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ABSTRACT

A problem of retrofitted electric vehicles is the limitation of co-performing a regenerative
brake with the conventional‘system. To solve this, a brake force management system is required.
In the previous studies, there primarily are two concepts, which are series and parallel
regenerative braking scheme. The disadvantages of series scheme are that it is suitable only for a
front-rear split brake layout and it requires a great deal of modification effort. The drawbacks of
parallel scheme are an insufficient energy recovery efficiency, a low level of ride comfort during
braking, and a risk of wheel-locking situation.

Therefore, this thesis proposes the innovative scheme that can resolve the former problems.
The working principle is to perform the regenerative brake at its full capacity and to maintain the
overall braking force to be similar to the driver’s brake demand by utilizing a unique feature of an
anti-lock braking system (ABS). To achieve this during a brake situation, an emulated “wheel
lock-up” signal is sent to the ABS control unit to decrease the mechanical brake force until the

amount of reduced force is equal to the provided regenerative one.



The idea of the proposed scheme is verified by means of field tests. The emulated “wheel
lock-up” signal is sent into the ABS control unit to investigate brake pressure characteristics. The
results show the ABS capability of controlling the brake pressure. Based on the results, the
feasibility of the proposed scheme is confirmed.

Computational analysis is adopted to predict the performance of the proposed scheme. The
reference criteria are recovery efficiency, safety, and ride comfort during braking. The proposed
scheme is benchmarked against the ABS-equipped conventional braking system, the parallel
scheme, and the modified parallel scheme. The mathematical modeling of this study is formulated
in MATLAB/Simulink and its accuracy is verified by field experiments.

In conclusion, the proposed scheme can solve the disadvantages of the previous studies. As
for the problems of the series scheme, the proposed scheme can be used for both the cross-link
brake layout and the front-rear split one. Moreover, it requires only minor modification.

Compared with the parallel échemes, it provides the higher recovery efficiency, the greater brake

force distribution, and the better passenger ride comfort during braking.
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CHAPTER 1

INTRODUCTION

1.1 Background

As currently known, the global warming has increasingly become an important worldwide
issue. It is believed that its cause is the increase of concentrations of greenhouse gases in the
Earth’s atmosphere. Examples of the greenhouse gases are carbon dioxide, nitrous oxide, etc.
From the examples, one can obviously determine that one of the primary sources of these
greenhouse gas emissions is the burning of fossil fuels, particularly automobile emissions. Thus,
one way to mitigate this global-warming issue is to reduce the amount of the greenhouse gases
emitted to the atmosphere. Changes of use from Combustion-Engine (CE) vehicles to electrical
ones may be one of the possible solutions to help alleviating this issue, since an Electric Vehicle
(EV) virtually has zero emission.

Typically, a production EV is manufactured with a braking system that not only provides a
braking force but also can' recover some energy during braking, and this system is called a
regenerative braking system. In this system, a propelling motor of an EV can function as an
electrical generator converting braking energy into electrical one that can be stored in an energy
storage device or used in electrical applications [1]. It can be concluded that regenerative braking
systems are able to make EVs more efficient. Past researches show that by using recovered
energy, an EV can extend its working or drivable range in a single charging. Further, a Hybrid
Electric Vehicle (HEV) can improve its fuel economy, especially for the vehicle that mainly runs
in traffic jam areas or frequently start/stop driving conditions [2]. Moreover, past researches
suggested that an EV’s driving range in urban could be extended between 14 and 40% by adding

the-regenerative brake [3], [4].



1.2 Problem Statement

In some countries, espegially developing countries, the use of EVs is still not widespread and
not affordable due to its high cost. Therefore, there is an idea to study the retrofit of a
combustion-engine production car to be an electric one. However, conventional braking systems
of retrofitted EVs, conventional hydraulic, are not designed for co-working with a regenerative
brake. Further, it is not possible to remove the conventional braking system and use only the
regenerative brake with the following reasons. In emergent braking situation, only a regenerative
brake cannot provide the enough brake force to stop a car. In addition, the regenerative braking
system cannot operate all times since it is necessary to stop working in some situation, for
instance during high battery voltage and/or temperature. To solve the above problems, a brake
force managerhent system is required. In previous studies, there primarily are two brake force
management concepts, series regenerative scheme and parallel regenerative scheme. The
disadvantages of series scheme are that it requires a great deal of modification effort and it is
suitable only for a front;rt;ar split brake layout. However, more modern passenger cars are
equipped with the cross-link circuit brake Jayout. The drawbacks of parallel scheme are an
insufficient energy recovery efficiency, a low level of ride comfort during braking, and a risk of
wheel-locking situation. Consequently, it is necessary to develop a brake force control scheme for

retrofitted EVs, which is free from the disadvantages of the previous studies.

1.3 Objectives
® To develop a reliable regenerative braking system for retrofitted Electric Vehicles (EVs),
which allows
® simplification of vehicle modification
® enhancement of regenerative energy efficiency
L compatibili‘ty with both cross-link and front-rear split circuit brake layout

® To validate, investigate, and analyze the performance of the proposed regenerative

braking system



1.4 Scopes
® To introduce a regenerative braking system for retrofitted EVs. In this thesis, the
retrofitted EV is developed from a conventional car, Toyota Vios/Honda Jazz model year

2009

® To verify the feasibility of the proposed concept by field experiments

® To develop a mathematical model of the proposed regenerative braking system by using
MATLAB/Simulink

® To investigate and validate the mathematical model by field experiments

® To investigate and analyze the performance of the proposed system by the verified

mathematical model

1.5 Overview of Regenerative Design Procedure

4

The procedure of regenerative design is organized into six processes as shown in Figure 1.1
and summarized as followed:

Literature review

The fundamentals of the conventional braking systems and the regenerative braking systems
are studied and concluded. Moreover, the concepts of the previous studies are reviewed. This
review focuses on the integration approaches of the regenerative brake on retrofitted EVs and the
verification methodologies for the regenerative braking systems.

Proposing regenerative braking system

The proposed regenerative braking system is developed and proposed. This process focuses
on developing the regenerative integration approaches and the brake force management
algorithm. The design criteria of proposed scheme are effective performance, compatibility with
both cross-link and front-re;;r split circuit brake layout, and simplification of vehicle modification.

Proof of concept

The feasibility of the proposed scheme is verified by field tests. The emulated “wheel lock-

up” signal is sent into the ABS to investigate the characteristics of brake pressure. The test



conditions are set at various initial velocities and brake force demands to verify the feasibility of
the proposed scheme at all braking conditions.

Mathematical modeling and verification

The mathematical modeling of the proposed regenerative braking scheme, the ABS-equipped
conventional braking system, the parallel regenerative scheme, and the modified parallel
regenerative scheme are formulated in MATLAB/Simulink. In addition, the accuracy of the
mathematical model is verified by the results obtained from field tests.

Performance prediction

The proposed scheme is benchmarked against the ABS-equipped conventional brake, the
patallel scheme, and the modified parallel scheme. The reference criteria are recovery efficiency,

safety, and ride comfort during braking.

7 ™
Problem definition

Literature review

) — = [

Proposed regenerative braking system

r ite ot =
Proof of concept

‘ T ‘

Mathematical modeling and verification
, —— .
Performance prediction
\. J

Figure 1.1 Systematic procedure of regenerative braking design



1.6 Thesis Outlines

This thesis is divided into 5 Chapters. The contents are summarized as followed:

Chapter 1: Introduction
This chapter introduces the general background of regenerative braking system, the problem

statement, the objectives, the scopes, and the design procedure.

Chapter 2: Literature Reviews
This chapter reviews the idea used for designing and investigating the proposed system. It is
divided into 4 main headings, the fundamental of conventional braking systems, the fundamental

of regenerative braking systems, the integration scheme for the regenerative braking systems in

retrofitted EV, and the verification methodologies for regenerative braking system.

Chapter 3: Modeling and Verification
This chapter explains the details of the proposed regenerative scheme, the proof of concept,

the experimental setup, the mathematical modeling, and the verification of mathematical model.

Chapter 4: Results and Discussions

This chapter presents the reliable simulation results and discussions. The characteristic of
regenerative braking schefne, the braking distance, the regenerative efficiency, and the
longitudinal load transfer of the proposed scheme is compared with those of the ABS-equipped

conventional braking system, the parallel scheme, and the modified parallel scheme.

Chapter 6: Conclusions and Suggestions
This chapter provides the comprehensive conclusions of this thesis and some beneficial

suggestions for further research.



CHAPTER 2

LITERATURE REVIEWS

2.1 Fundamental of Conventional Braking Systems

Retrospectively around eighty years ago, the braking systems of passenger cars do not show
more progress than they should be [22] since they were well trusted that the most efficient
approach is to utilize the hydraulic systems for transmitting the driver foot-pedal force to the
brake module of each wheel. The principle of hydraulic brake system is to convert a driver force
into a hydraulic pressure. Then, this pressure is transferred into each braking generator. A caliper
brake and a drum brake, a braking generator, are responsible for transforming the hydraulic

pressure into brake torque to retard the wheels rotation [20].

2.1.1 Brake Circuit Layount

To solve the malfunction problem of the hydraulic brake force transmission system in a
conventional braking system, the modern hydraulic brake force transmission systems is dual-
circuit brake system in order to have a spare one in case of one circuit failure. For passenger cars,
there are two common typgs of brake circuit layout, front-rear split and cross-link circuit as
shown in Figure 2.1. The disadvantage of front-rear split circuit is the insufficiency of provided
brake force if the front circuit fails. Generally, the brake force distribution between front and rear
wheels is the ratio 2:1. Thus, if the front circuit is malfunction, the rear brake can provide only
one-third of the original braking capacity [22]. For the cross-link circuit type, the diagonal split
design is done to enable the brake force to be equally shared between each hydraulic circuit.
Therefore, each circuit has the same braking capacity and the ratio of front-real brake force

distribution does not influence the ability to stop [22].
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Figure 2.1 Brake circuit layout, front-rear split circuit (Left) and cross-link circuit (Right)
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2.1.2 Antilock Brake Systems (ABS)

The noticeable function of the braking systems is to reduce the vehicle speed or stop the
vehicle. In addition, the brake braking systems must maintain the vehicle’s directional stability
simultaneously with performing its function. The braking systems must avoid the wheel locking
up situation that causes two negative effects. Firstly, a braking distance increases if a wheel is
locked with the reason that the longitudinal coefficient of friction is lower, thus decreasing the
generated braking force. Secondly, the locked wheel cannot generate much lateral force.
Therefore, the steering on the locked front wheels cannot be controlled. Furthermore, the locked
rear wheels make the vehicle unstable for the reason that the locked rear wheels cannot resist the
rapid change in the yaw velocity induced by steering inputs [23].

Once a driver presses the brake pedal, the rotating wheel is decelerated in relation with the
road surface. This deceleration causes a slip between road and tire, and this slip generates the
braking forces on the vehicle. As the driver increases the brake requirement, the slip increases and
thus the higher braking force is generated. However, this increment is restricted by the static
friction coefficient between road and tire. If slip is beyond the stable range of friction coefficient,
it uncontrollably increases. At 100% slip, the wheel locking up occurs and the friction coefficient
between tire and road is in unstable zone [23]. The wheel slip’s behavior is shown in Figure 2.2.

