
of autonomous driving vehicles. Formula Student, a motorsport competition in which
students design, manufacture and race their own vehicles, founded its Driverless compe-
tition in 2017, so that young engineers could develop knowledge on self-driving vehicles.

From the mechanical point of view the main difference between a human operated ve-
hicle and a driverless vehicle is the presence of mechanical actuators that have to emulate
the driver actions. The object of this thesis is the brake actuator, which is divided into
two subsystems: Autonomous System Brake (ASB), that can perform ordinary braking
manoeuvres, and Emergency Brake System (EBS), that can perform emergency braking
manoeuvres.

At first it was necessary to evaluate the target force needed by the braking actuators
to perform braking with the maximum possible deceleration. The EBS consists in a
pneumatic actuator, which was sized on the target force calculated. The ASB is an
electromechanical actuator, composed by an electric motor, a gear train and a ball
screw mechanism. Differently from the previous version of ASB/EBS mounted on the
vehicle, the braking system actuators’ case is designed to support both the ASB and the
EBS in a compact volume.

After the sizing both systems have been tested. The ASB performance has been
evaluated by means of a Simulink model, while experiments on test bench have been
performed on the EBS actuator. Results are promising and the system is compatible
with a driverless motorsport application.
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Chapter 1

Introduction

1.1 Road safety

Since their invention in the late 1800s the automobiles had a huge impact on everyday
life[1]. While before 1900 most people spent their lives within a few miles of where they
were born, the invention of cars changed all that, allowing people to travel easily[2]. From
International Organization of Motor Vehicle Manufacturers (OICA) data 1.59 billion of
vehicles were registered in 2020 all around the world, in other words 209 vehicles for
every 1000 inhabitants[3].

Because of the high number of vehicles on the road the automotive field always
researches solutions to overcome new challenges. Nowadays the automotive R&D pro-
gram is focused on two main targets: reduction of the environmental impact of vehicles
and safety increase for road users. With regards to the last point, in 2016 the World
Health Organization registered 1.35 million death caused by road traffic injuries, that
is to say the 8th leading cause of death for people of all ages[4]. In 2022 in Italy Istat
registered that 166 thousand road accidents that caused 223 thousand of injured and
3159 deaths[5]. The main three causes of accidents were distraction (15.0 %), failure to
comply precedence rules (13.7 %) and speeding (9.3 %).

In order to increase road safety two types of safety feature are developed:

- passive safety features, which are parts of the vehicle that mitigates the effect of
an accident during and after impact (for example seat belts and airbags)[6];

- active safety features, which are mechanisms that avoid or mitigates an accident
pre-impact, for example Anti-lock Brake System (ABS) or Advanced Driver As-
sistance Systems[7].

Nowadays the evolution of autonomous driving is considered to have a huge potential
on the reduction of road accidents[8]. In fact self-driving vehicles reduce the effects of
human errors, which is the cause of 90 % of road accidents. However, the field is still in
evolution and only it is expected to see the first results in road safety only in 2030.
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1.2 Autonomous driving

The first ideas on autonomous driving were born in the first decades when General
Motors, with its 1939 Futurama installation, showed the first vision of autonomous
vehicles. Differently from today’s driverless cars, in Futurama the vehicles were not
self-driving, but it was the highway to be automated: vehicle entering the highway will
be automatically driven to the desired exit by the highway itself.

Figure 1.1: SAE J3016 six levels of autmation[9]

The evolution of autonomous driving in the last two decades led to the definition
of levels for autonomous driving with the introduction of the taxonomy SAE J3016
defined by the Society of Automotive Engineers[9]. The normative defines 6 levels of
automation[10] (Figure 1.1):

- level 0 : the driver is fully responsible for driving while the system provides mo-
mentary assistance with warnings or emergency interventions;

- level 1 : the driver is fully responsible for driving while the system provides con-
tinuous assistance with acceleration/braking or steering;

10



- level 2 : the driver is fully responsible for driving while the system provides con-
tinuous assistance with acceleration/braking and steering;

- level 3 : the system handles all aspects of driving while the driver must remain
alert to intervene if the system cannot operate;

- level 4 : the system is fully responsible for driving within controlled environment
while the driver is not needed on the vehicle;

- level 5 : the system is fully responsible for driving in all conditions while the driver
is not needed on the vehicle.

European laws allows autonomous driving only till SAE level 3[11], but the majority
of autonomous vehicle available in the market has only up to SAE level 2. However
some exceptions allow the test of SAE level 4 vehicles on European roads[12].

1.3 Formula Student and Formula Student Driver-

less

Formula Student is an international competition founded in 1981 by the Society of Auto-
motive Engineers[13]. The competition challenges teams of university students to design,
manufacture, develop and compete with small formula style race cars[14]. Formula Stu-
dent was born in the United States but has soon spread with races all over the world. In
Europe the most important competition is Formula Student Germany (FSG). The rules
wrote by FSG organizers are adopted by most of European competitions, with some
additions defined by other races’ organizers.

Until 2017 the events were divided in two different competitions depending on the
vehicle propulsion system: Formula Student Combustion, for prototypes with internal
combustion engine, and Formula Student Electric, for prototypes with electric propul-
sion. Motorsport has always been a test bench for the automotive industry[15] and this
also applies to Formula Student. In fact, due to the evolution of autonomous driving, a
third competition was created by FSG in 2017: Formula Student Driverless.

Prototypes competing in the Driverless competition are fully autonomous driving
vehicles. The heart of a Formula Student Driverless prototype is the Autonomous System
(AS) which is the system that has to substitute the driver inside the vehicle. Like a driver
the AS has first to identify the track, delimited by blue and yellow cones, by means of
sensors like cameras, LiDAR and radar. Afterwards the AS has to compute the best
trajectory thanks to path planning algorithms and it has to evaluate the amount of
steering and torque or braking needed to follow the trajectory using control algorithms.
At the end the AS has to substitute the physical action of a driver thanks to mechanical
actuators. It is important to underline that the prototype is not operated by remote
control but it is self-driving; the only remote commands are the starting procedure order
and the emergency manoeuvre, explained in detail in Section 1.5. Since the vehicle can
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move autonomously but in a controlled environment (the track) the prototypes can be
associated to a SAE level 4 of automation (Figure 1.1).

To be compliant with FSG rules a Formula Driverless prototype must be able to be
driven by a human driver. The result of this rule is that driverless vehicles are very
similar to Formula Electric or Formula Combustion prototypes, with the only difference
consisting in the Autonomous System, not present in non-driverless vehicles.

A single Formula Student Driverless competition is divided into multiple events, both
Static and Dynamic. During Dynamic Events vehicles have to complete the event in the
shortest time possible; car to car battles are not allowed by the rules. The Dynamic
Events for the Driverless competition are the following:

- Acceleration Event (maximum score = 75 points): the track is a straight line with
a length of 75 meters;

- Skidpad Event (maximum score = 50 points): the track consist of two pair of
concentric circles (Figure 1.2) and each car has to take two laps on the right circle
and two laps on the left circle, while only the last lap on each circle is timed;

- Autocross Event (maximum score = 100 points): the autocross event is a handling
track built following some guidelines specified on the rules and every prototype
has to complete one lap;

- Trackdrive Event (maximum score = 200 points): the track for the Trackdrive
Event is the same as the one used for the Autocross Event, but each vehicle has
to complete ten laps.

It is important to underline that, except for Acceleration and Skidpad events, the
track is previously unknown and therefore perception sensors are fundamental.

Besides Dynamic Events, the team ability to design an efficient, low cost car and to
develop a business model around it are evaluated during Static Events:

- Business Plan Presentation Event (maximum score = 75 points): the objective of
the event is to evaluate the team’s ability to develop and deliver a business model
offering the vehicle or its component as a product or selling a service that relates
to it;

- Cost and Manufacturing Event (maximum score = 95 points): the objective of the
event is to evaluate the team’s understanding of the manufacturing process and
costs associated;

- Engineering Design Event (maximum score = 150 points): the objective of the
event is to evaluate the team’s engineering process for the design of the prototype.

As it is possible to calculate in each event it is possible to collect up to 745 points.
43 % of the points available come from Static Events, meaning that to aim to a race
win it is necessary to build a fast and reliable vehicle, but also efficient, low cost and
designed following the best engineering practice.
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Figure 1.2: Skidpad track layout[14]

Since its introduction in 2017 the Formula Student Driverless has grown through the
years. In 2022, for the first time ever, Formula Student Germany merged the Driverless
competition with Formula Student Electric and Formula Student Combustion. This
means that teams aiming to win the competition have to develop a prototype designed
both for manual and driverless driving. This situation allowed Formula Student to
approach the automotive world, where cars are designed to be driven first by a human
driver and in some cases also by the Autonomous System.

1.4 Squadra Corse Driverless

Squadra Corse Driverless is the Formula Student Driverless team of Politecnico di
Torino[16]. The team was founded in 2021 and it inherited the SC19 prototype, a
Formula Student Electric vehicle designed and manufactured in 2019 (Figure 1.3). The
car has a carbon fiber monocoque, with a total mass of around 200 kg. It has four
in-wheel electric motors with a total maximum power limited to 80 kW and a total
maximum torque limited to 84 Nm. When driven by a driver the SC19 accelerates from
0 km/h to 100 km/h in 2.6 s.

The vehicle has been modified in order to add the Autonomous System, including
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Figure 1.3: SC19 Formula Student Electric prototype

both software and hardware updates. In 2022 the prototype, with codename SCD22,
took part at its first driverless competition, achieving the third place overall in Formula
SAE Italy[17].

The prototype used in 2023, codename SCD23, was the evolution of the SCD22. The
sensors used by the AS for the perception of the track are two cameras and a LiDAR,
that with a sensor fusion algorithm are able to detect the cones that represent the track.
The steering actuator is composed by a ball screw mechanism actuated by an electric
motor and in parallel to the previously existing steering rack[18] (Figure 1.4), while the
acceleration actuator is not needed since the electric motors can be controlled directly
through the inverters. The brake actuators, object of this thesis, are explained in detail
in the following chapters.

1.5 Autonomous System Brake and Emergency Brake

System

The Autonomous System Brake (ASB) is the brake actuator needed by the rules to run
in autonomous mode (FSG T15 rules[14]). The Emergency Brake System (EBS) is the
part of the ASB that guarantees the emergency braking manoeuvre. Therefore the ASB
should guarantee ordinary braking but also, thanks to the EBS, emergency braking. The
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Figure 1.4: Steering actuator[18]

EBS is a part of the ASB but, for sake of clarity, hereafter ASB will refer only to the
actuator that performs the ordinary braking and EBS will refer to the actuator that
performs the emergency manoeuvre.

Since the EBS is a safety component of the vehicle several rules specify how the
system should work. First of all the EBS should use only passive systems with mechanical
energy storage in order to operates if an electrical power loss occurs (T15.2.1). The
vehicle safety status is carried out by the Shutdown Circuit (SDC) an electrical circuit
that run across all the vehicle and supply different buttons, switches and relays (Figure
1.5). If the SDC is closed the vehicle is in a safe condition; if the SDC is open the vehicle
is in an unsafe condition: the car has to stop immediately thanks to the EBS and the
high voltage battery that supplies the electric motor is disconnected.

One of the relays that maintain the SDC closed is the Remote Emergency System
(RES) relay[19]. The system is a radio component with two functions (rule T14.3.3):

- when the “Go” button is pressed, the autonomous mission is started;

- when the remote emergency stop button is pressed, it must open the RES relay
on the SDC.

The RES signals are the only remote commands allowed in Formula Student Driverless.
To sum up, while the ASB operates in regular braking manoeuvres during races, the

EBS is activated only by malfunctions of the vehicle. The SDC opens if failures are
detected or if the RES’ emergency stop button is pressed. If the SDC is open the vehicle
will stop immediately by means of the EBS.
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Figure 1.5: Schematic of the Shutdown Circuit[14]

1.6 Thesis outline

The target of this thesis is the design and the validation of a system able to work as
Autonomous System Brake and Emergency Brake System for Squadra Corse Driverless’
prototype. At first, the braking targets have been defined in order to guarantee the
performance required by the Formula Student rulebook. Once the optimal brake lines
layout has been chosen, the system has then been sized.

Since the rules specifiy that the EBS has to use only passive energy systems[14], a
pneumatic system has been chosen. On the other hand, in order to guarantee enough
control on the braking force during non-emergency braking maneuever an electrome-
chanical system has been chosen as ASB. The two systems are indipendent but they
both have in common some elements. Each component of the two systems has been
sized, as well as the case of the systems.

The ASB performance has been evaluated by means of a Simulink model. The analy-
sis focused both on the time response, in order to calculate the static performance of the
system, and on the frequency response, in order to calculate the dynamic performance.
The EBS has then been tested on a test bench, in order to evaluate the force generated
as well as the rising time of the system.
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Chapter 2

Actuation targets

The aim of this chapter is to give an overview on the braking system of the vehicle and
to calculate the actuation forces required.

2.1 Braking system architecture

The ASB and the EBS are designed to be implemented in an existing Formula Student
prototype. The braking system architecture of the SCD23, without the autonomous
actuators, is reported in Figure 2.1.

Figure 2.1: Hydraulic brake lines without autonomous actuators

The brake lines are divided into front line and rear line. Two master cylinders, one
for each line, convert the force applied on the brake pedal into fluid pressure. The master
cylinders are in parallel configuration in order to guarantee redundancy as required by
FSG rule T6.1.2[14]. While the brake pedal is custom made (Figure 2.2), the master
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cylinders are manufactured by Brembo (Figure 2.3); the front master cylinder has a bore
of 17.5 mm, while the rear one has a bore of 16 mm.