Wheel slip generally is defined as a non-unit percentage and is given by



Slip(%) = "‘v’“’ x 100 2.1)
Where V = vehicle velocity (m/s)

r = wheel radius (m)

w = angular velocity of wheel (rad/s)
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Figure 2.2 Longitudinal coefficient of friction vs. Slip (%) [SAE J2246 (1992)]

The function of antilock brake systems (ABS) is to maintain the tractive contact of the
braking wheel with road surface. The ABS monitors the wheel locking-up and immediately
diminishes braking pressure of the affected wheel. Under most circumstances, The ABS can
shorten stopping distance by retaining the tire-road interaction at the maximum friction
coefficient. Moreover, the significant advantage of preventing wheel locking is that the vehicle
can keep its maneuverability throughout braking. Figure 2.3 shows a plot of brake pressure, wheel
velocity, and slip for a wheel while The ABS is operated. As shown in Figure 2.3, the wheel slip

increases linearly with the brake pressure until the coefficient of friction exceeds the static range,



after which the wheel slip then swiftly increases. At that time, The ABS senses this increase and
reduces the brake pressure making the wheel speed increases to prevent the wheel lock-up. As
soon as the system detects that the wheel is rolling again, brake pressure is reapplied, and the

process repeats itself [23].

Brake
Pressure

Whee!
Velocity

Slip

Figure 2.3 Antilock brake system (ABS) response for a single wheel [SAE J2246 (1992)]

Typically, The ABS composes of three mains components; wheel speed sensor, control unit,
and modulator. The ABS control unit monitors the wheel locking-up by acquiring the signal of
wheel speed sensors and sends a control signal to the modulator. The ABS modulator is
responsible for regulating the brake fluid pressure. It is normally installed between the master
cylinder and the braking generator as illustrated in Figure 2.4. The brake pressure of each wheel is
independently controlled; one channel for each wheel. The main components of the ABS
modulator are inlet solenoid valve, outlet solenoid valve, reservoir, motor pump, and damping
chamber. The ABS modulator can operate in three modes; pressure intensifying, pressure
retaining, and pressure reducing by controlling the solenoid valves and the motor pump as shown

in Table 2.1.



10

MASTER CYLINDER

..... 1
IN)( IN)( )(IN )(lN
ab ezl UH B HERY
ouT | oUT | T ;fl]? “@—
pli¢ 17 )H|PuM UMPICT ] )|(
RESERVOIR E @ RESERVOIR
FR RL RR FL
IN: INLET SOLENOID VALVE (NARMALLY OPEN)
OQUT: OUTLET SOLENOID VALVE (NORMALLY CLOSED
Figure 2.4 ABS modulator [26}
Table 2.1 Solenoid valve and brake fluid status of each ABS mode [26]
Mode Inlet Solenoid Outlet Solenoid Brake Fluid
Valve Valve
Pressure intensifying | - Open Closed Master cylinder fluid is
mode pumped out to the caliper.
Pressure retaining Closed Closed Caliper fluid is retained by
mode the inlet and outlet valves.
Pressure reducing Closed Open ® Caliper  fluid flows
mode through the outlet valve

to the reservoir.

®The motor pumps the
reservoir fluid through
the damping chamber to

the master cylinder
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2.1.3 Vehicle Dynamics during Braking

The dynamics as a vehicle is braking can be considered by using the dynamic free-body
diagram shown in Figure 2.5. Starting from the static weight distribution of a car is given by

equation 2.2 and 2.3.

mgd

Weight on the front axle = Wy = e (2.2)
Weight on the rear axle = W, = % (2.3)

Where m is vehicle mass, g is gravitational constant, and ¢, d, and h are distance of the center of
gravity from front axle, rear axle, and center of gravity height. If a car is braked under steady-
state condition, the knowledge of Newton’s law can analyze the vehicle dynamics as following

equations.

Figure 2.5 Free-body diagram of a car during braking

Y. Fy, = may = Fpe + Fior 2.4)

YFy, = 0= Wf+ W —mg (2.5)
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Where a, is longitudinal deceleration, F¢ and Fy,. tire force or braking force of front and rear

tires respectively, and Wf' and Wy are dynamic vertical weight of front and rear axle respectively.

Therefore W{ = mg — Wy (2.6)
$Mcg = 0 = h(Fy + Fyp) + W/ (d) — W) 2.7)
Therefore YMcg = 0 = magh + Wy (d) — Wi (c) (2.8)

Equations (2.6) and (2.8) caJn be merged to determine the dynamic weight on front and rear axle
while a car is braking respectively in equation 2.9 and 2.10. In these equations, the first terms on
the right sides are the static weight and the second terms are the dynamic weight. In another word,
while a vehicle is braking, the weight on front axle increases according to the reducing weight on
rear axle due to dynamic principle.

_ mgd | mayh

wy = T8,

c+d c+d

(2.9)

mgc mayh
N (2.10)

2.2 Fundamental of Regenerative Braking Systems

One of the most impor/tant features of electric vehicles (EVs) and hybrid electric vehicles
(HEVs) is their ability to recuperate the significant amounts of braking energy. For regenerative
braking, the goal is to recover as much vehicle kinetic/potential energy as possible. The
regenerative braking system is not a new concept. The hybrid vehicles of the 1900s used the
regenerative braking system. The regenerative braking has been used in trolleys for 100 years; the
generated power goes back into the power line. The electric motors in EVs and HEVs can be

switched to be the generators to convert the kinetic and potential energy into the electric energy
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that can be stored in the energy storage and used to propel the vehicle again. The comparison of
an EV motor/generator function and power flow direction is shown in Figure 2.6.

Different from a regenerative braking system, a conventional braking system is generally a
friction braking system, by which braking energy is converted into unrecovered heat. Figure 2.7
shows the comparison between a regenerative braking system and a friction one. Both braking
systems do the same function, providing braking force, but they are different in energy converting

capability.

Electrical _ Mechanical
power power
(P=IV) (P=Tw)

’\ _' Mechanical
' A B C power
e (P=Tw)

| RO
Generator =» Braking torque

Electrical _

power
(P=IV)

Figure 2.6 Comparison of an EV metor/generator function and power-flow direction
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Figure 2.7 Comparison of regenerative and friction braking system

2.2.1 Potential of Regenerative Energy
Most amount of energy is taken out from a vehicle to stop it. Based on equation 2.11, in the
situation of braking a car having 1500 kg from 100 km/h speed until it stops, the braking system
consumes energy about 0.16 kWh and dissipates it in heat form. In case of using a braking
system, the braking distance is limited about ten meters. However, if this amount of energy is not
consumed by the braking system but only by rolling resistance and aerodynamic drag, the vehicle

will continuously travel around 2 km as shown in Figure 2.8 [16].
E = -mv? (2.11)

In case of the vehicle driving in chronic stop-and-go traffic situation such as urban area, the
majority of energy is lost by braking process, resulting in high fuel consumption. Figure 2.9
shows the comparison of overall traction energy, drag and rolling resistance lost energy, and
braking energy of 1500 kg passenger car in an FTB 75 urban drive cycle. Table 2.2 presents the

lists of Maximum speed, average speed, total traction energy, and energy consumed by drags and
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braking of the 1500 kg passenger car, traveling 100 km in different drive cycles. From Figure 2.9
and Table 2.2, these data show that in the typical urban driving condition a braking energy may
reach more than 25 % of total traction energy. In large cities like New York may extend to 70%.
Therefore, it would be deserved to recover this lost energy by adopting the effective regenerative

brake, which leads to improvement of fuel economy in HEVs and prolongation of driving range

in EVs [16].
2.0 100
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1.6 180
E £
= 1.2f 160 £
o =
Q
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% A8} 140 ©
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Figure 2.8 Coasting speed and distance [16]
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Figure 2.9 Total traction energy and energies consumed by drags and braking in an FTB 75

urban drive cycle [16]

Table 2.2 Maximum speed, average speed, total traction energy, and energies consumed by

drags and braking per 100 km traveling distance in different drive cycles [16]

Maximum speed (km/h)
Average speed (km/h)

Total traction energy* (kWh)
Total energy consumed byj
drags® (kWh)

Total energy consumed by
braking® (kWh)

Percentage of braking energy to
total traction energy (%)

AMeasured on driven wheels.

FTP 75
Urban

86.4

279

10.47
5.95

4.52

43.17

FTP 75
Highway

97.7

79.3

10.45
947

0.98

9.38

Uso6

128.5
745
17.03
11.73

5.30

< A

ECE-1

120
499
11.79

8.74

New York
City

44.6
122

15,51
4.69
10.82

69.76
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2.2.2 Mechanical/Regenerative Brake Force Management Concept

Generally, it is impossible to use a regenerative brake without the conventional brake in EVs
and HEVs. In emergent bral;ing situation, the brake torque demand is much more than the torque
that an electric motor can produce. Further, a regenerative braking system cannot operate all
times. It is necessary to stop working in some situation, for instance during high battery voltage
and/or temperature. In EVs and HEVs, the conventional friction braking systems must coexist
with the regenerative braking system. Thus, the proper design for co-operating between friction
brake and regenerative brake is a major concern [16], [19]. In the regenerative design process,
two significant points have been considered. The first point is a proportion between the
regenerative brake and friction bake that can recover the regenerative energy as much as possible.
The second matter is the brake force distribution between front and rear wheels that keep the
vehicle stable. In the present day, the friction and regenerative brake force management concepts
can be mainly classified as series scheme and parallel scheme. Each strategies makes up of pros

and cons that will be given more details in next paragraph.

In Series Regenerative Braking Scheme, the regenerative brake force is primarily provided
at full capacity during all braking process. The friction brake force is flexibly supplied for the rest
of brake force demand when the brake force demand exceeds the regenerative capacity or/and
when the motor or energy storage can no longer accept more recovered energy [21]. Figure 2.10
shows the distribution between regenerative and friction brake force of series scheme The
regenerative brake force increases according to the brake pedal pressure, representing the brake
demand, until the limitation of motor or energy storage capacity is reached. After this limitation,
the friction brake supplies the rest of brake force demand. The advantage of this scheme is the
satisfied regenerative efficiency. However, this scheme must install the addition system for
controlling the amount of friction brake force. Since the friction brake force of this scheme is
provided by considering the capability of motor and energy storage. This requirement is the

disadvantage making this scheme expensive and complicated. In general, the addition friction-

76514
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brake-force control system is the brake-by-wire system such as an electro-hydraulic brake (EHB)
or an electro-mechanical brake (EMB). Because the brake-by-wire system is a semi-electrical
system, many components have to be redesigned, replaced, and inserted in original system. This
system also requires more sensors, processors and wiring; all of these increase the cost and

complexity of the regenerative system. The details of these systems will be explained in the next

section.
S h
I ™
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Figure 2.10 Regenerative and friction brake force distribution of series strategy

In Parallel Regenerative Braking Scheme, the regenerative brake force is provided in
parallel with the friction brake force. The brake force distribution diagram of this scheme is
shown in Figure 2.11. The amount of the friction brake force and the regenerative brake force
depends on the brake pedal demand. The friction brake force and the regenerative brake force are
independent. The main provided brake force is the friction brake force. Therefore, more braking
energy of this scheme is lost as heat by friction brake. This scheme offers lower regenerative
efficiency than the parallel scheme. Nonetheless, the surpassing advantages are the cost effective
and unsophisticated system because this scheme needs only the simple motor controller for the

regenerative brake force management [20].
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Figure 2.11 Parallel regenerative braking strategy
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2.3 Integration Scheme for Regenerative Braking Systems in Retrofitted EVs

This section explained about how to integrate a regenerative brake with the conventional
braking system of retrofitted EVs. In this study, the integration methodology is classified by the
type of brake force management and the name of integration scheme is called by the name of the
brake force management scheme. Generally, there are two main brake force management
schemes, parallel and series scheme, as explain in the previous section. However, there are some
systems improved from the main schemes for example the modified parallel scheme. The
improvement objective of the modified parallel scheme is to enhance the regenerative efficiency.
An overview of integration schemes is shown in Table 2.3. This overview presents the
comparison of the series scheme, the parallel scheme, and the modified parallel scheme. The
comparison criteria are the examples of previous researches, modification effort, regenerative
efficiency, braking distance, and wheel-locking prevention. The details of each integration

scheme are presented in the next subsection.