Figure 2.2: Brake pedal assembly

Figure 2.3: Brembo master cylinders[20]

After the master cylinders each line is divided into right and left calipers. Each caliper
presents pistons that, thanks to the fluid pressure, generate a force on the braking pads.
The friction between pads and disc produces the braking torque on the wheel. Like the

18



master cylinders, also calipers and pads are manufactured by Brembo. The bore of the
piston is of 24 mm either on the front and on the rear of the vehicle, but while on the
front there are four pistons per caliper (Brembo P4 24), on the rear there are only two
pistons per caliper (Brembo P2 24)[21]. The discs are custom made and present a radius
at pads level of 94 mm at the front and of 83 mm at the rear. Table 2.1 summarize the
already existing braking system architecture.

Front Rear

MC bore 17.46 mm 16 mm

Number of pistons per caliper 4 2

Caliper pistons bore 24 mm 24 mm

Brake disc radius 94 mm 83 mm

Table 2.1: Braking system architecture parameters

In addition to the hydraulic braking system, the vehicle is able to perform regenera-
tive braking. The four electric motors of the vehicle can work as generators, converting
the kinetic energy of the vehicle into electrical energy that is going to be stored in the
Tractive System Energy Storage, in other words the High Voltage Battery. FSG rule
T6.1.11 specifies that maximum 90 % of the brake pedal travel may be used for re-
generative braking without actuating hydraulic brake system[14]. However regenerative
braking will be considered null for the design of the Autonomous System Brake.

2.1.1 SCD22 ASB and EBS

In 2022 the vehicle, named SCD22, had a fully functional Autonomous System Brake
and Emergency Brake System. The schematic of the braking system architecture is
reported in Figure 2.4.

The ASB of the prototype is implemented with an electric servo-motor[22] (Figure
2.5). Its shaft is attached to a pulley that rotates a steel cable directly connected to the
brake pedal. Therefore the kinematic chain allows to transform the torque generated by
the servo-motor in a force acting on the master cylinders and, as a result, in brake fluid
pressure.

Since the ASB uses electric power the system cannot be used also for emergency
braking because only passive systems are allowed (T15.2.1). Therefore the Emergency
Brake System of the vehicle is a separated device that uses compressed air as energy
source[23]. Two air canisters, one for the front line and one for the rear line, supply air
at 200 bar. In each line a pressure regulator sets the maximum pressure at 10 bar, the
maximum pressure allowed by the rules[14]. Two 3/2 normally open solenoid valves, one
for each line, manage the emergency braking:
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Figure 2.4: Braking system architecture of SCD22, including manual braking, ASB
and EBS. For a better visualization hydraulic lines are represented in bold

- if the Shut Down Circuit is closed, and therefore no emergency is detected, the
valves are in the closed position and the actuators are at ambient pressure;

- if an emergency is detected the Shut Down Circuit will open and the pneumatic
pressure in the actuators will rise.

The actuators are pressure intensifiers with one chamber connected to the pneumatic
circuit and the other chamber connected to the hydraulic braking system. The pneumatic
chamber has an higher bore than the hydraulic chamber, therefore the pressure in the
hydraulic braking system is higher than the pressure in the pneumatic system[23] (Figure
2.5).

To guarantee the functioning of both emergency braking and manual braking simul-
taneously as requested by rule T15.1.4 two or valves are connected in the hydraulic
system, one for each line. ASB and EBS simultaneous activation could also be possible
considering the braking architecture, but it is not a realistic situation since the activa-
tion of the EBS disconnect the ASB power supply. Another function of the or valves
is to avoid the rising of fluid pressure in the actuators’ line or master cylinders’ line if
these are not actuated, preventing the damaging of the components[24].

Manual valves activate or deactivate the EBS. If the valves are in the open posi-
tion the EBS could be activated, since line pressure is at 10 bar; if the valves are in
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Figure 2.5: EBS (left) and ASB (top right) mounted on the vehicle

closed position EBS’ lines are at ambient pressure and the actuators cannot be acti-
vated. Another function of the manual valves is the deactivation point required by the
rules (T15.1.7 and T15.1.8): after the EBS activation the turning of the valve to the
closed position allows to connect the intensifiers to ambient pressure, deactivating the
emergency braking.

The system as presented was used during 2022 Formula ATA event. However some
drawbacks of the system have been discovered. As regards to the EBS the main problems
was a leakage of oil from the oil chamber to the air chamber, causing the corrosion of the
seals and the rising of the internal friction of the actuators, and the use of a small area on
the pneumatic chamber, which lead to low brake fluid pressure. Moreover the ASB had
an issue with the tensioning of the steel cable that absorbed part of the force generated
by the servo-motor. Another issue was the volume occupied by the two systems that
made maintenance operations on the front of the vehicle more difficult.

2.1.2 Integrated design of ASB and EBS

The objective of this thesis is the evolution of the SCD22’s ASB and EBS. In this new
solution ASB and EBS are no longer divided into two different components but they are
integrated into a single device, solving the problem regarding the volume of the system.
In Figure 2.6 it is shown a schematic of the braking system.

In this brake architecture each line has two master cylinders, one dedicated only for
the manual braking and the other one for autonomous braking, including both ASB and
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Figure 2.6: New braking system architecture, including manual braking, ASB and
EBS. For a better visualization hydraulic lines are represented in bold

EBS. In order to prevent the oil leaking as described in Section 2.1.1 the evolution of
the EBS is composed by a pneumatic cylinder and a master cylinder, per brake line,
connected with a joint. Thanks to this solution the hydraulic line cannot come into
contact with the pneumatic line. The EBS design is better explained in Section 3.1.

The ASB consists of an electric motor connected to a ball screw in order to transform
the motion from rotating to linear. The ball screw’s nut is connected to the master
cylinders of the autonomous actuators, therefore a force on the ball screw generates
pressure in the brake lines. It is important to underline that ball screw and master
cylinders are not jointed together but the contact is removable: in this case the force
given by the EBS acts only on the master cylinders and not on the ASB and therefore
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the system has an higher efficiency and the ball screw will not be damaged because of
impulsive forces. The ASB design is better explained in Section 3.2.

2.1.3 SCD23 ASB and EBS

Since the ASB object of this thesis is a complex mechanism which could not be manu-
factured for the 2023 season, the SCD23 had a different brake actuators setup (Figure
2.7).

Figure 2.7: Braking system architecture of SCD23

In this solution the same device is used both as ASB and EBS actuator. The actuator
is the same as the one designed in this thesis for the EBS. In case of EBS operation the
solenoid valves are controlled with the SDC as specified in Section 2.1.2, while in case
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of ASB operation the solenoid valves are controlled by means of a PWM signal with
switching frequency of 10 Hz and duty cycle depending on the braking force needed.

Experimental and numerical tests have been performed and the results are reported
in the following Figure 2.8, where the pressure specified is the brake fluid pressure
generated.

(a) Step response (b) Frequency response

Figure 2.8: SCD23 ASB analysis

As it is possible to see in Figure 2.8a, the system is very responsive but it has high
oscillations around the desired value. The oscillations reduce with higher sets of pressure,
since the ASB reaches its force limit. In Figure 2.8b it is possible to see the frequency
response of the system. The bandwidth of the system is between 4.9 Hz and 6.6 Hz,
acceptable values for a braking system.

2.2 Performance requirements

Formula Student Germany rule-book[14] sets rules on the performance of the Emergency
Brake System:

T15.4.1: The system reaction time (the time between opening of the SDC and the start of
the deceleration) must not exceed 200 ms.

T15.4.2: The average deceleration must be greater than 8 m/s2 under dry track conditions.

T15.4.3: In case of a single failure the ASB should be designed to achieve at least half of
the performance specified in T15.4.2.

T15.4.4: Whilst decelerating, the vehicle must remain in a stable driving condition.

Another set of rules specifies how the EBS will be tested:

IN11.2.1 The EBS performance will be tested dynamically and must demonstrate the per-
formance described in T15.4.
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IN11.2.2 The test will be performed in a straight line marked with cones similar to acceler-
ation.

IN11.2.3 During the brake test, the vehicle must accelerate in autonomous mode up to at
least 40km/h within 20 m. From the point where the RES is triggered, the vehicle
must come to a safe stop within a maximum distance of 10 m.

IN11.2.4 In case of wet track conditions, the stopping distance will be scaled by the officials
dependent on the friction level of the track.

IN11.2.5 The EBS test is conducted after all other elements of IN11 have been passed.

There are no explicit rules for the Autonomous System Brake on FSG rule-book,
while Formula Student East handbook[25] specifies that the vehicle has to lock all four
wheels during a brake test procedure.

2.3 Vehicle braking dynamics

To calculate the actuation forces needed it is necessary to analyse the dynamic of the
vehicle under braking. For simplicity a two-dimensional model is used. The prototype
is divided into three subsystems[26]: the whole vehicle, front axle and rear axle. It is
important to notice that aerodynamic forces as well as regenerative braking forces are
neglected.

Figure 2.9: Vehicle free body diagram

Forces and constants in the free body diagrams are:
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(a) Front wheel free body diagram (b) Rear wheel free body diagram

Figure 2.10: Wheels free body diagram

- m: mass of the vehicle;

- If : moment of inertia of the front axle;

- Ir: moment of inertia of the rear axle;

- zG: height from the road of the center of gravity;

- xG: horizontal distance from the rear axle to the center of gravity;

- b: wheelbase;

- ẍ: deceleration of the vehicle;

- ω̇f : angular deceleration of the front axle;

- ω̇r: angular deceleration of the rear axle;

- Nf : force parallel to Z axis acting on the front axle;

- Nr: force parallel to Z axis acting on the rear axle;

- Tf : force parallel to X axis acting on the front axle;

- Tr: force parallel to X axis acting on the rear axle;

- Mf : braking force acting on the front axle;

- Mr: braking force acting on the rear axle.
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From the balance of translation along Y and Z axis and from the balance of rotation
around the point A (Figure 2.9) it is possible to obtain equations 2.2, 2.1 and 2.3
respectively.

Nf +Nr = mg (2.1)

Tf + Tr = mẍ (2.2)

If ω̇f + Irω̇r +mẍzG −mgxG +Nrb = 0 (2.3)

Considering the front axle and from the balance of rotation around the axle (Figure
2.10a) it is possible to obtain equation 2.4.

Tf + If ω̇f = Mf (2.4)

Similarly to the front axle it is possible to obtain equation 2.5 for the rear axle
(Figure 2.10b).

Tr + Irω̇r = Mr (2.5)

As it is possible to analyse there are seven variables (ẍ, ω̇f , ω̇r, Nf , Nr, Tf , Tr, Mf ,
Mr) but only five equations. It is necessary to add other two equations regarding the
kinematics of the vehicle, in particular taking into account the variable grip condition
of the wheels[26]. Taking the front axle as an example, in order to have pure motion
inequality 2.6 must be satisfied, where µ is the friction coefficient between tyre and
asphalt.

Tf ≤ µNf (2.6)

If inequality 2.6 is true, then the sixth equation is going to be equation 2.7, where
r = 237mm is the radius of the wheels.

ẍ = rω̇f (2.7)

If inequality 2.6 is not satisfied the sixth equation is going to be equation 2.8 and
the force Tf is calculated with equation 2.9, where µk is the kinetic friction coefficient
between tyre and asphalt.

ω̇f = 0 (2.8)

Tf = µkNf (2.9)

Similarly to the front axle, if Tr ≤ µNr then the seventh equation will be equation
2.10.

ẍ = rω̇r (2.10)

If the inequality is not satisfied the seventh equation will be equation 2.11, and the
force Tr is calculated with equation 2.12.

ω̇r = 0 (2.11)

Tr = µkNr (2.12)
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For sake of simplicity the wheels are considered in pure rolling motion or fully locked
but not in any intermediate condition. The static friction coefficient between tyres and
asphalt, evaluated during tests held in 2019, has a value of µ = 1.3; a reduction of 80
% has been used to calculate the kinetic friction coefficient µk. Thanks to other tests it
has been possible to evaluate the friction coefficient between brake pads and brake discs,
and the value calculated is µbrake = 0.4. The friction coefficients’ values are reported in
Table 2.2.

The force generated by the ASB is divided into two equal forces acting on the front
line’s master cylinder and on the rear line’s master cylinder. Therefore the oil pressure
in the front brake line is calculated with equation 2.13 and the pressure in the rear line
with Equation 2.14.

pf =
FASB

2AMC,f

(2.13)

pr =
FASB

2AMC,r

(2.14)

AMC,f and AMC,r depend on master cylinders’ bore that are going to be evaluated in
Section 2.4. Knowing the fluid pressure inside the braking system and the total area of
the calipers’ pistons at the front axle Acal,f and at the rear axle Acal,r, reported in Table
2.2, it is possible to calculate the braking forces acting on the front axle (equation 2.15)
and rear axle (equation 2.16).

Ff = pfAcal,f (2.15)

Fr = prAcal,r (2.16)

Knowing the medium distance rbrake from the wheel center to the brake pad it is
possible to calculate the braking torque acting on the front axle[26] (equation 2.17) and
the one acting on the rear axle (equation 2.18).

Mf = rbrake,f µbrake Ff =
rbrake,f FASB Acal,f µbrake

2AMC,f

(2.17)

Mr = rbrake,r µbrake Fr =
rbrake,r FASB Acal,r µbrake

2AMC,r

(2.18)

Thanks to a Matlab script it is possible to evaluate the vehicle braking dynamics and
how the braking performance changes with several forces applied by the Autonomous
System Brake. In Table 2.2 are reported the values of the constants used.