Table 2.3 Comparison of integration schemes
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Regenerative Series scheme Parallel scheme Modified parallel
Brake management scheme
scheme
Example of previous Feng et'al. [5], Gao et-| Ehsani et al.[16] Chanthanumataporn
research al. [6], Pabagiotidis et etal. [31]
al. [7], Jang et al. [8],
Yeo et al. [9], JK.
Ahn et al. {13], and
Ehsani et al. [16],
Modification effort Modified by installing N/A Modified by installing
EHB or EMB Solenoid valves and
controller
Regenerative efficiency | - High Low Low
Braking distance Good Good Good
Wheel-locking Good Poor Poor

prevention

2.3.1 Series Regenerative Scheme

The main purpose of this section is to describe the details of integrating the series

regenerative scheme into the conventional brake of retrofitted EVs. As explained in the previous

section, the regenerative brake force of series scheme is primarily provided at full capacity during

all braking process. The friction brake force is responsible for the rest of brake force demand.

This friction brake force is provided independently from the master cylinder. Therefore, the

additional brake force controller is required for this scheme. The integration schemes of the

previous studies use the Hydraulic Brake (EHB) and Electro Mechanic Brake (EMB) for

controlling the amount of friction brake force. However, the limitation of the previous integration

schemes is that they are compatible with only the front-rear split brake layout.




21

The EHB is the system that can control the amount of friction brake independently from
brake pedal. The EHB can be divided into driven wheels EHB and all wheels EHB. In the driven
wheels EHB, the friction brake circuit of driven wheels is separated from the master cylinder and
supported by the EHB. For the all wheels EHB, non-driven wheels are also controlled by the
EHB and do not connect to the master cylinder. The advantage of all wheels EHB is that it can
maximize the recovered energy by stopping all friction brakes and providing only the
regenerative brake. However, this system also has some disadvantage. In the case that the EHB
and the regenerative brake simultaneously failure, there is no any back-up braking system, which
is so dangerous. In the previous studies, Feng et al. [5], Jang et al. {8], and Yeo et al. [9] introduce
the driven wheel EHB in their regenerative braking systems that can be applied only to the front-
rear split brake layout. Figure 2.12 displays the schematic diagram of conventional braking
system (front-rear split brake layout). The hydraulic brake module of the previous study is shown
in Figure 2.13. This module is modified by cutting the front braking circuit and then.installing the
EHB at the front wheel side and installing the stroke simulator at the master cylinder side. Thus
the hydraulic brake force generated at the front wheels is independent from the master cylinder

pressure but depends on the regenerative control unit that controls the EHB.

Master
Rear Wheel cylinder Front Wheel
Brake
-Pedal

\

Pressure
Proportion Valve

Figure 2.12 Schematic diagram of conventional braking system (front-rear split brake layout)
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Figure 2.13 Electro-Hydraulic Brake (EHB) for series scheme [5]

The EMB is 100% brake-by-wire; thus, the conventional hydraulic braking parts are replaced
by electrical components. The EMB can also be classified into driven wheel EMB and all wheels
EMB as similar as the EHB system. Figure 2.14 shows the driven wheels EMB system for the
series scheme. J.K. Ahn et-al. [13] use this system in their regenerative braking system. For this
system, the conventional hydraulic brake actuator is replaced by the electrical brake actuator.
Compared to the EHB, the EMB is less complicated. However, this braking system is still under
research and development. More reliability and details must be improved.

Most integration methodologies for series scheme are suitable for a car that equips with a
front-rear split brake layout. Examples are the work of Gao et al. [6] that presents the regenerative
braking system for controlling the front and rear brake forces of EVs and hybrid EVs and the
work of Pabagiotidis et al. [7] that proposes the regenerative braking algorithm for allocating the
front-rear brake forces based on a look-up table. However, more braking systems of modern sub-
compact and compact production cars are the cross-link brake layout; thus, the previously

proposed modification schemes are not compatible with them. Besides, these schemes require
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major modification of the conventional braking systems and the high-cost equipment. Most of the

braking components must be replaced with specifically designed parts.

Electro-Mechanic Brake Actuator

Rear Wheel Front Wheel

L e e v s o o oo

Brake pedal position

WISy o oo - -

Vehicle velocity

Figure 2.14 Electro-Mechanic Brake (EMB) for series scheme

2.3.2 Parallel Regenerative Scheme

This part provides the details of integrating the parallel regenerative scheme into the
conventional braking system of retrofitted EVs. According to the details explained in section
2.2.2, the principle of this scheme is to provide the regenerative brake force in parallel with
friction brake force. The regenerative brake force and the friction brake force are independent.
Thus, the modification on the conventional braking system is not required. Figure 2.15 shows the
schematic diagram of conventional braking system before the modification. The schematic
diagram of parallel regenerative scheme is shown in Figure 2.16. An additional position sensor is
installed at the brake pedal)to measure the brake force demand. When the regenerative control
unit completely receives three signals, battery’s state of charge (SOC), motor’s angular speed

(RPM) and brake force requirement, it can calculate a regenerative brake torque command and
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then send this command into the inverter. After the inverter receives the command, it generates a
regenerative brake torque corresponding to this signal. At the same time, a friction brake force is
applied according to the brake demand. The friction brake force of this scheme is similar to that
of the conventional braking system. As a result, the total brake force at the front wheels is over
demand. Therefore, the regenerative brake torque is limited to make the total brake force of this
scheme not too different from that of conventional braking system. Consequently, low energy
efficiency can be achieved due to the regenerative brake force limitation.

The algorithm of parallel regenerative scheme is displayed in Figure 2.17. This flowchart
concludes the working process of the regenerative brake torque controller. The system starts when
the brake pedal is activated. The regenerative braking control unit acquires the brake pedal
position, the motor RPM, the regenerative braking torque limit, and the battery SOC. Then, the
motor RPM and battery SOC are used for calculating the available regenerative torque
(Treg avb) by equation 2.12. The braking pedal position is used for estimating the regenerative

torque demand by equation 2,13.
Treg avh = T(RPM) X W(SOC) (2:12)
TReg Demand = T(Brake pedal position) (2.13)

where T(RPM) is the current motor torque estimated from the motor torque/speed characteristics
curve and the motor’s angular speed. The weight factor (W), which is the function of battery
SOC, is illustrated in Figur; 2.18. The weight factor is assigned to be one from SOC = 0% to
SOC = 80%, meaning the battery is fully capable for charging. In the SOC range of 80%-90%,
the weight factor is linearly decreased from one to zero. From SOC = 90% onwards, the weight

factor is set to be zero to protect the battery from overcharging.
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Figure 2.15 Schematic diagram of ABS-quipped conventional braking system

In the next process, the available regenerative torque is regulated not to exceed the regenerative
torque limit by condition in equation 2.14. Similarly, the regenerative torque has to be controlled
by the condition in equation 2.15 not to exceed the braking torque requirement. Finally, when the
regenerative torque is completely determined, the regenerative control unit sends the regenerative

torque command to the inverter.

5 . {T(Limit) if Treg avb > T(Limit) i

Reg Lim — 3 S X
TReg_Avb if TReg_Avb < T(Limit)
Treg Li if Thog Demand > Foog 14

TReg_Motor = { e 4 R ok (2.15)
TReg_Demand lf TReg_Demamd = TRe&Lim
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Figure 2.16 Schematic diagram of parallel regenerative scheme
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Figure 2.17 Flowchart of parallel regenerative braking algorithm
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Figure 2.18 Weight Factor vs. Battery SOC (%)

2.3.3 Modified Parallel Regenerative Scheme

This section presents the details of the modified parallel scheme. This scheme is developed
from the parallel scheme, explained in the previous section. The improvement objective is to
enhance the regenerative efficiency of the conventional parallel scheme. Required for this
improvement, the solenoid valve unit is installed between the master cylinder and the ABS
modulator. The idea of this add-on feature is to control the solenoid valve to pause the brake fluid
pressure until the brake force requirement of all wheels is greater than the capability of
regenerative brake force. This scheme can increase the recovered energy since it allows only the
regenerative brake to perform during the initial period of braking. The system diagram is shown
in Figure 2.19. The modification at the conventional braking system is done by installing the
additional regenerative control unit, the pressure sensor, and the solenoid valve unit between the
master cylinder and the ABS modulator. Figure 2.20 shows the algorithm flowchart of this
scheme. When the brake pedal is activated, the regenerative braking control unit measures the
brake pressure in the master cylinder to determine the brake demand requested by a driver. The
master cylinder pressure is converted to be the brake torque demand of front-rear wheels by

equation 2.16.
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Tbemand = Pmaster X ((Awce X Tg) + (Awer X 1)) X H X 4 (2.16)

Praster is the brake pressure in the master cylinder, A,y is the cylinder area of front caliper,
Aycr is the cylinder area of rear caliper, [t is the friction coefficient of brake pad, Iy is the
effective radius of front brake disk and r, is the effective radius of rear brake disk. Number four
is derived from two brake pads per caliper and two brake circuits, left and right. Simultaneously
with the process of acquiring the master cylinder pressure, the control unit receives the motor
angular speed, the regenerative braking torque limit value (T(Limit)), and the battery’s state of
charge (SOC). The motor angular speed and the battery SOC are used to calculate the available
regenerative torque by equation 2.12 as same as the first scheme. Moreover, the pressure at
master cylinder is converted to be the regenerative brake torque demand, T(Reg Demand), by
using equation 2.17.