2.4 Master cylinders selection

The first thing to evaluate is the optimal master cylinders setup. The master cylinders
could have bore of 16 mm, 17.46 mm or 19 mm[20]. Using a Matlab script it has been
possible to analyse how the different setups affect the braking dynamics; the results are
reported in Figure 2.11. The force with which maximum deceleration is obtained is going
to be used as the target force for the ASB, while for the EBS, where front line and rear
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Description Value

Mass of the vehicle m 200 kg

Moment of inertia of the front axle If 8.53 · 10−1 kg m2

Moment of inertia of the rear axle Ir 8.49 · 10−1 kg m2

Height from the road of the center of gravity zG 241mm

Distance parallel to X axis from the rear axle

to the center of gravity

xG 878mm

Wheelbase b 1525mm

Wheel radius r 237mm

Tyre - asphalt static friction coefficient µ 1.30

Tyre - asphalt kinetic friction coefficient µk 1.04

Brake pads - brake discs friction coefficient µbrake 0.40

Front calipers’ pistons total area[21] Acal,f 3.62 · 10−3m2

Rear calipers’ pistons total area[21] Acal,r 1.81 · 10−3m2

Front brake radius rbrake,f 94mm

Rear brake radius rbrake,f 83mm

Table 2.2: Constants

line are independent, the target is the oil pressure with which maximum deceleration is
obtained.

Figure 2.11 shows the deceleration obtained by a certain amount of force generated
by the ASB. Each curve presents two discontinuity point, the first of which is caused by
the locking of the front wheels while the second is caused by the lock of the rear wheels.
As it was possible to imagine the locking of the wheels causes a reduction in deceleration
of the vehicle. Two factor has been taken into account to choose the optimal setup:

- maximum deceleration performed;

- initial slope of the curve, because a curve with an higher slope requires less force
to perform the same deceleration.

Considering only the initial slope the setup with bore of 16 mm both at the front and
at the rear master cylinder is the best option, but the maximum deceleration performed
is too low. Therefore the optimal option is with dMC,f = 17.46mm and dMC,r = 16mm,
which is a setup that can guarantee the maximum deceleration with an excellent initial
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Figure 2.11: Changes in vehicle braking dynamics with different MC setups

slope. The setup chosen is also the same setup chosen in 2019 for the manual braking
system.

2.5 Actuation targets calculation

Considering dMC,f = 16mm and dMC,r = 17.46mm it is possible to evaluate the ac-
tuation targets. Thanks to a Matlab script it is possible to analyse the effects of the
variation of the force of the ASB on the dynamics of the vehicle. The results are reported
in Figure 2.12 and Figure 2.13.

The maximum deceleration obtained is of 12.20m/s2, which is higher than 8m/s2 as
required by T15.4.2; also the deceleration achieved if all the wheels are locked is higher
than the minimum requirement. The force needed to achieve the maximum deceleration
is of 1536 N. From the wheels’ angular deceleration graphic it is also possible to observe
that the vehicle lock first the front wheels, remaining in a stable driving condition as
required by T15.4.4.

From Figure 2.13 it is possible to evaluated the brake fluid pressure that the EBS
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Figure 2.12: Variation of vehicle deceleration, wheels’ angular deceleration, normal
forces and tangential forces as a function of the force generated by the ASB

has to achieve to obtain the maximum deceleration, that is pf = 32.50 bar for the front
line and pr = 38.71 bar for the rear line. As it is possible to see the oil pressure on the
front line is always lower than the pressure on the rear line because of the higher master
cylinder bore (equations 2.13 and 2.14).

In Figure 2.14 it is possible to analyse the braking dynamics in case of fail of one of
the braking lines. As specified in T15.4.3 in case of failure the vehicle has to decelerate
with a minimum deceleration of 4m/s2. To guarantee the compliance of the rule the
ASB (or the EBS in case of emergency braking) has to generate at least 729 N if the
rear line has a failure or 765 N if the front line has a failure. These values are not used
as targets for the design of ASB and EBS but they are going to be used as a check for
the rule compliance of the system.

The targets calculated are reported in Table 2.3. In order to take into account the
stiffness of the master cylinder spring and the friction between the components a safety
factor of 1.5 has been taken into account.
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Figure 2.13: Variation of brake fluid pressure as a function of the force generated by
the ASB and variation of deceleration as a function of brake fluid pressure

Description Target without SF Target with SF = 1.5

ASB maximum force 1536 N 2304 N

EBS front brake fluid pressure 32.50 bar 48.75 bar

EBS rear brake fluid pressure 38.71 bar 58.07 bar

Table 2.3: ASB and EBS targets considering a safety factor of 1.5
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Figure 2.14: Deceleration as a function of the force generatd by the ASB (or the EBS
in case of emergency braking) in case of failure in one line
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Chapter 3

Mechanical design

Figure 3.1: Render of the ASB/EBS assembly

The mechanical design of the autonomous brake actuators has been divided into
three main subassemblies:

- EBS subassembly;
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- ASB subassembly;

- case subassembly.

In this chapter the mechanical design of the three subassemblies is explained in detail.
With regard to the EBS the system is composed by pneumatic cylinders that have to
generate enough brake fluid pressure to satisfy the one calculated in Section 2.5. For
the ASB the system consists in an electromechanical actuator, composed by an electric
motor, a gear train and a ball screw. In the latter section it is also explained the design
of the case for EBS and ASB.

3.1 EBS design

3.1.1 EBS actuator

The Emergency Brake System actuator is composed by a pneumatic actuator. The shaft
of the cylinder is then jointed to the shaft of the master cylinder. Each line, front and
rear, is independent to the other, as specified in Section 2.1.2. Using equation 3.1 it is
possible to calculate the minimum bore of the pneumatic cylinder. pMC is the pressure
target evaluated in Section 2.5 while pEBS is limited by rule T9.1.1 at 10 bar.

d = dMC

√
pMC

pEBS

(3.1)

Figure 3.2: Festo pneumatic cylinder[27] used as EBS actuator
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The minimum bore evaluated is of 38.64 mm at the front cylinder and of 38.55 mm
at the rear cylinder. The pneumatic cylinders are not custom made and therefore the
dimension of the bore is standardised. The maximum stroke of the master cylinder is
very short (23 mm[20]), for this reason the best option found is the compact cylinder from
Festo’s ADN series[27] (Figure 3.2). The EBS could work with single acting cylinder,
but since the master cylinder connected in series already has a return spring, the double
acting cylinder has been chosen so that the force generated by the cylinder does not have
to overcome the spring internal to the pneumatic cylinder. The bore chosen for both
front and rear EBS is of 40 mm, while the stroke is 20 mm, lower than the maximum
stroke of the master cylinder but enough to perform the emergency braking.

It is possible to evaluate the force generated by each cylinder using equation 3.2,
where pEBS = 10 bar and dEBS = 40mm.

FEBS = pEBS
πd2EBS

4
= 1273N (3.2)

The force generated by the pneumatic actuators is higher than the minimum force
in case of failure calculated in Section 2.5 (729 N for the front line and 765 N for the
rear line). Results for EBS actuator selection are reported in Table 3.1.

Front EBS Rear EBS

pMC target 48.75 bar 58.07 bar

ØMC 16 mm 17.46 mm

ØEBS,min 38.64 mm 38.55 mm

ØEBS 40 mm 40 mm

FEBS 1273 N 1273 N

Table 3.1: EBS sizing data

In order to verify the compliance of the EBS to rule IN11.2.3 (Section 2.2) a Matlab
script has been used. The results are reported in Figure 3.3.

If the RES is triggered while the vehicle is moving at 40 km/h the vehicle comes to
a safe stop within 6 m, less than 10 m as specified in IN11.2.3. However it is important
to underline that electronic delays (opening of the SDC) and mechanical delays (rise of
pressure inside the EBS actuator chamber) have not been considered .

3.1.2 EBS canister

As shown in Section 2.1.2 the ESB actuators are supplied by a canister for each line.
Each canister has a volume of 0.15 l and a filling pressure of 200 bar[23] (Figure 3.4).

It is important to evaluate how many actuation the canister can provide. The max-
imum pressure of the canister is of 200 bar but, because of the compressor used by
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Figure 3.3: Braking kinematic due to EBS actuation at different speeds

Figure 3.4: High pressure canister
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Squadra Corse Driverless, the maximum available pressure is of 2000 psi = 138 bar.
Thanks to equation 3.3 it is possible to calculate the mass used in every actuation, while
equation 3.4 allows to calculate the total mass of the canister if it is charged up to 2000
psi. The masses are calculated using the ideal gas law, where R = 287 J/(kg K) is the
gas constant for the air and T = 30 °C is the average temperature of the air.

mEBS =
PEBSVEBS

RT
= 6.36 · 10−4 kg (3.3)

mcanister =
PcanisterVcanister

RT
= 2.40 · 10−2 kg (3.4)

For sake of simplicity it is considered that, for every actuation, the pneumatic cylinder
will move to the end stroke, whilst the stiffness of the oil should stop the motion before
the end stroke. This means that the calculations are conservative, since the effective
volume and mass used in every actuation are lower than the one calculated. The volume
VEBS used in equation 3.3 is the sum of the total volume of the pneumatic cylinder and
the volume of the pneumatic line from the solenoid valve to the pneumatic cylinders
(the tube is 500 mm long and it has a diameter of 8 mm). It is also important to
underline that the pressure in equations 3.3 and 3.4 is an absolute pressure, therefore
PEBS = 1.10 · 106 Pa and Pcanister = 1.39 · 107 Pa.

The number of actuations is calculated with equation 3.5. The EBS will work until
the canister has a pressure higher than the pressure required by the EBS (10 bar).
Therefore the number of actuations is calculated subtracting this final condition (canister
at 10 bar) to the initial condition (canister at 2000 psi) and dividing it by the mass used
in every actuation (mEBS).

actuations =
mcanister − VcanisterPEBS

RT

mEBS

= 34 (3.5)

3.1.3 EBS joint

Festo pneumatic cylinder has to be jointed to Brembo master cylinder. The connection
has to guarantee the functioning also in case of small angular misalignment and not
to stress the pneumatic cylinder and master cylinder shafts with flexion. Therefore a
connection with SKF Uniball[28] has been chosen (Figure 3.5). Details and sizing of the
joint are reported in Sections 3.2.6 and 3.2.7.

3.2 ASB design

The Autonomous System Brake is composed by an electric motor, a gear train, a joint,
a ball screw, a linear guide, a balance bar and a bar connecting the ball screw to both
master cylinders. In this section the mechanical design of each component of the ASB
will be investigated.

It is important to underline that the ASB braking dynamics is divided into two main
phases:
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Figure 3.5: SKF Uniballs

1. the brake pads approach the discs: the speed of the actuator is at its maximum,
while the force generated is almost null, since the only resistances to the motion
are the spring of the master cylinder and the inertia of the moving parts;

2. the brake pads are in contact with the discs: the speed is almost null while the
force generated is at its maximum.

The first phase determines the reaction time of the system. With the hypothesis
of incompressible fluid, the volume of fluid moved by the master cylinder is equal to
the displaced volume on braking pads. Therefore, considering a distance pads-disc of
∆ = 0.5mm, it is possible to evaluate the stroke of the master cylinder needed to finish
the first phase thanks to equation 3.6, where dcal = 24 mm is the diameter of caliper’s
pistons, n is the number of pistons per caliper and the factor 2 is due to the fact that
each brake line is connected to two calipers (right side and left side).

s = 2
πd2caln

4
∆ (3.6)

The stroke calculated is of 7.56 mm at the front line and 4.50 mm at the rear line.
The strokes are different because of the hypothesis of incompressible fluid. For the
design of the ASB only the stroke of 7.56 mm has been taken into account because the
results are conservative. The different stroke will not be a problem during braking since
the balance bar will have the effect of equalizing the strokes of the master cylinders.
Experimental analysis shown that the mean total reaction time for a driver is of 435
ms[29], therefore the speed of the actuator in order to be compared with a human driver
has to be at least 17.38 mm/s.

The second phase is the one where the ASB has to generate the target force calculated
in Section 2.5, that is FASB = 2304 N.
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3.2.1 Ball screw

The first ASB component to be designed is the ball screw (Figure 3.6). Since a rotative
electric motor is used it is necessary to have a component that can guarantee the trans-
formation of the motion from rotative to linear. Different options have been analysed
and they are reported in Table 3.2.

Figure 3.6: Ball screws[30]

Advantages Disadvantages

Rack and pinion

The pinion could be

part of the gear train

and therefore no joint is

needed

High cost

Trapezoidal

screw
Low-cost Low efficiency

Ball screw

High efficiency and more

simple to assemble than

a rack and pinion

More expensive than

trapezoidal screw mech-

anism

Table 3.2: Comparison between rotative to linear mechanisms[31]

For the ASB the ball screw mechanism has been chosen for its high efficiency and
because it is easier to assemble compared to the rack and pinion mechanism.

Three different options have been considered:

- Bosch Rexroth BASA miniaturized series ball screw[30], diameter = 12 mm, pitch
= 5 mm;
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- Bosch Rexroth BASA miniaturized series ball screw[30], diameter = 16 mm, pitch
= 5 mm;

- Hiwin high load ball screw[32], diameter = 12 mm, pitch = 5 mm.

Only small diameters ball screw have been considered in order to reduce the mass and,
more important, the volume occupied by the ASB. It is indeed important to remember
that a ball screw with a larger diameter needs larger bearings that will hardly fit into
the ASB/EBS case. Ball screw with pitch higher than 5 mm are not considered because
the reduction ratio of the ball screw will be too low and an higher torque elecric motor
will be required.