P X((AwetXre)+(Awer XI'p)) X x4
TReg_Demand - master 'WC! ide 'WCr T (2'17)

where i is the gear ratio and Ny is the differential gear ratio. After getting each torque values, the
regenerative control unit regulates the available regenerative torque as same as the equation 2.14
of the parallel scheme. Similarly, the regenerative control unit also controls the regenerative
torque not to exceed the brake torque demand by condition in equation 2.15. Subsequently, when
the regenerative brake torque is completely determined, the regenerative control unit sends the
regenerative torque command to the inverter and estimates the regenerative braking torque,
generated at front wheel to compare with the brake torque demand. In the final stage, the
regenerative control unit checks that the front-rear wheels brake torque requirement is greater
than the provided regenerative braking force or not. In the case that the condition is false, the
regenerative control unit pauses the brake fluid pressure. At this time, only the regenerative brake

is operated, all braking energy is entirely recovered. On the contrary, it terminates pausing brake
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fluid pressure. The brake force distribution of this condition is as identical as that of parallel

scheme.
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2.4 Verification Methodologies for Regenerative Braking Systems

Generally, there have been various methodologies for evaluating the performances of
regenerative braking systems. It can be mainly divided into mathematical analysis and
experimental investigation. The mathematical analysis is the most effective means since it can be
effortlessly adapted the parameters, platforms, and algorithms. There are many examples such as
the work of Gao et al. [6] and Peng et al. [11] that use the mathematical analysis to investigate the
effectiveness of the regenerative braking system. However, these works do not notify the name of
modeling software. In addition, Feng et al. [5], Panagiotidis et al. [7], Yeo et al. [9], Ahn et al.
[13], Zhang et al. [14], and Tehrani et al. [15], develop the mathematical models to evaluate the
performance of their proposed regenerative braking systems by using MATLAB/Simulink. Jang
et al. [8] use AMESim (advanced modeling environment for performing simulation of
engineering) for modeling their hydraulic system and dynamic powertrain. Selim et al. [25] use
MATLAB/Simulink for modeling their brake force controller, Dymola for modeling their motor,
engine, friction brake, and battery and IPG CarMaker for medeling road features, vehicle
dynamics, and suspension systems. However, the mathematical analyses are sometimes in
concern of their accuracy. Thus, to verify their precision and reliability, some mathematical
models are sometimes validated by experiments. Moreover, the experimental investigation is used
not only for the mathematical analysis verification but also used for the proof of proposed brake
force control scheme. Examples are the works of Peng et al. [11] and Zhang et al. [14] that
experimentally verify and examine their proposed brake force control scheme in real vehicle.
Further, Jang et al. [8] set up a regenerative test-bench to assess the performance of their
regenerative hydraulic system. In conclusion, the mathematical modeling in MATLAB/Simulink
is the most popular and reliable. The knowledge of modeling by MATLAB/Simulink can be used
for my work. The experimental verification should be done to prove the possibility of the

regenerative scheme and to verify the reliability of the mathematical model.



CHAPTER 3

MODELING AND VERIFICATION

3.1 Proposed Integration Scheme for Retrofitted Regenerative Braking System

As explained in chapter 2, there are two brake-force management concepts, series scheme
and parallel scheme. Series scheme is more accepted since it provides the greater brake force
distribution and the higher recovery efficiency. However, in previous the studies, the integration
scheme of series one is not compatible with the cross-link circuit brake layout. Furthermore, it
also needs many major modifications and cost-intensive components. Therefore, to resolve the
previous troubles, the design criteria of proposed scheme are effective performance, compatibility
with both cross-link and front-rear split circuit brake layout, and simplification of vehicle
modification.

The diagram of a conventional braking system called the cross-link circuit layout is shown in
Figure 2.15. This layout is commonly used in modern passenger cars. To convert this
conventional system into a regenerative braking system used in a retrofitted EV, the schematic,
shown in Figure 3.1, is proposed. In a retrofitted EV, an engine is replaced by a propelling motor
that perform as a generator during braking. An additional regenerative control unit is required to
manage the proper brake forces among the conventional braking system and the regenerative one.
A pressure sensor is installed to acquire the hydraulic pressure in the master cylinder, and the
other two are used to obtain the pressures in both front brake calipers. The signals from the
pressure sensors are then given to the regenerative control unit, and so are those of the motor’s
angular speed and battery’s state of charge (SOC). In addition, the signals transmitted from the
front wheel-speed sensors are rerouted to the regenerative braking control unit instead of the ABS
control unit.

In a standard braking system of modern passenger cars, there commonly are an ABS and its

control unit that regulates the braking forces. The ABS inherits a unique feature that can
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automatically release the brake pressure while the wheels are being locked up during braking. In
this study, the proposed scheme utilizes this feature of the ABS. To recover some energy during
braking, an emulated “wheel lock-up” signal is sent by the additional regenerative control unit to
the ABS control unit to perform the reduction of brake pressure at mechanical braking system,
resulting in the reduced friction brake force. The amount of this reduced brake force is then
replaced by that of the regenerative one. In this concept, total braking energy is as same as that of
conventional braking system but frictional braking energy is reduced. Figure 3.2 summarizes this

novel concept of the proposed scheme.
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The scheme starts working once the brake pedal is activated. The regenerative braking
control unit determines the pressure in the master cylinder to calculate the brake demand
requested by a driver. Besides, the pressures in the front brake calipers are measured to calculate
the friction brake torque at the front wheels. By measuring the pressures in the master cylinder
and the brake calipers, the demanded torque (Tpemand) and the friction brake torque of the front

wheels (Tgyiction_Fw) are calculated according to equation 3.1 and equation 3.2, respectively.

Tpemand = Pmaster X Awet X H X 2 X T (311)

TFriction_FW = Pcaliper-FW XAy XX 2XT 3.2)

Praster denotes the brake pressure in the master cylinder, Pcaliper describes the pressure in the
brake caliper, Ay cf is the cylinder area of front caliper, |L is the friction coefficient of brake pad,
and 1 is the effective radius ot brake disk.

Concurrently with the process described above, the control unit captures the motor angular
speed and the battery state of charge (SOC) to calculate the available regenerative motor brake

torque (Treg Avh) according to the following equation:

Tregavb = T(RPM) X W(SOC) (3.3)

T(RPM) denotes the current motor torque estimated from the motor characteristic curve and the
motor’s angular speed. The weight factor (W), which is the function of battery SOC, is illustrated
in Figure 2.18. The weight factor is assigned to be one from SOC = 0% to SOC = 80%, meaning
the battery is fully capable of charging. In the SOC range of 80%-90%, the weight factor is
linearly decreased from one to zero. From SOC of 90% onwards, the weight factor is set to be
zero to protect the battery from overcharging. Based on equation 3.4, the pressure in the master

cylinder is converted to the regenerative torque demand (TReg_Demand).
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_ Pmaster XAwcfXHX2XT
TReg_Demand = TxNg (3.4)

Where, i is the gear ratio and Ny is the differential gear ratio. In the case that the regenerative
torque demand is less than the available regenerative motor torque, it is necessary to regulate the

motor torque not to exceed the demand. Thus, the condition in equation 3.5 is defined:

TReg_Avb if TReg_Demand > TReg_Avb

TReg_Motor = { (3.5)

TReg_Demand if TReg_Demand s TReg_Avb

As a command, this torque is also sent to the inverter. Based on this torque, the gear ratio (i), and
the differential gear ratio (Ng), the front wheel regenerative torque (Treg pw) is calculated by

using equation 3.6.

Treg Fw = Treg Motor X X Ng (3.6)

After obtaining the brake torque demand of the front wheels (Tpemang). the friction brake
torque at the front wheels (Tgyjction Fw)> @nd the regenerative brake torque at the front wheels
(Treg Fw), the regenerative brake control unit assesses if the demanded torque given by the driver
equals to the summation of the front wheel frictional brake torque and the front wheel
regenerative torque. In the case that the condition is false, the control unit feeds the emulated
“wheel lock-up” signal to the ABS control unit to decrease the braking force of the frictional
braking system such that the reduced braking force is similar to that provided by the regenerative

system.

3.2 Proof of Concept
Since the proposed integration scheme for retrofitted regenerative braking system is firstly
introduced in the automotive field, the proof of concept is set up to verify the feasibility of the

proposed scheme. The emulated “wheel lock-up™ signal is sent to the ABS to investigate the
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characteristic of brake pressure. The expect results are the brake fluid pressure reductions at
various testing conditions, which vary the brake demands and the initial speeds. In addition, the
braking energy of each condition is calculated by the experimental brake pressure to evaluate the
potentiality of recovered energy. This experiment is carried out at a proving ground with a
conventional passenger car. A gasoline engine car, Toyota Vios shown in Figure 3.3 is used as the
experimental vehicle. Since this experiment is done on the engine vehicle, it does not provide any
regenerative braking torque. However, the lack of real regenerative brake torque does not cause
any problem because this experiment focuses on the feasibility of controlling the brake fluid

pressure by sending the emulated “wheel lock-up” signal to the ABS.

Figure 3.3 Toyota Vios, experimental vehicle

The testing outline for the proof of concept is shown in Figure 3.4. The testing track is
organized into three sections. The first section is prepared for maintaining the car velocity at any

test speeds. The prepared distance of this section is calculated by using equation 3.7, a basic
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equation of linear motion. To keep in reserve, the calculation condition is set at worst cases,
starting from 0 km/h, maintain vehicle speed at 80 km/h, and acceleration 0.1g. The second one is
set to inform the driver to be ready to depress the brake pedal. The third one is arranged to fully
depress the brake pedal until the car stops. The distance of this section is also calculated by using
equation 3.7 and worst conditions, deceleration 0.1 g and vehicle speed 80 km/h, to keep in
reserve. The calculation distance is 83.7 meters. However, for the safety concern, the prepared

distance of the first section and this section is determined for 200 meters.

Get ready to
press brake
pedal point

Fully Press
Brake pedal

Maintain Vehicle speed
60, 50, 40 and 20 km/h

Figure 3.4 Proof of concept outline

g (VZ‘“Z) 3.7)

2a

To verify the feasibility of the proposed scheme at all braking conditions, test conditions are set at

various working velocities and brake force demands. Eight conditions are determined at brake
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pedal 40% and 80% of car speed 20, 40, 50, 60 km/h. Each condition is repeated 3 times so

overall test number is 24 times as shown in Table 3.1.

Table 3.1 Test conditions for proof of concept

Testing % Brake Pedal Testing Velocity Number of times
Number (km/h)
1 1
2 20 2
3 3
4 1
5 40 2
6 40% 3
7 1
8 50 2
9 3
10 1
11 60 R
12 3
13 1
14 20 2
15 o]
16 1
17 40 2
18 80% 3
19 1
20 50 2
24 8
22 1
23 60 2
24 3

3.2.1 Experimental Setup

The interested parameters of the experimental field test are the brake fluid pressure, the
vehicle speed, and the emulated ABS signal. The testing equipment and the wiring outline is
shown in Figure 3.5. A pressure sensor is installed at the master cylinder, the front right wheel
caliper, the front left wheel caliper, and the rear left wheel drum to detect the brake fluid pressure
of each point. The VBOX Global Positioning System (GPS) is set up at the center of gravity of

the car to measure vehicle speed. To design an interface among the testing equipment, the laptop
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computer, and the NI DAQ device, LabVIEW is used for creating the communication protocol.
The communication protocol can be used for real-time monitoring, data logging, and signal

generating.

USB data
Communication

Emulated

Vehicle velocity I
ABS signal

signal

Figure 3.5 Test equipment and wiring outline

3.2.1.1 Pressure Sensor

To measure the brake fluid pressure of relevant points, four pressure sensors are required.
The first point is at the master cylinder to determine the brake force requirement. The second one
is at the front-left wheel brake to sense the existed friction brake force. The third one is at the
front-right wheel brake. The forth one is at the left rear wheel brake. Figure 3.6 shows the
installation of the pressure sensor at the master cylinder. The three-way fitting is additionally
installed between the master cylinder and the ABS modulator to give a way for connecting the

pressure sensor. For measuring the brake fluid pressure at the wheel brake calipers, the special
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equipment is required to connect the pressure sensor at the brake fluid bleeding valve as shown in

Figure 3.7.

Pressure
sensor

Figure 3.6 Installation of pressure sensor at master cylinder

Pressure ety Pressure
sensor 2% =N sensor

Figure 3.7 Installation of pressure sensor at brake actuators [27]
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Figure 3.8 shows the brake fluid pressure sensor, used in this study. Figure 3.9 presents the
brake fluid pressure sensors, installed at the front wheel (left) and the rear wheel (right).
Moreover, the pressure sensors of this study were tested before being installed in the experimental
car to verify their sensitivity by concurrently comparing with pressure gauge as shown in Figure
3.10 and their sensitivity results are identical as shown in Figure 3.11. In addition, the output of
the pressure sensors is analog output. This output is measured by NI module 9205 that give more

detail in next section.

Figure 3.8 Brake fluid pressure sensor[28]

Figure 3.9 Brake fluid pressure sensor installed at front wheel (left) and rear wheel (right)



Figure 3.10 Pressure sensors sensitivity verification
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Figure 3.11 Pressure sensors sensitivity

3.2.1.2 VBOX Global Positioning System (GPS)

During field test, the vehicle speed is measured by using VBOX GPS model:VB20SL3

shown in Figure 3.12. This system is accurate and convenient since it is independent of the wheel
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sizes and the on-board speed sensors of the tested car. The model of VBOX GPS, used in this
study, is VB20SL3, a multi-purpose non-contact speed sensor. By using two advanced dual
antenna GPS engines, the VB20SL3 can calculate the vehicle speed and the vehicle direction. In
this work, the selected output of this GPS is analog output. This output is measured by NI module

9205 as same as the pressure sensor. Figure 3.13 displays the GPS antennas, which are installed

on the roof of the experiment car.

Figure 3.12 VBOX GPS model: VB20SL3

Figure 3.13 VBOX GPS antennas
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3.2.1.3 NI DAQ Device

Data Acquisition (DAQ) is an automatic process of reading and holding electrical signals to

measure, log, or display the signals by using software. However, the capability of DAQ hardware

is beyond reading the signals. The main responsibility of DAQ hardware could be concluded as

follow:

Analog input " 4 acquiring electrical signal
Analog output = providing measurable electrical signal for controlled device
Digital I/0 - acquiring and generating digital signal

Counter /O =2 measuring recoder signal and generating pulse signal [30].

In the field test of this study, the data acquisition of National Instruments (NI DAQ), shown

in Figure 3.14, is used as regenerative control unit in the proof of concept. The NI DAQ is a

computer-based hardware with programmable software, which can provide various input and

output supports depending on equipped module. Two NI modules are adopted. NI 9205 module,

shown Figure 3.135, is used to measure the output signals of the brake fluid pressure sensors and

the GPS system. Then, NI 9485 module, shown Figure 3.16, is applied to generate the emulated

ABS wheel speed signal and to switch between the real ABS signal and the emulated one. The

detail of generating the emulated ABS one is explained in the next heading.

Figure 3.14 The example of National Instruments (NI) data acquisition device [24]
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b

i

Figure 3.15 NI 9205 [24]

Figure 3.16 NI 9485 [24]

3.2.1.4 ABS Signal Generator

As already mentioned, the NI 9485 module is adopted for generating and switching the ABS
signal. The NI 9485 is the module of 8 channel solid state relay outputs. The wiring diagram
between the NI 9485 and the vehicle’s wheel speed sensor is shown in Figure 3.17. To switch and
generate the wheel speed signal, three channels of relay are required. In case that the real wheel
speed signal is sent from the sensor to the ABS controller, the circuit of first contact is closed but

those of second and third contact is opened. In case of generating the emulated wheel speed
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signal, the first contact’s circuit is opened; the second contact’s circuit is closed but the third
contact is switched between on and off according to the frequency command. From the document
of Toyota, the signal of ABS wheel speed is a different-step pulse of electric current between 7
and 14 mA as illustrated in Figure 3.18. The bandwidth of square wave depends on rotational

wheel speed.
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Figure 3.17 NI 9485 wiring diagram

The data of this ABS signal is proofed by the mini experiment focusing on current and
voltage during an operating of wheel speed sensor. The experimental outline is shown in Figure

3.19. From measuring the voltage and the current of the wheel speed sensor, it could be conclude
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that the output current signal is always between 7 mA and 14 mA when the wheel is rotated,
although its voltage is fluctuated. Therefore, to fully imitate the real ABS wheel speed signal, the
integrated circuit (IC) regulator LM7809 is adopted in order to regulate the voltage drop across
resister, about 9.6 volts (measured data). From the basic electrical formula, V=IR, if a voltage
drop and resistance are constant, a current is also constant. By calculation, [=V/R, I=14 mA if
V=9.6 volt and R=680 ohm. I=7 mA if V=9.6 volt and R=1360 ohm. The IC regulator and

resister, installed on the NI 9485, are shown in Figure 3.20.

- 14 MA

t—T7mA

I

Low Speed  High Speed

Figure 3.18 Pulse signal of wheel speed [27]

Volt Meter

ABS Modulator

Figure 3.19 Experimental outline of proofing ABS wheel speed signal
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Figure 3.20 IC regulator and resister installed on NI 9485

3.2.1.5 LabVIEW Graphical Programing

LabVIEW is a graphical programming software that uses the data flow programming
language to support NI DAQ devices. In this study, the LabVIEW is used to measure, display,
and log data of brake pressure and vehicle speed, which are transferred from the NI9205.
Moreover, it is used for controlling the NI9485, solid-state relay to generate the emulated ABS
signal. Figure 3.21 shows the block diagrams of graphic source codes. The DAQ assistant 2-5 are
used for controlling the N19485 to switch between the real signal and the emulated signal. DAQ
assistant 6-7 are used to generate the emulated signal. It acquires the control signal from simulate
signal block. In dash frame, the data transferred from NI9205 is read by the DAQ assistant and

distributed to each unit-converter and each display block diagram. After that, all displayed data
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are recorded by Write to measurement block. Figure 3.22 illustrated LabVIEW front panel, which

is used to display the measured signal and to control the emulated ABS signal.

Figure 3.22 LabVIEW front panel for DAQ interface
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3.2.2 Results

As explained in the previous section, the proof of concept is set up to verify the proposed
concept. The emulated “wheel lock-up” signal is sent into the ABS to investigate the brake
pressure characteristics. In this experiment, eight conditions are set at 40% and 80% of brake
pedal travel at the car speed of 20, 40, 50, 60 km/h. The result of 1" condition, 40% brake pedal
position and initial speed at 20 km/h, is show in Figure 3.23. Figure 3.23a shows the emulated
“wheel lock-up” signal fed to the front wheels channel of the ABS control unit.

Figure 3.23b presents the comparison of brake fluid pressures at the master cylinder, the left
front brake caliper, right front brake caliper, and the left rear brake drum and vehicle velocity.
The brake pressures of front left and right calipers are regulated down to zero in relation with the
emulated “wheel lock-up” signal, shown in Figure 3.23a. However, the brake pressure of rear
wheel drum is not reduced, but it equals to that of master cylinder since the emulated “wheel
lock-up” signal is sent to only both front wheel channels of the ABS controller. From this result,
it is reasonable to conclude that the pressure reduction can be performed until the brake pressure
equals to zero. In addition, the brake pressure reduction of each wheel is performed
independently.

Figure 3.23c shows the comparison of total braking energy and regenerative one. The ratio of
the recovered energy to all braking energy of approximately 65% is reached, since the brake force
at the front wheels is regulated to be zero almost all braking time and the brake force distribution
ratio between front and rear axle of the experimental car from the calculation is 2:1. Therefore,
the braking energy of both front wheels is not dissipated by friction brake but is recovered by
regenerative brake up to 65% of all braking energy. This result can be concluded that if the
regenerative brake is used instead of the front friction brakes at all braking time, the recovered

energy can be achieved up to 65%.
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Figure 3.23 Proof of concept results

tial speed = 20 km/h)

a* condition, 40% brake pedal position and
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To verity the feasibility of the proposed scheme at various higher vehicle speeds, the 238
and 4" condition are set at different higher initial speed. Figure 3.24 shows the result of the o
condition, 40% brake pedal position and 40 km/h initial speed. Figure 3.24a shows the emulated
“wheel lock-up” signal, used in this condition.

In Figure 3.24b, the brake pressures of both front wheels are reduced at the vehicle speed
around 30 km/h. At the same time, the brake fluid pressure at the master cylinder suddenly
increases due to the ABS operation, in which the ABS decreases the brake pressures at the front
wheel calipers by pumping the brake fluid from the calipers to the damping chamber, located at
the master cylinder circuit. From the results of this condition, it is found that the emulated “wheel
lock-up™ signal is compatible with the velocity that is lower than 30 km/h. Moreover, the brake
fluid pressure in the master cylinder circuit increases while the ABS reduces the brake fluid
pressure. The reason is that the ABS pumps the brake fluid from the caliper circuit to the master
cylinder circuit. The increase of brake pressure in the master cylinder results in the pressure
sensor capturing the inaccurate brake demand. Thus, to improve the accuracy of capturing brake
demand, a brake force requirement should be measured by a brake pedal position sensor instead
of the pressure sensor. In addition, a brake pressure control system at master cylinder circuit
should be developed for the proposed scheme to control the brake pressure at the master cylinder
not to increase during the period of brake fluid pressure reduction.

Figure 3.24¢ shows the percentage of recovered energy, about 59%, which is lower than 1
condition because its brake force regulating has not been started since the first time of braking. In
the period without the brake pressure reduction, the breaking energy is dissipated by friction
brake resulting in the lower recovered energy. From the results, it can be concluded that the
amount of recovered energy depends on the quantity of brake pressure reduction.

The result of the 3" condition, 40% brake pedal position and 50 km/h initial speed is shown
in Figure 3.25. The brake pressure reduction of this condition is started at 25 km/h, lower than
those of 1" and an, thus the recovered energy is only 38%. The result of this condition proves the

conclusion explained in the previous condition. The emulated “wheel lock-up” signal is
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compatible with vehicle speed that is lower than 30 km/h. The less brake pressure reduction the
lower recovered energy.

The results of other conditions are also in same tendency and they are displayed in appendix
A. From all results, the ABS starts to reduce the brake pressure at the vehicle speed lower than 30
km/h. It can be concluded that the emulated “wheel lock-up” signal is compatible with the vehicle
speed lower than 30 km/h. Since the ABS can generally regulate the brake pressure at all speeds.
In addition, the emulated “wheel lock-up™ signal is identical in all conditions and it is only one
factor, used to control the ABS in this experiment. Therefore, if the emulated *“wheel lock-up™
signal is further studied and improved, the ABS will regulate the brake pressure at all velocities.