The minimum length of the thread of the ball screw, according to Hiwin catalogue[32],
has to be calculated as the sum of the nut length, the stroke required (23 mm, the stroke
of the master cylinder) and the length of a nominal diameter d0 for each thread terminal.
The different lengths are reported in Table 3.3 and it is possible to see that in any case
the nut length is higher than the maximum stroke, therefore realizing the so called ”short
stroke condition”[30]. This condition requires caution in lubrication of the ball screw,
since the spheres do not perform a complete revolution and it is impossible to form an
adequate lubricant film. For this reason it is important to inspect the lubrication state
more often.

From the conservation of energy between input (ball screw shaft rotation) and output
(ball screw nut translation) it is possible to calculate the torque needed (equation 3.7).
FASB = 2304 N is the target force required calculated in Section 2.5, p = 5 mm is the
pitch and η is the efficiency of the ball screw mechanism which is extracted from graphics
like the one reported in Figure 3.7, where the pitch angle β is calculated with equation
3.8.

TASB =
FASB p

2 π η
(3.7)

β = arctan

(
p

π d0

)
(3.8)

From Figure 3.7 it is also possible to see the difference in efficiency between ball
screw mechanism and trapezoidal screw mechanism underlined in Table 3.2.

Each ball screw has a static load rating C0 and a dynamic load rating C. Since the
variation of force and speed during time is unknown because it depends on the track
layout, the ball screw is sized for its static behaviour.

The static safety factor SF0 is evaluated with equation 3.9. According to Bosch
Rexroth manual[30] the safety factor should be at least 5, since not all the parameters
are fully known and the system is not vibration-free (Figure 3.8).

SF0 =
C0

FASB

(3.9)

It is also important to verify that the speed of the ball screw is lower than the
maximum speed allowed by the mechanism. The minimum speed of the mechanism
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Figure 3.7: Bosch Rexroth ball screw efficiency as a function of the pitch angle[30]

Figure 3.8: Bosch Rexroth indications on safety factor[30]

to be compliant with the target is of 17.30 mm/s (calculated in Section 3.2), while
the maximum speed of the ball screw is reported in manuals. Differently to the Bosch
Rexroth ball screws, Hiwin ball screw has no maximum speed but its bearings does,
therefore the maximum speed is verified in the next subsection. The speed has also to
be lower than the critical speed of the ball screw, but the length of the ball screw is too
low and the critical speed is higher than the maximum speed allowed.

Calculation results are reported in Table 3.3.
The Bosch Rexroth 12 ball screw has a static safety factor lower than 5, which is the

safety factor required, therefore it is not suitable for the ASB. Bosch Rexroth 16 and
Hiwin 12 ball screws have both the minimum safety factor required. Both Bosch ball
screws have a maximum speed much higher than the speed required, while for the Hwin
ball screw it is necessary to analyse its bearings first.

Ball screw’s bearings

Since the Bosch Rexroth 12 ball screw has a static safety factor too low for the application
the only bearings to be sized are for the Bosch Rexroth 16 and Hiwin 12 ball screws.
At first the vibrations caused by the motion of the vehicle led to choose a setup where
both bearings are fixed.
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Bosch Rexroth 12 Bosch Rexroth 16 Hwini 12

d0 12 mm 16 mm 12 mm

p 5 mm 5 mm 5 mm

β 7.55° 5.68° 7.55°

η 96 % 95 % 96 %

C0 5800 N 14490 N 11772 N

C 4560 N 13320 N 5494 N

vMAX 500 mm/s 500 mm/s -

vASB 17.30 mm/s 17.30 mm/s 17.30 mm/s

FASB 2304 N 2304 N 2304 N

TASB 1.91 Nm 1.93 Nm 1.91 Nm

SF0 2.52 6.29 5.11

Table 3.3: Comparison between three ball screw mechanisms[30][32]

For the Bosch Rexroth 16 ball screw SEB-F bearings have been chosen[30] (Figure
3.9), since they are a good compromise in strength and reduced volume. Every bearing
has a static load rating C0 = 18800 N and a dynamic load rating C = 13400 N.

Figure 3.9: Bosch Rexroth SEB-F bearing[30]

Similar to the ball screw also the bearings have been sized on their static behaviour.
Considering that the force acting on each bearing is half of the total force it is possible
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to evaluate the static safety factor with equation 3.10. Bearing data and calculations
are reported in Table 3.4.

SF0 =
FASB

2C0

= 16.32 (3.10)

Parameter Value

C0 18800 N

C 13400 N

SF0 16.32

Table 3.4: Bosch Rexroth SEB-F bearing data and calculations[30]

The safety factor obtained is very high and not justified for motorsport application
considering the higher volume occupied by a 16 mm ball screw instead of a 12 mm
mechanism.

For the Hiwin 12 ball screw FK08 bearings have been chosen[32] (Figure 3.10). Dif-
ferently from Bosch Rexroth manual, Hiwin manual provide static and dynamic load
ratings and a maximum axial force admissible Cax,MAX = 1000 N. Since the bearings
support only axial force and its value is half of the force generated by the ASB it is
possible to calculate the static safety factor using equation 3.11. Moreover it is possible
to evaluate if the maximum speed of the ball screw is compatible with the maximum
speed allowed by the bearings. FK08 data and calculations are reported in Table 3.5.

Figure 3.10: Hiwin FK08 bearing[32]

SF0 =
FASB

2Cax,MAX

= 0.87 (3.11)

The maximum angular speed of 40000 rpm, or equivalently a linear speed of 531
mm/s, is much greater than the speed required by the actuator (17.30 mm/s). However
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Parameter Value

C0 4800 N

C 2800 N

Cax,MAX 1000 N

vMAX 40000 rpm

SF0 0.87

Table 3.5: Hiwin FK08 bearing data and calculations[32]

the maximum axial force allowed is lower than the actual force (SF0 < 1) therefore this
bearing setup is not compliant with the application.

Both solutions provided by the manufacturers are not suitable for the ASB applica-
tion. Therefore an hybrid solution has been chosen: one of the bearing will be provided
by the ball screw manufacturer while the second bearing will be a thrust bearing, able to
withstand all the axial load generated by the ASB. In order to have all the load supported
only by the thrust bearing the second bearing will be a radial floating bearing.

The Hiwin 12 has been chosen as ASB ball screw since it requires a lower volume
and the inertia of the actuator will be lower compared to the Bosch Rexroth 16 ball
screw. The shank of the ball screw has a diameter of 8 mm, therefore an SKF 8 mm
thrust bearing has been chosen (Figure 3.11)[33]. Since the bearing requires a shoulder
of at least 14.5 mm but the ball screw is only 12 mm large a spacer has been designed;
details on the spacer design process can be found in the next subsection.

Figure 3.11: SKF BA 8 thrust ball bearing[33]

SKF manual provides static and dynamic load rating and therefore it is possible to
evaluate the safety factor of the bearing with equation 3.12. It is necessary to underline
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that in this configuration the total force generated by the ASB is supported only by the
thrust bearing. BA 8 data and calculations are reported in Table 3.6.

SF0 =
C0

FASB

= 1.65 (3.12)

Parameter Value

C0 3800 N

C 3190 N

vMAX 17000 rpm

SF0 1.65

Table 3.6: SKF BA 8 bearing data and calculations[33]

The maximum speed of 17000 rpm or equivalently of 1417 mm/s is compliant with
the actual speed of 17.30 mm/s. Also the safety factor of 1.65 is enough for a motorsport
application, being the ASB not a safety system. Moreover it is important to underline
that FASB is not the actual force of the actuator but it is increased by 50 % in order to
take into account the master cylinder spring and potential friction (Section 2.5); if the
force would not have been increased the safety factor would be 2.47.

Figure 3.12: Hwin FF10 bearing[32]

The second bearing will be the Hiwin FF10 floating bearing (Figure 3.12). This
bearing is not able to withstand any axial load. No safety factor has been calculated in
this case since the radial load caused by misalignment is supported by the linear guides
sized in Section 3.2.5.

In conclusion, the ball screw is supported by a thrust bearing manufactured by SKF
and a radial floating bearing manufactured by Hiwin.

46



Spacer

Figure 3.13: Spacer

Since the thrust bearing needs a shoulder of at least 14.5 mm but the ball screw is
only 12 mm large a spacer has been designed (Figure 3.13). The outer diameter chosen
is of 15 mm. The spacer is subjected to compression stress, calculated with equation
3.13[34]. Considering a safety factor SF of 2, thanks to equation 3.14 it has been possible
to evaluate the minimum yield stress Rp0.2 required.

σ =
4FASB

π (D2 − d2)
= 18MPa (3.13)

Rp0.2,min = σ · SF = 36MPa (3.14)

The material to be used for the spacer requires a minimum yield stress of 36 MPa.
In Table 3.7 it is reported a summary of the ball screw assembly parameters.

3.2.2 Electric motor

The force of the ASB acting on the master cylinders is generated by an electric motor.
For its sizing the power required by the ASB has been calculated with equation 3.15,
where vASB = 17.30 mm/s is the maximum speed and FASB = 2304 N is the maximum
force required. As highlighted in Section 3.2 maximum force and maximum speed are
conditions that will not happen simultaneously, therefore the power calculated with
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Parameter Value

Ball screw Hiwin high load ball screw

Nominal diameter 12 mm

Pitch 5 mm

Efficiency 96 %

Thread length 94 mm

Ball screw static load rating 11772 N

Ball screw static safety factor 5.11

Thrust bearing SKF BA 8 thrust bearing

Static load rating 3800 N

Static safety factor 1.65

Maximum speed 17000 rpm

Radial bearing Hiwin FF10 support

Table 3.7: Ball screw assembly details[32][33]

equation 3.15 is conservative.

PASB = FASB · vASB = 39.86W (3.15)

The best motor found with a minimum power of 39.86 W is the EC 45 flat brushless
motor manufactured by Maxon[35] (Figure 3.14). The maximum power of the motor
is of 60 W which is much higher than the minimum power required; however electric
motors with lower power would require a gear train with an higher reduction ratio and
therefore more costly and voluminous.

Parameters of the motor are reported in Table 3.8, while in Figure 3.15 it is rep-
resented the charateristic curve of the electric motor[36] realized thanks to datasheet
parameters.

3.2.3 Gear train

As it is possible to see in Table 3.8 the maximum torque generated by the electric motor
is TIN = 0.11 Nm, but in Section 3.2.1 the calculated torque needed at the ball screw
shaft was TASB = 1.91 Nm, therefore it is necessary to use a gear train with a minimum
reduction ratio calculated with equation 3.16.

uTOT,min =
TASB

TIN

= 17.64 (3.16)
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Figure 3.14: Maxon EC 45 flat electric motor[35]

Parameter Value

Nominal voltage 24 V

No load speed 6250 rpm

No load current 238 mA

Nominal speed 4970 rpm

Nominal torque 110 mNm

Nominal current 2.97 A

Stall torque 918 mNm

Stall current 26 A

Max efficiency 32 %

Terminal resistance phase to phase 0.942 Ω

Terminal inductance phase to phase 0.363 mH

Torque constant 36 mNm/A

Speed constant 265 rpm/V

Mechanical time constant 9.790 ms

Rotor inertia 135 gcm2

Table 3.8: Maxon EC 45 flat brushless motor datasheet[35]

49



Figure 3.15: Characteristic curve of Maxon EC 45 flat brushless motor[35]

At first the idea was to design a custom two stage gear train, with a reduction ratio
per stage of ustage = 4.20. The material chosen is 16MnCr5 steel, a case-hardening steel
with high strength and high core toughness[37]; the material has a yield stress Rp0.2 of
735 MPa, an ultimate tensile stress Rm of 1030 MPa and a Brinell hardness HB of 654.
For the sizing of each stage the minimum number of teeth for the pinion zmin has been
calculated with equation 3.17, where α = 20° is the pressure angle[38].

zmin =
2

sin2 α
= 18 (3.17)

To size the modulus of each stage of the gear train the minimum modulus has been
calculated with Lewis’ theory (equation 3.18) and Hertz’s theory (equation 3.19)[38][39].
The modulus of the stage will be the minimum standard modulus higher than the one
evaluated with equations 3.18 and 3.19.

mLewis,min = 3

√
2TIN Y SFLewis

λ zp Rp0.2

(3.18)

mHertz,min = 0.418 3

√
4TIN E SFHertz

z2p λ cosα sinασ2
H0

· ustage + 1

ustage

(3.19)

The parameters reported in equations 3.18 and 3.19 are the following:

- TIN : torque at stage input;

- Y : Lewis factor, evaluated thanks to tables;
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- SFLewis = 2: safety factor used for the sizing with Lewis’ theory, it can assume
values between 1.5 to 3;

- λ = b/m = 10: it is the ratio between the face width b and the modulus m, it can
assume values between 8 to 14;

- zp = 18: number of teeth of the pinion, assumed equal to the minimum number of
teeth (equation 3.17);

- Rp0.2 = 735 MPa: material yield stress;

- E = 210 GPa: steel Young Modulus;

- SFHertz = 1.5: safety factor used for the sizing with Hertz’s theory, it can assume
values between 1.3 to 1.6;

- α = 20°: pressure angle;

- σH0 = 2.5HB = 1635 MPa: pitting resistance;

- ustage = zg/zp: resuction ratio of the stage, where zg is the number of teeth of the
gear chosen in order to be compatible to the total reduction ratio uTOT required.

The results of the calculations are reported in Table 3.9.
The total reduction ratio is compatible with the reduction ratio required, but the

device would require a large volume that will potentially decrease thanks to the use
of helical wheels instead of cylindrical wheels. However the optimal option is to buy
a planetary gear train compatible with the motor. The gear train found is made by
Maxon[40] (Figure 3.16) and it has a reduction ratio of 18. This solution is preferable
since it is cheaper, less volume consuming and potentially more efficient. Datasheet of
the gear train is reported in Table 3.10 and it is also possible to see that the maximum
torque at gear train output is higher than the torque required by the ASB.