In conclusions, the results show the ABS capability of controlling the brake pressure. The
feasibility of the proposed scheme is confirmed. Moreover, by the result analysis, the potential of
recovered energy is up to 65% of all braking energy according to the ratio of brake force
distribution between front axle and rear axle of the experimental car, which is 2:1. However, after
the regenerative process, the recovered energy must be stored in the storage devices. A further

study is still required to implement the process of energy storage.
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3.3 Mathematical Modeling

In this section, the details of mathematical modeling are explained. To predict the
performance of the proposed scheme, a computational analysis is adopted. The reference criteria
of this analysis are recovery efficiency, safety, and ride comforted during braking. The proposed
scheme is benchmarked against the ABS-equipped conventional braking scheme, the parallel
scheme, and the modified parallel scheme. The mathematical modeling of this study is formulated
in MATLAB/Simulink. The mathematical model mainly composes of the vehicle dynamic model,
the ABS-equipped conventional braking model, and the regenerative braking model of the
proposed scheme, the parallel scheme, and the modified parallel scheme. The parameters used in
the simulation are shown in Table 3.2, Figure 3.26, Figure 3.27, and Figure 3.28. Table 3.2 shows
vehicle parameters. Figure 3.26 is the longitudinal coefficient of friction vs. slip. Figure 3.27
displays the torque/speed characteristics of the propelling motor. Figure 3.28 displays the weight

factor versus battery SOC.

Table 3.2 Vehicle parameters (* Specification data, ** Estimated data, ***Measured data)

Motor
Peak torque* 240 Nm
Peak Power* 75 kW
Transaxle system
Fixed gear ratio (i)* 1.303
Rear axle gear ratio (Ngq)* 4.294
Body
Vehicle mass** 1520 kg
Distance of CG from front axle** 1.25m
Distance of CG from rear axle** 1.25m
CG height** 0.8m
Brake and wheel
Brake pad friction coefficient* 0.4
Front piston diameter*** 57 mm
Rear piston diameter*** 29.1 mm
Front disc effective radius*** 108.5 mm
Rear disc effective radius*** 103.3 mm
Wheel inertia** 6.8 kg—m?

Wheel radius (17565r15)* 0.32m
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3.3.1 Mathematical Model of ABS-equipped Conventional Braking Scheme

This section talks about the mathematical model of the ABS-equipped conventional braking
scheme. Figure 3.29 shows the comprehensive model of the ABS-equipped conventional braking
scheme. The model is started by the command of braking pedal position to estimate the amount of
friction brake torque in the mechanical brake block. The signal of the mechanical brake block is
sent to the ABS modulator in which the mechanical brake torque is regulated. The quantity of the
regulated torque depends on the difference between the desired slip and the actual slip. In this
study, the desired slip is set at 20%. This slip value maximizes the friction coefficient between
tire and road surface thus minimizes the stopping distance as shown in the longitudinal coefficient
of friction versus slip data illustrated in Figure 3.26. The actual slip rate is calculated by using
equation 3.8 where Viypeel is Wheel speed and Vyepicle is vehicle speed. From this equation, the
slip rate is zero percent if the wheel speed and the vehicle speed are even and the slip rate equals
to 100% when the wheel is locked up. The ABS controller monitors the different value between
the desired slip and the actual slip. If the monitored value is a minus value meaning that the actual
slip is more than 20% and the longitudinal force coefficient decreases as shown in Figure 3.26.

The ABS controller sends command to the ABS modulator to regulate the friction brake torque.
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After the ABS block, the friction brake torque is sent to the wheel speed block in the vehicle
dynamic model. The wheel speeds are calculated by using the friction brake torque and the tire
force. The tire force is also used for calculating the vehicle speed. After these calculations, the
wheel speed and the vehicle speed are sent to calculate the actual slip. The actual slip is used for
the ABS model, explained above and for the estimation of the friction coefficient (p) between tire
and road surface. In the mu-slip look-up table block, the friction coefficient (p) is estimated by
using the data shown in Figure 3.26. The tire force is calculated by using the friction coefficient
(p) and the vertical load. During braking, the vertical loads acted on the front and rear axle are
dynamically changed by inertia effect. The calculation of the vertical load is done by using
equation 3.9 and 3.10. W and Wy are vertical load of front and rear axle, respectively. m is
vehicle mass. g is gravity of acceleration. ay is longitudinal deceleration. ¢, d, and h are distance
of the center of gravity from front axle, rear axle, and center of gravity height, in that order, as
shown in Figure 3.30. The ¢alculation of the front tire forces and the rear tire forces is performed
by using equation 3.11 and 3.12, respectively. Fy¢ is front tire force and Fy,. is rear tire force.
(S) is the friction coefficient between tire and road surface getting from the Mu-slip block and
and r indices refer to front and rear tire. As explained about the input of the wheel speed block,
the front and rear wheel velocity is calculated by equation 3.13 and 3.14, respectively. lyypee] is
the wheel moment inertia, Ry is tire radius, Tyris front brake torque generated by friction brake.
Tyr is rear brake torque generated by friction brake. The vehicle velogity is calculated by using
equation 3.15.

The mathematical model calculates the longitudinal load transfer of the vehicle during
braking. The longitudinal load transfer represents the passenger ride comfort. Its calculation is
done by using equation 3.16. The longitudinal load transfer ratio during a braking period is
defined as the load transfer from the rear axle to the front axle that results from a forward
longitudinal force acting at the center of gravity at a height above the road surface (forward

longitudinal force possibly corresponding to the inertial force at braking) [32].
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Figure 3.29 Comprehensive model of ABS-equipped conventional braking scheme

Slip(%) = Vyehicle—Vwheel % 100 (3.8)

Vyenicle

Figure 3.30 Free-body diagram of a car during braking

mgd magh

Wf c+d c+d

(3.9)

; _mgc magh

I c+d c+d (.10)

For = pe(se) X Wy (3.11)
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For = pr(se) X Wy (3.12)
Lwheel 5= = (Re X Fog) — Tyt (3.13)
Twheet 22 = (Re X For) = Ty (3.14)

Mm% = —(Fye + For) ) (3.15)
Wi-W}

Longitudinal load transfer = (3.16)

3.3.2 Mathematical Model of Proposed Regenerative Scheme

This section explains about the mathematical model of the proposed scheme. The
comprehensive model of the proposed Scheme is shown in Figure 3.31. This model mainly
composes of the model of ABS-equipped conventional brake explained in the previous section
and the model of proposed scheme. The regenerative model receives the signal of master cylinder
pressure to estimate the regenerative brake demand. Another input signal is the wheel speed, used
for calculating the available regenerative brake torque in the motor torque characteristic block.
The available regenerative brake torque force is regulated by multiplying the weight factor W.F.
(8OC) block and regulating under the brake torque demand in the torque demand limitation
block. The weight factor (W.F.), which is the function of battery SOC, is illustrated in Figure
3.28. The weight factor is assigned to be one from SOC = 0% to SOC = 80%, meaning the battery
is fully capable for charging. In the SOC range of 80%-90%, the weight factor is linearly
decreased from one to zero. From SOC = 90% onwards, the weight factor is set to be zero to
protect the battery from overcharging. The torque demand limitation block regulates the
regenerative brake torque not exceeding the brake demand. After that, the emulated-signal
controller receives the signal of the brake demand, the regenerative brake torque, and the friction

brake torque. It checks if the brake demand given by the driver is equal to the summation of front
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wheel frictional brake torque and front wheel regenerative torque. In the case that the condition is
false, the control unit feeds an emulated “wheel lock-up” command to the block of slip rate
switching. Whenever the slip rate switching block receives the emulated “wheel lock-up”
command, it provides emulated wheel lock-up slip rate into ABS block to decrease braking torque
of frictional braking system. By using this means, the reduced braking torque is as close as the
provided regenerative one. Nonetheless, this model has both regenerative brake torque and
friction brake torque acting on the front wheels. The calculation for the front wheel speed is
different from that of ABS-equipped conventional brake model. The front wheel speed is
calculated by equation 3.17, which is different from equation 3.14 of ABS-equipped conventional
brake model. Tyegr is regenerative braking torque at the front wheels. In addition, there is the
calculation of the regenerative efficiency, which is added into this model. The regenerative

efficiency is calculated by equation 3.18.

d
Iwheer 7 = (Re X Fur) = Tor = Tregs (.17

t
fo Tregfde

JE(Tof+Tor Trege)do (3.18)

Regenerative efficiency =
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3.3.3 Mathematical Model of Parallel Regenerative Scheme

This section provides details of the mathematical model of the parallel scheme. The
comprehensive model of the parallel regenerative scheme is shown in Figure 3.32. This model is
mainly divided into two parts, the ABS-equipped conventional brake model and the parallel
scheme model. About background of the parallel scheme, its working principle is that the
regenerative brake force is provided in parallel with the friction brake force. In the motor torque
characteristic, the wheel speed signal is adopted to estimate the available regenerative torque from
motor. The amount of regenerative brake force is regulated by the W.F. (SOC) and the brake
demand as same as the model of the proposed scheme explained in the previous.section. The front
wheel speed of this model is calculated by using equation 3.17 as same as that of the proposed

scheme model.
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Figure 3.32 Comprehensive model of parallel regenerative scheme

3.3.4 Mathematical Model of Modified Parallel Regenerative Scheme

This section explains about the mathematical model of the modified parallel scheme. For the
background of the modified parallel scheme, this scheme is developed from the parallel
regenerative scheme by adding a friction brake force controller to allow only the operation of
regenerative brake. The idea of this add-on feature is to control solenoid valve to pause brake
fluid pressure until the required braking force of four wheels is greater than the available
regenerative brake force. Therefore, this simulation model, shown in Figure 3.33, is also
developed from the model of the parallel scheme. The brake torque requirement is sent to the
block of torque demand limitation and solenoid valve controller. The solenoid valve controller
block is responsible for controlling solenoid valve in the block of mechanical brake. It compares
between the braking torque demand of four wheels and the available regenerative braking torque
in order to send the command of solenoid valve control into the mechanical brake block. The

condition of comparison is shown in the final condition of the flowchart in Figure 2.20.
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Figure 3.33 Comprehensive model of modified parallel regenerative scheme

3.4 Verification of Brake Model

This section focuses on the verification of the mathematic brake model. The main objective

of this experiment is to verify the mathematical brake model. Since the brake model is the most

important part of this mathematical analysis, its accuracy is verified. This experimental

verification is also carried out by field test as same as the proof of concept. Test procedure is

started by tield tests at different conditions to record data of brake force demand and vehicle

velocity. Then, the recorded data of brake force demand are fed into mathematical brake model to

calculate vehicle velocity and acceleration of each condition. After that, the calculated results are

compared with experimental results to verify the accuracy of simulation model. Since this

mathematical model uses the most similar parameters with the experimental vehicle, if the

mathematical model is correct, the calculated results should be similar to the experimental results.

In this experiment, six conditions are set at 40% and 80% of brake pedal travel at car speed of 40,
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50, 60 km/h. Each condition is repeated 3 times as same as the proof of concept; so overall test

number is 18 times as shown in Table 3.3.