Figure 3.16: Maxon Planetary Gearhead GP 32 C[40]
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Gear Parameter Value

First stage Minimum modulus (Lewis) 0.22 mm

Minimum modulus (Hertz) 0.25 mm

Modulus 0.5 mm

Reduction ratio 4.33

Face width 5 mm

Pinion 1 Number of teeth 18

Pitch diameter 9 mm

Gear 2 Number of teeth 78

Pitch diameter 39 mm

Second stage Minimum modulus (Lewis) 0.36

Minimum modulus (Hertz) 0.42 mm

Modulus 0.5 mm

Reduction ratio 4.17

Face width 5 mm

Pinion 3 Number of teeth 18

Pitch diameter 9 mm

Gear 4 Number of teeth 75

Pitch diameter 37.5 mm

Total reduction ratio 18.06

Table 3.9: Custom gear train parameters

3.2.4 Ball screw - gear train joint

A joint has been designed in order to connect the gear train shaft to the ball screw.
Unfortunately the ball screw shaft end is not provided with a keyseat, therefore other
type of joints have been taken into consideration.

At first a forced mating has been evaluated[41]. With a joint length b of 9 mm it is
possible to evaluate the pressure needed for the torque transmission with equation 3.20,
where TASB = 1.94 Nm is the torque transmitted to the ball screw, d = 6 mm is the
inner diameter of the joint and f = 0.11 is the friction coefficient for steel-steel in case
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Parameter Value

Reduction 18:1

Number of stages 1

Max continuous torque 3 Nm

Max intermittent torque at gear output 3.75 Nm

Max efficiency 75 %

Weight 162 g

Mass inertia 162 gcm2

Table 3.10: Maxon Planetary Gearhead GP 32 C datasheet[40]

of lubricated press fit.

p =
2TASB

π d2 b f
= 35MPa (3.20)

After the calculation of the hub deformability δh (equation 3.21) and of the shaft
deformability δs (equation 3.22), it is possible to evaluate the interference needed by the
forced mating with equation 3.23.

δh =
(1 + ν) + β2

h (1− ν)

E (1− β2
h)

= 6.51 · 10−6MPa−1 (3.21)

δs =
1− ν

E
= 6.19 · 10−6MPa−1 (3.22)

i = p d (δh + δs) = 2.64µm (3.23)

The parameters in equations 3.21, 3.22 and 3.23 are the following:

- ν = 0.3: steel Poisson Modulus;

- βh = D/d = 2, where d = 6 mm is the inner diameter and D = 12 mm is the outer
diameter of the hub;

- E = 210 GPa: steel Young Modulus.

The minimum interference for the forced mating i0 is calculated with equation 3.26
taking into account the loss of interference due to surface roughness ∆iR (equation 3.24)
and centrifugal forces ∆iω (equation 3.25); the temperature variation does not affect the
interference since hub and shaft are both made in steel.

∆iR = 2 · 0.4 (Rshaft
a +Rhub

a ) = 1.28µm (3.24)

∆iω =
d ρω2D2

4E
= 3.89 · 10−6 µm (3.25)
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i0 = i+∆iR +∆iω = 3.92µm (3.26)

The parameters in equations 3.24, 3.25 and 3.26 are the following:

- Rshaft
a = 0.8: surface roughness of the shaft;

- Rhub
a = 0.8: surface roughness of the hub;

- ρ = 8000 kg/m3: steel density;

- ω = 22 rad/s: angular speed of the ball screw.

The ball screw shaft end is �6 j6, which means �6+.006
−.002, therefore the diameter of

the chosen hub is �6−.006
−.015. The minimum interference will be imin = 4 µm, while the

maximum interference will be iMAX = 21 µm. The tolerance required by the hub is very
low (the maximum error permitted is of 9 µm) and the realization will be expensive.
Therefore a bolt joint has been evaluated (Figure 3.17).

Figure 3.17: Bolt joint between gear train and ball screw

The pressure needed for the torque transmission is p = 35 MPa as calculated in
equation 3.20, but this time is obtained with four M4 bolts. After calculating the axial
force that each bolt needs to perform with equation 3.27[41], it is necessary to evaluate
the tightening torque needed for the bolts with equation 3.28[42]. b = 9 mm is the length
of the joint, n = 4 is the number of bolts, α = arctan[P · (π d2)] = 3.6°, P = 0.7 mm
is the thread pitch, d2 = 3.55 mm is the mean thread diameter, ϕ = 7.2° is the friction
angle, f = 0.11 is the friction coefficient[41] and Dm = 5.5 mm is the screw mean head
diameter.

Fax =
p d b

n
= 468N (3.27)
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M = Fax tan(α + φ)
d2
2

+ Fax f
Dm

2
= 0.30Nm (3.28)

3.2.5 ASB bar

Figure 3.18: ASB bar

The ASB bar (Figure 3.18) is a component that allows to transmit the force generated
by the ASB from the ball screw nut to the master cylinders. The connection between
ASB bar and master cylinders has to be not permanent so that when the EBS is activated
the inertia of the ASB does not resist the braking actuation. In order to guarantee an
optimal contact also in condition of misalignment of the master cylinders an Hertzian
contact between the ASB bar and the pneumatic cylinder fork has been designed as
shown in Figure 3.19.

The ASB bar has been sized considering its normal operation, with equal force acting
in both master cylinders. The ASB bar is symmetrical with regards to the XZ plane
but not to the YZ plane, therefore the force distribution is evaluated with the free
body diagram in Figure 3.20 and Figure 3.21. The forces acting between ASB bar and
pneumatic cylinder fork are calculated with equations 3.29 and, where FASB = 2304 N,
l1 = 22.75 mm and l2 = 10.75 mm.

F1 = FASB
l1

l1 + l2
= 782N (3.29)

F2 = FASB
l2

l1 + l2
= 370N (3.30)
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Figure 3.19: Hertzian contact between the ASB bar and the two master cylinders

Figure 3.20: ASB bar free body diagram (XZ plane)

In order to be conservative the Hertzian contact has been sized on the higher force
F1. The ASB bar and the pneumatic cylinder fork have to be rigid in order not to bend
too much and therefore an high strength steel has been chosen, in particular 25CrMo4
tempering steel, with a yield stress Rp0.2 of 700 MPa, a Young Modulus E of 210 GPa
and a good toughness[37].

The bar is sized in order to withstand the flexure stress caused by the contact.
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Figure 3.21: ASB bar free body diagram (YZ plane)

Considering a safety factor SF of 2.5 (high enough to let the ASB bar withstand loads
also in case of hydraulic fail), the minimum thickness of the ASB bar is calculated with
equation 3.31[34], where l = 37.25 mm and L = 23 mm is the total length of the contact.
The thickness chosen for the ASB bar is of 6 mm, higher than the minimum calculated
so that if a brake line failure occurs and the whole force generated by the ASB FASB is
applied to only one master cylinder the bar will not yield.

s =

√
6F1 l SF

Rp0.2 L
= 5.21mm (3.31)

Linear guide

In order not to stress the ball screw with radial forces, a linear guide for the ASB bar is
needed. The linear guide is sized in order to maintain the ASB bar horizontal in every
case, with worst case being the hydraulic fail on one brake line: in this situation all the
force generated by the ASB is transmitted only to one master cylinder and therefore the
radial force on the ball screw will reach its peak. Different solutions have been evaluated:

- linear rail;

- linear bearings;

- bushings.

The linear rail guarantees a high load factor, but the volume occupied by the device
is too high; on the other hand, the linear bearings is a compact device but with a
low load factor. Therefore the best solution turned out to be the SKF bushings[43];
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the material chosen is wrapped bronze since the following calculations proved that its
strength is enough to withstand the stress. To proceed with the sizing it is first necessary
to represent the free body diagrams of the bushing and of the ASB bar in hydraulic fail
condition for one brake line (Figure 3.22).

(a) ASB bar (b) Bushing

Figure 3.22: Free body diagrams in brake line fail condition (vertical forces on the
bushing free body diagram are omitted)

From the free diagrams of Figure 3.22 it is possible to obtain equations 3.32, 3.33
and 3.34.

Ff = 2µT (3.32)

FASB l − 2Ff l = 2Mbushing (3.33)

Mbushing = T h (3.34)

The parameters reported in equations 3.32, 3.33 and 3.34 are the following:

- Ff : friction force caused by the contact of the bushings and their shafts;

- T : tangential force on the bushing, for sake of simplicity the force is considered to
by applied at both ends of the bushings instead of being distributed on the whole
heigth of the bushing;

- Mbushing: reaction torque on the bushings;

- FASB = 2304 N: maximum force generated by the ASB;

- µ = 0.105: medium friction coefficient of the bushings;

- h = 15 mm: height of the bushing.

The calculations led to the following results:

- T = 1400 N

- Mbushing = 21 Nm
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Form the reaction torque of the bushings Mbushing it is possible to evaluate the
maximum stress on the single bushing using equation 3.35[34], where d = 18 mm is the
inner diameter of the bushing and D = 21 mm is the outer diameter.

σbushing =
32Mbushing D

π (D4 − d4)
= 50.20MPa (3.35)

The SKF wrapped bronze bushings have a permissible load C0 = 120 MPa, therefore
the safety factor is evaluated with equation 3.36.

SF =
C0

σbushing

= 2.39 (3.36)

The wrapped bronze bushing is suitable for the application. However it is important
to underline that it does not have self-lubricating performance, unlike other type of
bushings, but it is suitable for dirty environments in presence of vibrations.

It is necessary also to evaluate the mechanical characteristics of the material needed
for the bushing shaft. Considering a hollow shaft with outer diameter d = 18 mm and
an inner diameter din of 8 mm it is possible to evaluate the minimum yield resistance
required with equation 3.37. The safety factor SFshaft used is equal to 1.5.

Rp0.2,min =
32Mbushing d SFshaft

π (d4 − d4in)
= 57MPa (3.37)

FEM structural analyisis

In order to verify the calculations and to evaluate the stress distribution inside the ASB
bar FEM structural analysis have been carried out. The ASB bar has been tested with
the maximum force applied by the ball screw nut in normal operation and in hydraulic
fail condition. The software used for the analysis is SolidWorks Simulation. At first
the material (25CrMo4) has been defined. Then it is necessary to define the boundary
conditions:

- in both the contact line between ASB bar and pneumatic cylinder fork a constraint
in the ball screw motion direction has been imposed;

- in the inner surface of the bushings’ housing there is a constraint in radial direction;

- in the M5 holes that attach the ASB bar to the ball screw nut the force FASB =
2304 N has been imposed.

The results of the analysis are reported in Figure 3.23, where it is possible to verify
that the ASB bar withstand the loads imposed. Furthermore the maximum stress of
150 MPa is located in a concentrated zone and it is caused by a geometry variation.
The stress calculated is less than the one imposed on the sizing (σ = Rp0.2/SF ) but this
is potentially caused by the fact that the sizing has been made on the maximum force
between F1 and F2 and not the real force and because the resistance due to the material
of the cylindrical housing of the bushings has not been taken into account previously.
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Figure 3.23: ASB bar stress distribution when the maximum force is generated by the
ASB

Figure 3.24: ASB bar displacement when the maximum force is generated by the ASB
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As it is possible to see in Figure 3.24 the maximum displacement obtained in during
operation at maximum performance is of 71 µm.

The ASB bar has been also verified in condition of hydraulic fail. In this case one
of the master cylinders does not react to the ASB force and the whole force is applied
only to one master cylinder. For the simulation the boundary condition between ASB
bar and one of the pneumatic cylinder fork has been deleted. The results are reported
in Figure 3.25, where it is possible to see a stress concentration zone in proximity of a
geometric variation. The maximum stress obtained is still lower than the yield stress of
the material. The safety factor is 1.07 which is only a little higher than 1 but, since the
analysis condition is a fail case, the component is verified.

Figure 3.25: ASB bar stress distribution in case of hydraulic fail in one brake line and
maximum force generated by the ASB

3.2.6 Pneumatic cylinder fork

The pneumatic cylinder fork (Figure 3.26) is the component that guarantee the per-
manent connection between the pneumatic cylinder and the master cylinder and the
temporary connection between the ASB bar and the master cylinder by means of an
Hertzian contact. The contact will be between a cylindrical surface (pneumatic cylinder
fork) and a planar surface (ASB bar), therefore the deformation will cause a rectangu-
lar contact surface[41]. From experimental data it is possible to see that in a cylinder
to plane contact structural failure occurs when the maximum pressure is equal to 1.67
Rp0.2, where Rp0.2 = 700 MPa is the yield stress of 25CrMo4 steel[37]. At first the half
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Figure 3.26: Pneumatic cylinder forks

width b of the rectangular contact area generated has been calculated with equation
3.38. Since the contact between ASB bar and pneumatic cylinder fork is divided into
two parts F1 = 782 N is the force acting in half of the contact calculated with equation
3.29 in Section 3.2.5, while a = L/2 = 11.5 mm is half of the total contact length.

bmin =
2F1

1.67π a
= 83µm (3.38)

It is possible to calculate the maximum curvature αMAX with equation 3.39 and
then the minimum radius of curvature rmin with equation 3.40. ν = 0.3 is the Poisson
coefficient and E = 210 GPa is the Young Modulus of the steel. The radius of curvature
r chosen is of 20 mm.

αMAX =
4F1

π a b2min

· 1− ν2

E
= 0.054mm−1 (3.39)

rmin =
1

αMAX

= 18.51mm (3.40)

In order not to stress the pneumatic cylinder rod with radial loads a bushing has
been connected to the pneumatic cylinder fork. Details on the bushing are reported in
Section 3.2.8.

3.2.7 Master cylinder rod end

In order to connect the pneumatic cylinder fork to the master cylinder the master cylin-
der rod end has been designed (Figure 3.27). This component present a Uniball housing
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Figure 3.27: Master cylinders’ rod ends

for the connection with the pneumatic cylinder fork and it has a threaded hole for the
connection with the master cylinder. A locknut prevents the rod end to move from its
position, allowing the optimal operation of the Uniball.

3.2.8 Balance bar

The two master cylinders connected to the ASB bar could be schematised with two
springs acting in parallel since the displacement is the same[26]. The equivalent stiffness
of the master cylinders depends on the volume of hydraulic fluid and on the area of
the master cylinder piston[44]. Since these two parameters are different between front
and rear line the stiffness of the brake lines is different and with an equal displacement
different forces are applied to the master cylinders. To overcome this issue a balance bar
has been designed.

The balance bar is a device that allows the repartition of the force between the two
master cylinders[45]. Its operating principle is based on the torque equilibrium at each
side of the balance bar that guarantee a correct force repartition. The free body diagram
of the system is reported in Figure 3.28, from which equation 3.41 can be obtained.

FMC,f =
b

a
FMC,r (3.41)

From equation 3.41 it is possible to see that the brake repartition depends on the
ratio b/a. For the ASB application a 50:50 repartition has been chosen, therefore a = b,
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Figure 3.28: Balance bar free body diagram

but changing the length of the balance bar arms it is possible to change the brake
repartition.

The balance bar is assembled both on front and rear column by means of SKF
Uniballs[28], leaving enough space for the electric motor at the center of the assembly.
Two calibrated screws allow the assembly of the two parts that make up the balance bar.
The component needs to be sized, therefore it is important to evaluate the mechanical
stress. The component is evaluated in its horizontal position, when all the forces are
parallel to the Z axis. At first it is necessary to represent the forces acting on the balance
bar with a free body diagram reported in Figure 3.29 and, considering that FMC,f =
FMC,r = FASB/2 thanks to the balance bar itself, it is possible to obtain equations 3.42
and 3.43.

ZR = 2FMC
a

a+ b
(3.42)

ZF = 2FMC
b

a+ b
(3.43)

Each side of the balance bar is under bending stress, evaluated with equation 3.44,
where d = 10 mm is the diameter of the balance bar link.

σ =
32FMC l

2 πd3
= 221MPa (3.44)

The minimum yield stress required is 221 MPa, therefore the 25CrMo4 tempering
steel with a yield stress Rp0.2 = 700 MPa has been chosen, so that the safety factor has
a value of 3.32.
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Figure 3.29: Balance bar free body diagram in horizontal position

The balance bar is fundamental for the ASB but it is an issue for the EBS because,
in case of failure in one brake line, the pneumatic cylinder will reach its end stroke
before the master cylinder is compressed enough to generate pressure in the brake line.
Therefore cylindrical end strokes have been designed in order to stop the balance bar
from rotating at 8° from the horizontal line, guaranteeing enough stroke to generate
pressure inside the brake line.

Figure 3.30: The two linear guides for the pneumatic cylinder forks, each one composed
by a bushing and a shaft
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Another issue for the EBS is the fact that if the master cylinder rotates because
of the balance bar the force on the pneumatic cylinder rod will not be perfectly axial.
For this reason a SKF bushing[43] has been added to each pneumatic cylinder fork,
in order to discharge the radial force on the bushing shaft and not on the pneumatic
cylinder rod (Figure 3.30). The bushing shaft is connected with two M6 screws to the
pneumatic cylinder head and it has a M5 thread for the connection with a flange on the
rear column; two prismatic pins guarantee the alignment of the bushing shaft with the
pneumatic cylinder.

3.2.9 Kinematic analysis

To better understand how the ASB/EBS works a kinematic analysis has been carried
out. Three conditions have been evaluated:

- simultaneous activation;

- non simultaneous activation;

- fail in one brake line.

In each case the inputs are the displacement of the pneumatic cylinders’ rod.
At first it was necessary to evaluate the degrees of freedom of the system using

Grübler Formula[46] (equation 3.45). Referring to the scheme in Figure 3.31 i = 8 is
the number of links in the mechanism (including the fixed link), j = 9 is the number
of kinematic pairs and fi is the number of degree of freedom constrained by the i-th
kinematic pair; since all the kinematic pairs are either hinges or carriages fi = 1.

F = 3(l − 1)−
j∑

i=1

(3− fi) = 3 (3.45)

The system as schematized in Figure 3.31 has three degrees of freedom. However,
since the master cylinders are not simple sliders but they transmit a force on the two
links that compose them, using equation 3.46 derived from the rotation balance of the
balance bar it is possible to subtract one degree of freedom. l = 37.75 mm is half the
length of the balance bar.

α =
kOIL(zr − zf )

2 l kOIL

(3.46)

For the analysis a simplified model has been used. In particular the master cylinders
have been modelled has two springs with stiffness kOIL = 1.3788 · 105 N/m as evaluated
during experimental tests[22]. It is important to underline that the stiffness calculated
takes into account also the effect of the force distribution given by the balance bar. The
actual stiffness of the brake lines will be slightly different from each other due to different
volumes and actuators’ areas.

Since the horizontal displacement is very low compared to the vertical displacement,
horizontal forces from the master cylinders are omitted. The scheme of the balance bar
is reported in Figure 3.32.
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Figure 3.31: ASB kinematic analysis scheme

Thanks to equation 3.46 the degrees of freedom of the mechanism are reduced to
two, therefore the system will be controlled only with the positions zf and zr. Following
the scheme of Figure 3.31 the other points’ position are calculated with the following
equations 3.47, 3.48, 3.49 and 3.50. {

zA = zf + a
yA = −l

(3.47)
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Figure 3.32: Simplified model for balance bar and master cylinders

{
zB = a+ b− l sinα
yB = −l cosα

(3.48){
zC = a+ b+ l sinα
yC = l cosα

(3.49){
zD = zr + a
yD = l

(3.50)

Simultaneous activation

In Figure 3.33 it is possible to see the results of a simultaneous activation. In blue are
reported the pneumatic cylinders, in red the master cylinders while in green the balance
bar. It is possible to see that with a simultaneous activation and with the stiffness of
the master cylinders’ equivalent springs equal for front and rear brake lines the balance
bar remains horizontal during the whole actuation.

Non simultaneous activation

In this case the right brake line actuation is delayed compared to the left line. The
results are reported in Figure 3.34 where it is possible to see that the non simultaneous
actuation causes the inclination of the balance bar in order to maintain equal forces on
both the master cylinders. However the incline of the master cylinder is very low.

68



Figure 3.33: Kinematic analysis with simultaneous activation of the brake lines

Fail in one brake line

In this case a fail occurred in the right brake line and therefore the equivalent stiffness
of the line in failure condition drops to zero. The results are reported in Figure 3.35.
At first the actuation of the left line causes the balance bar to incline while no force is
converted in brake pressure. As soon as the balance bar comes into contact with the end
stops the master cylinder begins its compression and the force on the master cylinder
begins to rise: the actuation of the brake line not in fault is still possible. Also in this
case the incline of the master cylinders is very low.

3.3 Case design

The last subassembly to be designed is the case able to integrate the EBS with the ASB
and to withstand the loads generated by the autonomous actuators.
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Figure 3.34: Kinematic analysis with right brake line activated with a delay

3.3.1 Base

The base (Figure 3.36) has been designed to be made out of a sheet of steel 3 mm thick.
It connects the assembly to the vehicle using four M5 bolts. On the top of the base there
are holes for the connection of rear and front columns and pneumatic cylinders. The
base has to be strong enough to withstand the loads generated by the EBS and it has to
provide a good dimensional stability in order to not bend when the braking actuators
are operating.

The material chosen for this application is a low alloy steel, in order to be easy to
manufacture and to weld[37]. Reinforcement plates at the front and at the rear of the
base guarantee an optimal stress distribution and a low deformation of the component.
A hole on the front allows the front column nut to be screwed up.

3.3.2 Rear column

The rear column (Figure 3.37) is made out of Ergal (Al 7075-T6) and it provides the
connection between different components and the base. Like the base it has to provide
enough resistance and low deformation under stress. On the column there are holes
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Figure 3.35: Kinematic analysis with right brake line in fail

for the attachment of the bearing supports and of the gear train support (Figure 3.38);
pockets have been realized in order to have an optimal positioning of the supports.

Horizontal flanges are required to position the bushings’ shafts (Figure 3.39). These
flanges can be made out of the same piece of the rear column but could also be manu-
factured separately and then attached with bolts.

At the top of the rear column the balance bar Uniball housing has been designed
(Figure 3.40). On the sides of it two cylindrical extrusions operate as end stops as
specified in Section 3.2.8.

3.3.3 Front column

The rear column can guarantee enough resistance to withstand alone all the loads gen-
erated by the EBS and the ASB, but its deformation will be too high. Therefore a front
column has been designed in order to reduce the displacement of the components, in
particular of the ball screw bearings since the ball screw has to operate with a low degree
of misalignment[32].

The front column is divided into three parts:
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Figure 3.36: Base 3D model

Figure 3.37: Rear column

- lower front column (Figure 3.41a);

- medium front column (Figure 3.41b);

- upper front column (Figure 3.41c).

Each of the part of the front column is an aluminium (Al 7075-T6) cylindrical com-
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Figure 3.38: Rear column holes for the bearing supports and the gear train support

Figure 3.39: Rear column flanges for the bushings’ shafts

ponent with a diameter of 10 mm. The main common characteristics are:

- each rod end threaded with a M5x10 mm thread;

- a flattening in order to allow the use of a 8 mm wrench during assemble and
disassemble operations.
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Figure 3.40: Balance bar’s Uniball housing on the rear column

(a) Lower front column (b) Medium front column (c) Upper front column

Figure 3.41: Front column

The main difference is in the height of the three parts. Furthermore the lower front
column has a lower shoulder of 15 mm instead of 10 mm in order to guarantee a better
stress distribution as it is possible to see in FEM analysis (Section 3.3.7).
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Figure 3.42: Front column connections

3.3.4 Front column connections

To connect all the components in which the front column is divided front column connec-
tions have been designed (Figure 3.42). The lower part of the connection is an M5 nut
screw in order to be attached to the thread of the front column. On the upper part two
counterbore holes for M5 bolts are designed in order to guarantee the connection to the
bearing supports. Between the bosses where the holes are placed enough space is granted
to allow the placement of an M5 nut that allows the connection of one component of the
front column to the bearing support.

The front column connections will be realized with CNC milling machine and with
AL 7075-T6. FEM analysis showed that this component is the most stressed in most
of the cases (Section 3.3.7). However the safety factor is always higher than 2 therefore
the geometry has been confirmed.

3.3.5 Bearing supports

The bearing supports (Figure 3.43) are the components that connect the ball screw
bearings to the columns of the ASB. Since the bearings used are different also the ball
screw supports are not the same. Anyway both the supports are L shaped and attached
to the rear column with two M5 bolts. They are also attached to the front column
connection with two M5 bolts and to the front column with one M5 bolt.

Since the lower bearing is a thrust bearing (Section 3.2.1) the lower bearing support
has a cylindrical housing that guarantees the positioning of the bearing (Figure 3.43a).
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(a) Lower bearing support (b) Upper bearing support

Figure 3.43: Bearing supports

On the other hand the upper bearing is a floating bearing manufactured with a flanged
case, therefore the upper bearing support has four holes for M3 screws to connect the
flange to the support (Figure 3.43b).

The supports are going to be realized in Al 7075-T6 CNC milled.

3.3.6 Gear train support

Figure 3.44: gear train support

The gear train support (Figure 3.44) is divided into two main parts that fulfill dif-
ferent tasks:

- the lower part is the real gear train support, and it is necessary to connect the
gear train and electric motor system to the ASB columns;
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- the upper part is composed by the balance bar’s Uniball housing and the balance
bar end stroke.

The gear train support is connected to the rear column similarly to the bearing
supports (Section 3.3.5), while it presents an M5 nut screw for the connection to the
front column. The component is going to be realized in Al 7075-T6.

3.3.7 Case assembly structural analysis

The case assembly has been analysed with finite element method analysis performed
with Solidworks Simulation[47]. The main purpose of the analysis is to verify that
an aluminium structure guarantees enough resistance and does not deform too much
compared to a steel structure. Furthermore the effective benefit of the weight reducing
holes has been evaluated. Therefore four different structures have been analysed:

- steel structure, no weight reducing holes;

- steel structure, weight reducing holes;

- aluminium structure, no weight reducing holes;

- aluminium structure, weight reducing holes.

The steel used for the analysis is the 25CrMo4 tempering steel, while the aluminium
is Ergal (Al 7075-T6). The case assembly is attached to the vehicle with four M5 bolts,
therefore a translation constraint has been applied on the base of the case assembly.

The case assembly has been analysed in different conditions:

- ASB operation: the ASB generates a force FASB = 2304 N;

- ASB maximum operation: the ASB generates a force FASB = 4000 N;

- ASB with one brake line fail: the ASB generates a force FASB = 1152 N but only
one master cylinder absorb the energy;

- EBS operation: the EBS generates a force FEBS = 1273 N on each brake line;

- EBS with one brake line fail: the EBS generates a force FEBS = 1273 N only on
one brake line.