Table 3.3 Test conditions for verification of brake model

Testing % Brake Pedal Testing Velocity Number of times
Number (km/h)
1 1
2 40 2
3 3
4 1
5 40% 50 2
6 3
7 1
8 60 2
9 3
10 1
11 40 2
12 3
13 1
14 80% 50 2
15 3
16 1
17 60 2
18 3

3.4.1 Results

In this section, the verification results of brake model are presented and discussed. For the
results of the first condition, the comparison of experimental velocity and calculated one as well
as the input brake pressure are shown in Figure 3.34. The first condition is 40% brake pedal and
40 km/h initial velocity. The calculated velocity and the real one are quite similar and its average
error is less than 10%. This error is potentially due to the approximation of some simulation
parameters. However, there are unsmooth points of real velocity in the period of 2.2 to 3 seconds.
These unsmooth points are caused by the unsmooth surface of testing track. Since the slightly
unsmooth testing track is the factor unable to control and the etror is in the accepted range, thus
the mathematical model does not consider this effect. Later, the comparison of experimental and

calculated acceleration is shown in Figure 3.35. Their accelerations are same in tendency.
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However, the experimental acceleration has unsmooth points at the same period of unsmooth
velocity since the experimental accelerations is calculated by the experimental velocity.

Figure 3.36 shows the comparison of experimental velocity and calculated velocity as well as
brake pressure profile of the 2" condition, initial velocity 50 km/h and brake pedal position 40%.
The experimental and calculated acceleration of the 2™ condition is shown in Figure 3.37. The
experimental vs, calculated velocity and brake fluid pressure of the 3¢ condition, initial velocity
60 km/h and brake pedal position 40%, is shown in Figure 3.38. The experimental and calculated
acceleration of the 3™ condition is shown in Figure 3.39. The results of other conditions are shown
in appendix B. All calculation results are similar to their experimental results and there are some
unsmooth points in experimental results due to the effect of unsmooth testing track. In
conclusion, the mathematical brake model of this study is verified. The computational findings

and experimental results are similar. Their average errors are less than 10%.
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CHAPTER 4

SIMULATION RESULTS AND DISCUSSIONS

This chapter presents the calculation results obtained from the mathematical model explained
in the previous chapter. In addition, the discussions of results are provided in this chapter, The
performance of the proposed scheme is compared to those of ABS-equipped conventional brake

scheme, parallel regenerative scheme, and modified parallel regenerative scheme.

4.1 Characteristics of Regenerative Braking Schemes

As explained in the previous chapter, each of regenerative schemes has its own
characteristics of brake force distribution, The brake force distribution of the regenerative
schemes is the process of proportioning between a regenerative brake force and a friction brake
force. This section discusses about the brake force distribution of each scheme. The comparisons
of brake force demand and friction brake force at the front wheels are presented. The brake force
demand and the friction brake force at the front wheels are displayed in the form of brake fluid
pressures at the master cylinder and at the front wheel calipers, respectively. Figure 4.1 shows the
master cylinder and front caliper brake pressure contours of the proposed scheme, the ABS-
equipped conventional brake scheme, the parallel scheme, and the modified parallel scheme.
These results are calculated under identical conditions of brake force demand, initial velocity, and
normal braking without wheel slip. The solid line is the brake pressure at the outlet of master
cylinder, representing the demanded brake force. The dotted line is the brake pressure in the front
brake caliper, representing the amount of friction brake force.

Figure 4.1(a) presents the brake pressure contours of the proposed scheme. From the figure, it
is obvious that the friction brake pressure is less than the required brake pressure. The proposed
scheme decreases the amount of friction brake force as equal as the amount of available

regenerative brake force. By sending an emulated “wheel lock-up” signal to the ABS control unit,
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the pressure of the frictional brake is decreased, resulting in the reduced friction brake force. The
amount of this reduced brake force is subsidized by that of the regenerative one. The summation
of the friction brake force and the regenerative one still equals to the brake force demand.

Figure 4.1(b) shows the brake pressure contours of the ABS-equipped conventional brake
scheme, The brake pressure in the front calipers is identical to the brake pressure at the master
cylinder. In a normal braking situation, an ABS-equipped conventional brake does not alter the
brake pressure provided to the brake force generator. Only in the case of wheel locking-up, the
ABS-equipped conventional brake scheme alters the amount of brake pressure by reducing the
brake pressure. Thus, the provided friction brake force of the front wheels entirely equals to the
demanded brake force.

Figure 4.1(c) illustrates the brake pressure contour of the parallel regenerative scheme. The
amount of friction brake force is provided as equal as that of brake force demand. Since the
friction brake force of the parallel scheme is provided as same as that of the ABS-equipped
conventional brake scheme, the brake pressure at the front calipers is identical to that at the
master cylinder, Simultaneously, the regenerative brake force is provided in parallel with the
friction brake force. Since the front wheels have two brake forces working together, its braking
time is shorter than that of the ABS-equipped conventional brake.

Figure 4.1(d) provides the brake pressure contours of the modified parallel regenerative
scheme. From the figure, during the period of 0-0.4 second, the brake fluid pressure in the
calipers equals to zero, since the scheme regulates the brake tluid pressure to be zero by a
solenoid valve. If the brake force demand is less than the available regenerative brake force, the
solenoid valve will cut the brake pressure. During this period, only the regenerative brake force is
provided at its full capacity. After this period, the brake force demand is greater than the available
regenerative brake force. The solenoid valve allows the brake fluid to flow to the calipers, thus
the brake pressure in the calipers equals to the brake pressure demand. In addition, the

regenerative brake force is still provided in parallel with the friction brake force as same as the
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parallel scheme. Therefore, its braking time is shorter than that of the ABS-equipped conventional
brake.

In conclusion, the friction brake pressure progression of each scheme is compared in this
section. The friction brake force of the proposed scheme is reduced as equal as the amount of
regenerative brake force. Thus, the summation of the friction brake force and the regenerative one
is equal to the amount of brake force demand. With this reason, the amount of brake force
generated by the proposed scheme equals to the amount of brake force generated by the ABS-
equipped conventional brake scheme. Therefore, their braking performances are identical. The
braking time of both parallel schemes is shorter than that of the ABS-equipped conventional
brake scheme, since they have an additional regenerative brake forces provided in parallel with
the friction brake forces. During a braking situation, the brake force distribution is an important
factor that influences to the braking distance, longitudinal load transfer, and regenerative
efficiency. In the later sections, the results of the braking distance, the longitudinal load transfer

during braking, and the regenerative efficiency are presented and discussed.
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conventional scheme. c) Parallel regenerative scheme. d) Modified parallel regenerative

scheme.
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4.2 Braking Distance

In this section, the results of braking distance are presented and discussed. A braking distance
is defined as the distance traveled from the point where a vehicle starts to be applied its brakes to
the point where it comes to completely stop. Figure 4.2 presents the comparison of braking
distances calculated from the mathematic models of proposed scheme, ABS-equipped
conventional brake scheme, parallel scheme, and modified parallel scheme. From Figure 4.2, the
braking distance of the proposed scheme is identical to that of the conventional brake, since their
brake force distribution of both systems are identical. Whereas, the braking distances of both
parallel schemes are shorter than those of the proposed scheme and the ABS-equipped
conventional brake scheme. The main reason of this shorter braking distance is the additional
regenerative brake force applied at the front wheels. Nevertheless, this shorter braking distance
caused by the over demand of brake force may not be safe in some road conditions. For example,
on a slippery road surface, the over-demanded brake force can lead to a wheel lock and then loss
of vehicle maneuverability and stability.

In summary, the braking distance mainly corresponds to the brake force distribution
explained in the last section. The proposed scheme can provide the braking distance as identical
as that of the ABS-equipped conventional brake scheme because of similar brake force

distributions in both systems,
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Figure 4.2 Braking distance

4.3 Regenerative Efficiency

This section presents and discusses about the regenerative efficiency. The regenerative
efficiency indicates the proportion of recovered braking energy. It is calculated by the ratio
between the recovered braking energy and the entire supplied braking energy. The calculation of
the regenerative efficiency is explained in Section 3.3.2. The estimated efficiency of each scheme
is illustrated in Figure 4.3. The final accumulative efficiency achieved by the proposed scheme is
higher than those achieved by the parallel schemes. As explained in the previous section, the
proposed scheme allows the operation of regenerative brake at its full capacity, since it is able to
regulate the amount of friction brake force. In the case of parallel schemes, the regenerative brake
forces are limited instead of the friction brake force, since the parallel schemes cannot regulate
the friction brake force. The brake force limitation is done to maintain the distribution between

the front and rear brake forces similar to that of the conventional braking system. The brake force
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distribution of the conventional braking system is set to follow the ideal brake force distribution.
If a car is desired for the front and rear wheels to lock up at the same time on any road, the
braking force on the front and rear axle must closely follow the ideal brake force distribution [16].
If the regenerative brake force is limited, the lower regenerative efficiency is achieved. With the
reason of brake force limitation, the parallel schemes attain lower final regenerative efficiency
than the proposed scheme. The behavior variation of the proposed scheme efficiency is
characterized by the friction and regenerative brake force distribution. Referred to Figure 4.1a, the
brake pressures of the front wheels calipers are regulated to be zero at the beginning period of
braking in which the front wheels have only the operation of regenerative brakes. After this
period, the friction brake cooperates with the regenerative brake at the front wheels. Therefore,
the efficiency of the beginning period is higher than that of the final period. In the same way, the
comparison of the parallel schemes reveals that the final efficiency of the modified parallel
scheme is slightly higher than that of the parallel scheme. The explanation for this result is that
the modified parallel scheme has the friction brake force regulation at the start of braking (0 to 0.4
second) as shown in Figure 4.1d. During this period, the friction brake force is cut, and only the
regenerative one is operated; therefore, its maximum regenerative efficiency is reached. After this
period, the amount of the regenerative brake force of this scheme is provided as same as those of
the parallel scheme. Consequently, the regenerative efficiency of the modified parallel scheme is
decreased. However, due to the maximum efficiency at the beginning period, the final
accumulative efficiency of the moditied parallel scheme is slightly higher than that of the parallel
scheme.

In conclusion, the level of regenerative efficiency depends on the important factor: the brake
force distribution explained in section 4.1. The more applied regenerative brake force the more
regained regenerative efficiency. From the results, the proposed scheme provides the highest
accumulative regenerative efficiency, since it allows the regenerative brake to operate at full

capacity for all braking process.
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4.4 Longitudinal Load Transfer

This section focuses on the longitudinal load transfer during braking representing passengers
ride comfort during braking. The longitudinal load transfer ratio during a braking period is
defined as the load transfer from the rear axle to the front axle that results from a forward
longitudinal force acting at the center of gravity at a height above the road surface (forward
longitudinal force possibly corresponding to the inertial force at braking) [32]. The calculation of
longitudinal load transfer is presented in Section 3.3.1. As shown in Figure 4.4, the higher load
transfer ratio, which theoretically results in negative passenger ride comfort, is reached by both
parallel regenerative schemes. The proposed scheme and the ABS-equipped conventional brake
scheme offer the lower level of load transfer ratio meaning that they provide the better passenger
ride comfort during braking. The vertical drop line of the results may indicate the variation of

wheel slip while the vehicle is going to completely stop. Perhaps, the variation of wheel slip
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directly affects the amount of the tire force generated between tire and road surface, the inertial
force, and the longitudinal load transfer, sequentially. However, this explanation is only an
assumption. A further study is required to validate this assumption.