In ASB operation the balance bar is considered to be horizontal. Due to the different
arm of the force applied to the master cylinders with regards to the Uniballs, the force
on the front Uniball is different to the one applied to the rear Uniball. In particular at
the front 40 % of the total force on the master cylinders is applied, while on the rear 60
% of the total force on the master cylinders is applied. On the lower bearing support
is applied a downward force equal to the total force applied to the master cylinder.
Furthermore on the gear train support is applied the reaction torque needed for the
ASB actuation.
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In case of ASB with one brake line fail a torque is applied to the bushing shafts.
This torque is the reaction generated by the shafts in order to maintain the ASB bar
horizontal. Furthermore the brake line fail causes the balance bar to not be horizontal
anymore and it comes into contact with the end stops: a force is generated on the end
stops in order to balance the torque due to the force on the working master cylinder.
The reaction force on the gear train support is 1.56 times the force on the gear train’s
Uniball while the reaction force on the rear column is 2.70 times the force on the rear
column’s Uniball.

In EBS operation the force of the actuation is not applied to the lower bearing
support but to the base on a surface equal to the pneumatic cylinders surface. The
torque applied to the gear train support is null. In case of failure no torque is applied
to the bushing shafts since the ASB bar is decoupled from the master cylinders. With
regards to the master cylinders’ forces no changes are applied compared to the ASB
case.

The parameters taken into account for the comparison are the maximum stress, the
safety factor, the maximum displacement and the displacement of the upper bearing
support compared to the lower one. The latter value is important to evaluate the
misalignment on the ball screw that can cause a reduction of the component life. However
it is important to underline that the displacements obtained are overestimated because
of the absence of the ball screw that increases the case stiffness.

Aluminium case with weight reducing holes

The results of the analysis are reported in Table 3.11.
As it is possible to see the case assembly is validated also in fail conditions, since the

safety factor is always higher than 1. The total weight of the case assembly is of 1.056
kg.

Aluminium case without weight reducing holes

The results of the analysis are reported in Table 3.12. Graphics for the ASB operation
condition are reported in Figure 3.45 and Figure 3.46.

As it is possible to see the case assembly is validated also in fail conditions, since
the safety factor is always higher than 1. The total weight of the assembly is of 1.155
kg. The weight is obviously higher than the previous case, but the displacements and
the stresses obtained in this configuration are considerably lower, therefore the weight
reduction is not justified and the solution without weight reducing holes is preferred.
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Analysis con-

dition

Maximum

stress
Safety factor

Maximum

displacement

Displacement

between

bearings

ASB opera-

tion
166 MPa 3.04 495 µm 57 µm

ASB maxi-

mum opera-

tion

289 MPa 1.75 859 µm 104 µm

ASB fail 207 MPa 1.90 505 µm 238 µm

EBS opera-

tion
203 MPa 1.39 853 µm 149 µm

EBS fail 270 MPa 1.67 1250 µm 337 µm

Table 3.11: Aluminium case with weight reducing holes FEM analysis

Analysis con-

dition

Maximum

stress
Safety factor

Maximum

displacement

Displacement

between

bearings

ASB opera-

tion
143 MPa 3.54 261 µm 54 µm

ASB maxi-

mum opera-

tion

247 MPa 2.04 453 µm 101 µm

ASB fail 194 MPa 1.94 412 µm 249 µm

EBS opera-

tion
203 MPa 1.39 554 µm 130 µm

EBS fail 260 MPa 1.73 1102 µm 321 µm

Table 3.12: Aluminium case without weight reducing holes FEM analysis
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Figure 3.45: ASB operation: stress distribution

Figure 3.46: ASB operation: displacement
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Steel case with weight reducing holes

The results of the analysis are reported in Table 3.13.

Analysis con-

dition

Maximum

stress
Safety factor

Maximum

displacement

Displacement

between

bearings

ASB opera-

tion
166 MPa 3.74 174 µm 21 µm

ASB maxi-

mum opera-

tion

288 MPa 2.16 301 µm 40 µm

ASB fail 212 MPa 2.04 182 µm 113 µm

EBS opera-

tion
183 MPa 1.55 309 µm 54 µm

EBS fail 233 MPa 2.66 164 µm 101 µm

Table 3.13: Steel case with weight reducing holes FEM analysis

As it is possible to see the case assembly is validated also in fail conditions, since the
safety factor is always higher than 1. The total weight of the assembly is of 2.102 kg. It
is possible to see that the steel guarantees a big reduction in displacement, however the
almost doubled mass is not suitable for a motorsport application.
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Steel case without weight reducing holes

The results of the analysis are reported in Table 3.14.

Analysis con-

dition

Maximum

stress
Safety factor

Maximum

displacement

Displacement

between

bearings

ASB opera-

tion
146 MPa 4.26 93 µm 20 µm

ASB maxi-

mum opera-

tion

253 MPa 2.45 162 µm 35 µm

ASB fail 199 MPa 2.09 151 µm 89 µm

EBS opera-

tion
182 MPa 1.55 205 µm 48 µm

EBS fail 222 MPa 2.80 140 µm 84 µm

Table 3.14: Steel case with weight reducing holes FEM analysis

As it is possible to see the case assembly is validated also in fail conditions, since the
safety factor is always higher than 1. The total weight of the assembly is of 2.375 kg.
The displacement is lower than the previous case, however it weights 0.273 kg more.

Thanks to the FEM analysis it has been possible to choose the optimal solution for
the ASB. The Aluminium case without weight reducing holes has been chosen because
it resulted to be the best compromise between low mass and low displacement.
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3.4 Assembly pictures

Figure 3.47: ASB/EBS assembly seen from the front bulkhead of the vehicle
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Figure 3.48: ASB/EBS assembly mounted on the vehicle

Figure 3.49: Rear of the ASB/EBS assembly
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Chapter 4

Modelling

In order to evaluate the performance the Autonomous System Brake has been simulated
thanks to a Simulink script reported in Appendix B. The script has been divided in
several subsystems:

- electric motor;

- gear train;

- ball screw;

- ASB bar and master cylinders;

- controller.

The block diagram of the ASB model is reported in Figure 4.1.

Figure 4.1: ASB model block diagram

Thanks to the Simulink script it was possible to understand the performance of the
system designed. The first tests concerned the step response, in order to understand the
promptness of the system, its precision and its capability to reach the targets required.
A frequency response analysis was then conducted in order to evaluate the bandwidth
of the ASB.
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4.1 Electric motor

The electric motor used for the ASB actuation is an electric brushless motor. Details of
the motor can be found in Section 3.2.2. The electric motor can be divided into three
subsystems[44]: electric subsystem, magnetic subsystem and mechanical subsystem. For
the electric subsystem the motor can be analysed with the equivalent electrical circuit
reported in Figure 4.2[36]. Considering ein = Ke ω, from the equivalent electric circuit
it is possible to obtain equation 4.1.

Figure 4.2: Electric motor equivalent circuit[44]

di

dt
=

1

L
(Va −R i−Ke ωASB) (4.1)

Parameters in equation 4.1 are the following:

- i: current absorbed by the motor;

- L = 0.363 mH: terminal inductance;

- R = 0.942 Ω: terminal resistance;

- Va: supply voltage (Va = 24 V is the maximum voltage);

- Ke = 36 mV/(rad/s): voltage constant;

- ωASB: electric motor’s angular speed.

Thanks to the magnetic subsystem the current is transformed into torque (equation
4.2). Kt = 36 mNm/A is the torque constant of the electric motor.

Tmotor = Kt i (4.2)
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The mechanical subsystem consists in the torque equilibrium at the shaft of the
electric motor and it allows to calculate the force which is output to the electric motor
and input to the gear train. As it is possible to see in equation 4.3 the torque TASB,
output of the electric motor, is equal to the torque Tmotor generated by the motor minus
the inertia of the rotor.

TASB = Tmotor − I
dωASB

dt
(4.3)

The parameters in equation 4.3 are the following:

- TASB: torque output of the motor;

- Tmotor = total torque generated by the motor;

- I = 137 · 10−7 kg m2 moment of inertia of the rotor;

- ωASB: electric motor angular speed.

The Simulink subsystem of the electric motor is reported in Figure B.4

4.2 Gear train

The gear train has effects on the kinematic of the ASB (equations 4.4, 4.5 and 4.6) and on
its dynamic (equation 4.7)[26]. The output torque will be higher than the input torque,
however the displacement, the speed and the acceleration will be reduced. Details on
the gear train are reported in Section 3.2.3.

θGT =
1

u
θASB (4.4)

ωGT =
1

u
ωASB (4.5)

ω̇GT =
1

u
ω̇ASB (4.6)

TGT = u ηSR(TASB − ISR ω̇ASB) (4.7)

The parameters in equations 4.4, 4.5, 4.6 and 4.7 are the following:

- θGT : angular displacement of the ball screw;

- θASB: angular displacement of the electric motor;

- ωGT : angular speed of the ball screw;

- ωASB: angular speed of the electric motor;

- ω̇GT : angular acceleration of the ball screw;

- ω̇ASB: angular acceleration of the electric motor;
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- TGT : torque applied to the ball screw;

- TASB: torque generated by the electric motor;

- u = 18: transmission ratio;

- ηSR = 0.75: efficiency of the gear train;

- ISR = 162 · 10−7 kg m2: moment of inertia of the gear train.

The Simulink script of the gear train subsystem is reported in Figure B.5

4.3 Ball screw

The ball screw converts the rotary motion of the gear train to the linear motor of the
ball screw nut (equations 4.8, 4.9 and 4.10). It also converts the torque in output from
the gear train to a force applied to the ball screw nut (equation 4.11). Details of the
ball screw are reported in Section 3.2.1.

xGT =
p

2 π
θGT (4.8)

ẋGT =
p

2 π
ωGT (4.9)

ẍGT =
p

2 π
ω̇GT (4.10)

FGT =
2 π ηGT

p
TGT (4.11)

The parameters in equations 4.8, 4.9, 4.10 and 4.11 are the following:

- xGT : ball screw nut displacement;

- θGT : ball screw shaft angular displacement;

- ẋGT : ball screw nut speed;

- ωGT : ball screw shaft angular speed;

- ẍGT : ball screw nut acceleration;

- ω̇GT : ball screw shaft angular speed;

- FGT : force applied to the ball screw nut;

- TGT : torque applied to the ball screw shaft;

- p = 5 mm: ball screw pitch;

- ηGT = 0.96: ball screw efficiency.

In equation 4.11 the mass of the nut has been omitted since it will be considered in
equation 4.12.

The Simulink script of the ball screw is reported in Figure B.6.
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4.4 ASB bar and master cylinders

The ball screw nut, the ASB bar and the master cylinders are modelled in this section.
As reported in Section 3.2.5 the nut and the ASB bar have a permanent connection,
while the ASB bar and the master cylinders have a Hertzian contact connection which is
detachable. For the analysis all the connections have been considered permanent, since
the EBS activation has not been modelled.

Figure 4.3: ASB bar model

Each master cylinder has been modelled as a spring (Figure 4.3) with equivalent
stiffness kOIL = 1.38 · 105 N/m, evaluated experimentally[22]. In this calculations the
balance bar has not been taken into account since the value of kOIL has been yet calcu-
lated with the presence of the balance bar, therefore it represents an equivalent stiffness
that takes into account the stiffness of both the brake lines and of the balance bar.

Equation 4.12 represents the motion equation of the subsystem, from which it is pos-
sible to calculate the deceleration and, thanks to integrations, speed and displacement.

ẍGT =
FGT − 2 kOIL xMC

mASB + 2mMC

(4.12)

Parameters in equation 4.8 are the following:

- ẍGT : acceleration of the subassembly;

- xGT : displacement of the subassembly;

- FGT : force applied to the ball screw nut;

- mASB = 345 g: mass of the ASB bar;

- mMC = 322 g: mass of the moving part of the master cylinder.

The displacement of the master cylinders is saturated at 0 mm and at 20 mm, values
corresponding to the end strokes of the ASB.

The force acting on the equivalent springs of the hydraulic pressure directly depends
on the displacement of the master cylinder. From this force it is possible to evaluate
the hydraulic pressure with equations 4.13 and 4.14, where AMC,f = 2.41 · 10−4m2 is
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the area of the front master cylinder and AMC,r = 2.01 · 10−4m2 is the area of the rear
master cylinder.

pf =
kOIL xGT

AMC,f

(4.13)

pr =
kOIL xGT

AMC,r

(4.14)

The Simulink script of the ASB bar and master cylinders subsytem is reported in
Figure B.7.

4.5 Controller

For the ASB a closed loop system has been chosen, in order to compensate errors due
to friction and external disturbances not predictable during the design process[44] (for
example a State of Charge drop on the low voltage battery that supplies the electric mo-
tor). In order to ensure a good static and dynamic behaviour a Proportional Integrative
controller has been chosen, tuned with Simulink PID Tuner toolbox. The PI controller
has been preferred to the PID controller because of the oscillations that a derivative
action could cause on the system. Values of the PI gains used are the following:

- proportional gain: KP = 29.33;

- integrative gain: KI = 56.06.

The inputs to the controller subsystem are the set of pressure and the feedback of
pressure on the rear line. The pressure on the front line is not directly controlled but,
since the two master cylinders are connected with the balance bar, the force on the two
master cylinders is the same and the pressures on front and rear lines differs only due to
the different areas of the master cylinder pistons. The rear pressure has been preferred to
the front pressure because it has higher values, since the are of the rear master cylinder
pistons is lower, and therefore the sensitivity of the control will be higher.

The output of the controller subsystem is the voltage input to the electric motor
subsystem. The maximum voltage allowed by the low voltage battery of the vehicle is
24 V, therefore the output of the PI controller is saturated to ±24 V. In order to avoid
the wind-up of the integrative action, an anti wind-up algorithm has been used.

The controller used is basic and does not take into account some characteristics of
the ASB. For example the PI does not limit the current on the motor, and therefore its
torque. This means that the current can be higher than the maximum current expected
by datasheet and moreover the performance obtained will be slightly overestimated.
Furthermore the ASB system has to be inserted in a more complete system that can
control the dynamic of the whole vehicle.

The Simulink script of the controller is reported in Figure B.2.
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4.6 Step response analysis

At first the system’s step response behaviour has been analysed. The results are reported
in Figure 4.4.

Figure 4.4: ASB step response at different sets of pressure

Figure 4.5 shows the main characteristics derived from the step response analysis.
The parameters calculated are the following:

- rising time: time needed by the system to reach 95 % of the steady state value
after the input change;

- settling time: time needed by the system to reach and remain between 95 % and
105 % of the steady state value after the input change;

- overshoot: maximum amount by which the pressure exceed its steady state value.

Because of the non linearity of the system (saturations) the system behaves differently
at different values of input pressure. The readiness of the system (slope of the curve
after t = 1 s) does not change between the different sets, therefore the rising time has
a linear dependency on the amplitude of the step, as it is possible to see in the first
graphic of Figure 4.5.

The worst case between the ones analysed is the set at 60 bar of pressure on the
hydraulic line. In this case the rising time obtained is of 191 ms, far less than the
medium driver response time of 435 ms[29] that was the reaction target for the ASB.

The oscillations of the system are inversely proportional to the pressure set and the
system is more damped because it approaches its dynamic limits. In fact, the saturation
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Figure 4.5: ASB step response analysis

of the supply voltage at 24 V imposes a limit on the torque generated by the electric
motor. The oscillations around the steady state value are caused by excess of torque
at the approaching of the feedback to the set; if the margin between the torque needed
to reach the set and the maximum torque available decreases the excess of torque will
reduce and, therefore, also the oscillations of the system. Due to the same principle also
the overshoot of the feedback will reduce with higher sets. On the last graphic of Figure
4.5 it is possible to see that the reduction follows an hyperbolic trend.

The maximum overshoot obtained is of 26.8 %, which is a value higher than opti-
mal[44]. However, for a medium-high demanding brake manoeuvre that will require 30
bar of pressure the overshoot will be only 5.5 %.

On the second graphic of Figure 4.5 it is possible to see both trends previously
underlined:

- for low pressure sets the settling time decreases since the oscillations decrease;

- for medium-high pressure sets the settling time increases since the rising time
increases.

The settling times obtained differ from the rising times by few hundredths of a second
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(the mean difference is of 63 ms). This means that the oscillations does not affect too
much the behaviour of the ASB.

Comparing with the step response of the ASB mounted on the SCD23 shown in Figure
2.8a it is possible to see that the electromechanial system has much less oscillations
compared to the pneumatic system and therefore it is a much precise system. The rising
time is lower on the SCD23’s system, but the difference is negligible considering the
lower oscillations that causes the system object of this thesis.

4.7 Frequency response analysis

A frequency response analysis has been performed on the ASB. Because of the model
used, the brake fluid pressure can only be positive and therefore the ASB is a positive
system, that is a system in which the state variables are always positive (or at least
non-negative) in value[48]. Therefore the pressure set used to perform the frequency
response analysis is a sine wave with a bias equal to its amplitude, so that the minimum
of the input is 0 and the maximum of the input is two times the amplitude.

The resulting Bode diagram is reported in Figure 4.6. Since the system is non-linear
the curve of the Bode plot depends on the amplitude of the signal.

As it was possible to imagine the bandwidth of the system, defined as the frequency at
which the magnitude has a value of -3 dB[44], is inversely proportional to the amplitude
of the input signal. From Figure 4.7 it is possible to see that the bandwidth curve as a
function of the amplitude follows an hyperbolic trend.

From Figure 4.7 it is possible to observe a bandwidth up to 14 Hz for low demanding
brake manoeuvre, while to obtain 60 bar on the line (amplitude = 30 bar) the bandwidth
decrease up to 2 Hz. The results are promising compared to the SCD23 pneumatic
architecture (Section 2.1.3) that can guarantee a maximum bandwidth of only 6.6 Hz
(Figure 2.8b).

From Figure 4.7 it is possible to see also a small resonance around 10 Hz. The
phenomenon reduces with higher amplitude since the non-linearities of the system move
the bandwidth below the natural frequency of the system.
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Figure 4.6: ASB Bode diagram
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Figure 4.7: Bandwidth as a function of the signal amplitude
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Chapter 5

EBS experimental campaign

Figure 5.1: SCD23 EBS mounted on the vehicle

Thanks to the low budget needed for the production of the Emergency Brake Sys-
tem, compared to the one needed for the ASB, it was possible to realize the new EBS
architecture and to implement it on the 2023 prototype. In Figure 5.1 it is possible to
see the ESB mounted on the vehicle. The case for the EBS is not the one designed in
Section 3.3 but it is a simpler solution, therefore components like the balance bar and
the bushing on the pneumatic cylinder fork are not present.
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5.1 Test setup

Figure 5.2: EBS actuator test setup

To perform the tests a test bench has been used. The pneumatic actuator has been
mounted on a seismic mass in order to perform dynamic tests. The pneumatic cylinder
rod has been jointed with a load cell able to evaluate the force developed by the actuator;
the load cell is also connected to the seismic mass. In Figure 5.2 it is possible to see the
test setup.

Figure 5.3: EBS actuator test bench pneumatic circuit

For the testing only one pneumatic cylinder has been used. The pneumatic line is
the same as the one used on the vehicle and therefore it follows the scheme in Figure
5.3. The air supply is a canister loaded with compressed air at 140 bar. A pressure
regulator is attached to the canister in order to reduce the pressure at 10 bar, maximum
pressure allowed by rule T9.1.1. A manual valve allows the pressure to rise into the EBS
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pneumatic line and it operates also as brake release (T15.1.7) after an emergency braking
since it can connect the pneumatic cylinder to ambient pressure. The EBS actuator is
eventually controlled by a normally open solenoid valve. The presence of the valves as
well as the tubes of identical length to the one used in the vehicle guarantees the air to
have the same fluid resistance that is possible to find once the system is assembled on
the prototype.

Two pressure sensors are connected before and after the solenoid valve. The pressure
measured before the valve will be called psupply while for the pressure measured after the
valve it will be referred as pEBS.

Unfortunately it was not possible to evaluate the pressure that the EBS actuator
will generate inside the brake lines since it was not possible to recreate the hydraulic
lines outside the vehicle. Because of this the pneumatic actuator cylinder was not able
to move and its stroke was null (excluding deformations of the material).

5.2 Data analysis

The tests performed had two main targets:

- evaluation of the maximum force developed;

- evaluation of rising time and decreasing time.

To evaluate the maximum force developed the system has been controlled with only
the manual valve, leaving the solenoid valve open. The results of the tests are reported
in Figure 5.4. The maximum force developed is F = 1445 N. The value obtained is
higher than the theoretical value of 1273 N obtained in Section 3.1.1. Furthermore the
maximum pressure obtained is higher than 10 bar and has a value of 10.56 bar: this
difference is due to the regulation of the pressure regulator, whose gauge precision is
too low. Therefore, considering a pressure of 10.56 bar instead of 10 bar, the maximum
theoretical force is of 1345 N. The force measured is still higher than the theoretical
one and this is probably due to calibration errors of the pressure sensors and the load
cell. However from the test it was possible to confirm that the force generated by the
actuator is enough for the EBS application.

With further analysis on the curves of Figure 5.4 it is possible to see the behaviour of
the pneumatic line. After the actuation the pressure and the force rise following a linear
curve: during this period the fluid is in supersonic state[24]. After a few milliseconds
the curve slope start to decrease, potentially because the ratio pEBS/psupply rise above
the sonic ratio of the system. Since for this test the system has been actuated using
the manual valve and not the solenoid valve it is not possible to evaluate the rising and
decreasing time of the EBS because the actuation procedure differs from the one used
in the vehicle.

For the rising time and decreasing time calculations the system has been actuated
by means of the solenoid valve, leaving the manual valve open. The rising time has been
defined as the time needed by the system to rise to 95 % of the steady state value after
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Figure 5.4: Experimental data of force and pressure during the test to evaluate the
force developed

the input step; similarly the decreasing time has been defined as the time needed by
the system to decrease to 5 % of the steady state value after the input step. Since the
system does not oscillates the rising time is equal to the settling time.

At first a test has been conducted in order to understand the order of magnitude
of rising time and decreasing time. Graphics are reported in Figure 5.5. Differently
from the test reported in Figure 5.4 it is possible to see that the pressure psupply is
always at approximately 10 bar since the manual valve is in open position. During
the rising of the pressure pEBS inside the pneumatic cylinder chamber it is possible to
see a small drop of psupply: when the cylinder is actuated the flow from the canister to
the cylinder causes a drop of pressure inside the part of the pneumatic line that was
previously pressurized since the pressure regulator is not able to maintain a constant
pressure during transient[24]; however psupply rises to its steady state value as soon as
the flow decreases.

From Figure 5.5 it is possible to see that the mean rising time is of 197 ms and it
is higher than the decreasing time. In order to have an higher repeatability a larger
number of actuations has been performed. The last test has been conducted controlling
the solenoid valve with a PWM signal, using a frequency of 1 Hz and a duty cycle of 50
% which means that for every actuation/deactivation it is available a time of 500 ms,
higher than both rising time and decreasing time. The results are reported in Figure
5.6.
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Figure 5.5: Graphics from test on the pneumatic actuator whose target is to define
the order of magnitude of rising time and decreasing time

Data analysis graphics are reported in Figure 5.7. The mean rising time obtained
has a value of 183 ms, while the mean decreasing time obtained has a value of 110 ms.
The values obtained are very low and compatible with an emergency brake manoeuvre,
considering that the rising time obtained is the time needed to reach the maximum
braking force, while the time required to obtain the force needed by the EBS to reach
the pressure targets calculated in Section 2.5 will be lower. However it is important to
underline that due to lack of stroke on the test bench the value obtained are lower than
the one excepted on the vehicle.

Analysing the trend of the curve in Figure 5.7 it is possible to see that the rising
time values follows a linear trend with positive slope. This trend is potentially due to
the progressive discharge of the air canister and therefore to the decrease of flow speed.
However the difference between the maximum and the minimum value for the rising time
is lower than the one calculated for the decreasing time, meaning the canister discharge
phenomenon does not affect the analysis on EBS performance.

At last it is possible to evaluate the characteristic time for the rising τrise and for
the decreasing τdecrease of the force. Since they are both defined as 1/3 of the rising/de-
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Figure 5.6: Graphics from test on the pneumatic actuator whose target is to define
rising time and decreasing time

creasing time[44] the following mean values are obtained:

τrise = 61ms

τdecrease = 37ms
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Figure 5.7: Rising time and decreasing time as a function of the number of actuations
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Chapter 6

Conclusions and future steps

Since the Autonomous System Brake has been divided into ASB and EBS (Section 1.5)
the conclusions will be divided for the two subsystems.

As regards to the EBS the main difference of the system designed compared to the
one used in 2022 is the physical division between air and brake fluid chambers into the
actuators. This characteristic together with the use of OEM components increased the
reliability of the system, which was one of the drawback of the EBS mounted on the
SCD22 prototype. Furthermore experimental tests show that the pneumatic cylinder
used as EBS actuator develops enough force in a short time, and it is compatible with
the safety function required by the EBS.

The ASB is a far more complex system, since it requires a fine control on the braking
force. Like the EBS, the ASB is composed either of OEM and custom components, in
order to reduce the cost and increase the reliability of the system. Due to the complexity
of some custom components the ASB is planned to be manufactured only for the 2024
season. However numerical tests performed with Simulink show an excellent static and
dynamic behaviour.

Compared with SCD22 ASB the system object of this thesis is expected to be more
fast and able to achieve more braking force. Since the system is integrated to the
EBS and not to the manual braking pedal, the complexity of the system will be higher.
However no ordinary maintenance should be needed by the system, unlike the tensioning
of the metal cable. The SCD23 ASB has a simpler concept than the new one, but,
according to Simulink model analysis, the 2024 system is expected to have a better
performance.

The complexity of the system is strictly tied to the space available inside the proto-
type, being the vehicle a Formula Electric car built in 2019 and not originally driverless.
With the availability of enough space due to the manufacture of a new monocoque new
options would be available. Using the same working principle as the system object of
this thesis it would be possible to integrate the ABS and the ESB directly on the manual
braking pedal. This solution would reduce the mass of the car and the complexity of
the system.

Thinking outside of the Formula Student Driverless environment the same system
could be used on road legal vehicles. For example the EBS could be used in cars for
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emergency braking, while the ASB can be used in autonomous driving car as braking
actuator. In both cases the systems have to be coupled to an Anti-lock Brake System,
in order to increase brake effectiveness; however also a fine control on the ASB could
decrease the possibility of wheel locking.
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Appendix A

Abbreviations

ABS Anti-lock Brake System

AS Autonomous System

ASB Autonomous System Brake

EBS Emergency Brake System

f front

FSG Formula Student Germany

MC Master Cylinder

r rear

RES Remote Emergency System

SAE Society of Automotive Engineers

SDC Shutdown Circuit
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Appendix B

Simulink model

Figure B.1: ASB model

Figure B.2: ASB controller subsystem
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Figure B.3: ASB subsystem

Figure B.4: Electric motor subsystem
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Figure B.5: Gear train subsystem

Figure B.6: Ball screw subsystem
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Figure B.7: ASB bar and master cylinders subsystem
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