In summation, the longitudinal load transfer directly varies with the amount of generated
brake force. In case that the brake force is provided more than the demanded brake force, the
longitudinal load transfer is increased. Therefore, this leads to the negative passenger ride
comfort. In both parallel schemes, the additional regenerative brake forces are provided in parallel
with the friction brake force of the front wheels; as a result, the overall generated brake force is
higher than the brake force demand. The parallel schemes show the negative passenger ride
comfort. On the other hand, the proposed scheme utilizes the same brake force distribution as in
the conventional braking system. Consequently, it can be assumed that, the passenger ride

comfort during braking is similar to the one of the conventional braking system.
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Figure 4.4 Longitudinal load transfer



CHAPTER 5

CONCLUSIONS AND SUGGESTIONS

This chapter is divided into two sections. The first section presents the conclusion of this
research based on the results and analysis. The other section offers the suggestion for a further

study.

5.1 Conclusions

The main objective of this study is to develop the regenerative braking system for retrofitted
EVs. The problem statement of this study is that the conventional braking system of the
retrofitted EVs is not designed for co-performing with a regenerative braking system. Thus, a
brake force management system is required. In the previous studies, there primarily are two
concepts: series scheme and parallel scheme. However, there are some disadvantages in the
previous schemes. The disadvantages of series scheme are that it is suitable only for a front-rear
split brake layout, and it requires a great deal of modification effort. The disadvantages of parallel
scheme are an insufficient energy recovery efficiency, a low level of ride comfort during braking,

and a risk of wheel-locking situation.

To integrate a regenerative braking in the retrofitted EVs and solve the disadvantages of
previous studies, this study proposes an innovative brake force management scheme. This scheme
allows the regenerative brake to operate at its full capacity and maintains the generated brake
force not exceeding the brake force demand. By utilizing a unique feature of an anti-lock braking
system (ABS), the amount of friction brake force is reduced as equal as the amount of provided
regenerative brake force. In this function, the ABS is controlled by the emulated “wheel lock-up”
signal that is a command signal sent by the regenerative braking system. Based on this concept,

the proposed scheme can be retrofitted into both cross-link and front-rear split brake layouts. In
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addition, this scheme requires only minor modification that leads to the reduction of modification,

cost, and time.

Furthermore, the proof of concept is accomplished to verify the feasibility of the proposed
scheme. This verification is done in field tests. The emulated “wheel lock-up” signal is sent into
the ABS to investigate the characteristics of brake pressure. The results show the ABS capability
of controlling the brake pressure. From the results, the feasibility of the proposed idea is
confirmed. Moreover, by the result analysis, the potential of recovered energy is up to 65% of all
braking energy according to the ratio of brake force distribution between front axle and rear axle
of the experimental car, which is 2:1. However, after the regenerative process, the recovered
energy must be stored in the storage devices. A further study is still required to implement the

process of energy storage.

After the proof of concept is achieved, a computational analysis is adopted to predict the
performance of the proposed scheme, The reference criteria are a recovery efticiency, safety, and
ride comfort during braking. The proposed scheme is compared to the ABS-equipped
conventional brake scheme, the parallel scheme, and the modified parallel scheme. The
mathematical modeling of this study is formulated in MATLAB/Simulink. The accuracy of the
mathematical model is verified by the result obtained from field tests. The computational findings
and field test results are similar. Their average errors are less than 10%, which may be caused by

the approximation of simulation parameters.

In the previous chapter, the performance of the proposed scheme, the parallel scheme, and the
modified parallel scheme are reported and discussed. It can be concluded that the proposed

scheme surpasses both parallel schemes with the following advantages:

® Higher accumulative regenerative efficiency

®  Greater brake force distribution between regenerative and friction brake

© Better passengers ride comfort during braking’
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5.2 Suggestions
Although this work is finished, it is only the first step for studying the regenerative braking
system for a retrofitted electric vehicle. Following suggestions can be applied to improve this
work:
® [n this study, it is found that the emulated “wheel lock-up” signal is compatible with the
vehicle speed that is lower than 30 km/h since the results of the proof of concept show
the brake pressure reductions, which start lower than 30 km/h. However, the ABS
generally can regulate the brake pressure at all speeds. A further study about the
emulated “wheel lock-up” signal should be done to determine the emulated “wheel lock-
up” signal that can be used for regulating the brake pressure at all speeds.
® TFrom the proof-of-concept results, it is observed that the brake fluid pressure in the
master cylinder circuit increases while the ABS reduces the brake fluid pressure. The
reason is that the ABS pumps the brake fluid from the caliper circuit to the master
cylinder circuit. The increase of brake pressure in the master cylinder results in the
pressure sensor capturing the inaccurate brake demand. Thus, to improve the accuracy of
capturing brake demand, a brake force requirement should be measured by a brake pedal
position sensor instead of the pressure sensor. Moreover, a brake pressure control system
at the master cylinder circuit should be developed for the proposed scheme to control the
brake pressure in the master cylinder not to increase during the period of brake fluid
pressure reduction.
® In a regenerative braking system, there are two brake systems working together. For
friction brake system, there are many additional safety features (e.g. ABS, electronic
brake force distribution (EBD), and electronic stability control (ESC)). However, the
safety features for the regenerative brake system are only optional and not widespread
now. Besides, this study focuses only on the integration of a regenerative braking system
into retrofitted EVs. Thus, the safety features for the regenerative brake system is an

interesting topic for a further study.
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This study focuses on the testing condition of single braking in a straight line. To
comprehensively investigate the performance of the regenerative braking system and the
cooperation of the regenerative brake and the driving-safety system, the further study

should be done in driving cycles or driving patterns.
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Figure B.5 Calculation vs. experimental velocity and brake fluid pressure
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MATLAB/SIMULINK CODE
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APPENDIX D

LABVIEW BLOCK DIAGRAM
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APPENDIX E

PRESSURE SENSOR SPECIFICATIONS



TECHNOLOGY

ol .
HOLYKELL

Economic OEM Pressure Sensors

Model: HPS300-S

Range: -1 Bar-0-5 Bar......1000Bar optional
Output: 1.5 mV/V...4 mV/V or3-10 mV full output
Accuracy: 0.5%F.S.

Process Mounting: 1/4"NPT;G1/2" by order
Application: Liquid and Gas pressure measuring

107

Pressure sensor HPS300-S

Pressure Type:

‘| gauge pressure

Pressure Range: | -1Bar..0..5 Bar.....100 Bar Optional.

Overload: | : '| 200%F.S (<100 Bar, Ceramic types) ; 150%F.S (>100 Bar, Silicon types)
Burst Pressure: | _ 7| 300%F .S (<100 Bar)

Power Supply: 10V DC or 5~12 V.DC

Output: 1.5mVV ~4 mV/V; 0~35 mV optional

Electronic Wire: 4 Wire

Accuracy: <+05%F.S

(Included Linearity Hysteresis <+1%F.S

Repeatabilty) | Optional

Long-term Stability: - ’ 0.2%FS/year (typ. 0.3%FS/year (max.)

Zero temp. drift: \ > 0.03%FS/'C (<100kPa) , 0.05%FS/C (>100kPa)
FS temp. drift: ' 0.03%FS/'C (s100kPa) , 0.05%FS/C (>100kPa)
Temperature Compensation: ' [ -20C~85C

Working Temp: : _ | -401C~100C

Storage Temp: | -40C~125C

Medium compatible:

Various media compatible with the 304/316L stainless steel

Insulation Resistance:

>10 MQ

Electronic connection:

Fixed cable Explore Proof and water proof |IP67

Process connect port: 7/16"-20UNF male1/4"NPT male, 1/2"NPT male, G1/2"... (by order)
Response time: <20 ms
Certificate approve: CE Certificate.
EMC Standard: electromagnetic radiation:EN50081-1/-2
electromagnetic susceptibility:EN50082-2
Water Proof Grade: P67
Remarks: Special applications request by order
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APPENDIX F

RACELOGIC VBOX GPS SPECIFICATION



Introduction

The VB20SL3 is a multi-purpose non-contact speed sensor. Using two advanced dual entenna GPS engines, the VB20SL3 can calculate not only the speed
and direction of travel of the object upon which it is placed, but also an accurate Siip angie and Pitch and Roll angle. This data is then logged to an inserted
SD card, available on & configurable CAN output and present on a USB or serial output for direct ring or data ing by a d PC running
VBOXTools software.

The VB20SL3 also features a built-in graphic display allowing the user to set up and configure the unit without using a PC.

The VB20SL3 is compatible with ali of the existing peripherals including the Multifunction display, ADC03, TC8, FIMO3, Yaw Rate Sensor and Mini Input
module

Features

+ Non-contact 20Hz speed and distance
measurement using GPS

* VCI CAN input for connection to external CAN
systems

« Slip, Pitch and Roll Angle and True Heading
measurement

e 1 xCAN bus interface (on two sockels fo allow
daisy-chaining)

« USB for live data, configuration, upgrading and SD
data transfer

« RS232 serial interface backup for live data and
configuration

* SD Card logging

* 2 x 16bit user-configurable analogue outputs

* 2 xuser-configurable digital outputs

« Brake trigger input with 210KHz scan rate

« Input voltage 6V to 30V operating range

« Logging of up to 20 data channels, in addition to up
fo 13 standard GPS channels

* Logging and serial rates configurable between 1Hz
and 20Hz
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Antenna Types and Placement

Whilst installation and use of the VB20SL3 is intended to be fast and
simple, careful attention must be paid to placement of the antennas

Note: Itis | that the sep. of A Band
C from Antenna A is exactly the same as the separation values set
inside the VB20SL3 via the configuration screen. If the separation
is incorrect, data may not be given or may be inaccurate. The

the

should be the straight-
line di b the gardless of the
angle. It is not the 2D di b the as viewed
from above.

The supplied tape measure will help ensure an accurate antenna
separation.

Antenna A is the primary antenna, from which all calculations are
based. If overall slip is to be measured (at the centre of the vehicle),
the primary antenna should be placed at the centre of the vehicle.

L of the is not ial as the Slip Angle
Sensor has the ability to calculate any offset. See the Slip Angle Offset
Section.

However if you wish to measure Pitch or Roll then the alignment of the
antennas must be in line with the vehicle or at 90° as accurately as
possible.

The picture to the right shows a typical 3-antenna placement for the measurement of Body Slip Angle, Pitch and Roll angle. Antenna A the primary antenna is
placed in the centre of the roof. Antenna B is placed behind Antenna A, allowing True heading, Slip angle and Pitch Angle to be measured. Antenna C is
placed to the side of Antenna A allowing the measurement of Roll angle

When measuring Slip angle Antenna B can be placed either in front or behind Antenna A_ If it is placed behind Antenna A as in the picture above then the
‘Swap Antenna’ option needs to be enabled in the Antenna configuration options

Digital and Analogue Outputs

The outputs on connectors OUT1 and OUT2 can be used either as frequency/pulse digital outputs or as analogue outputs that can be configured to represent
any of the following parameters:

* Velocity

« Longitudinal Acceleration
* Lateral Acceleration

* Slip Angle

« Pitch Angle

« Roll Angle

For digital outputs, the scale and maximum output values can be adjusted using the VBOXTools software or via the front panel controls. For velocity, these
are controlled by setting the maximum velocity and the pulses per metre. For the other parameters, the scale and maximum are controlled by setting the
maximum frequency and the angle or acceleration vaiue to which this relates. Please note that the digital outputs do not show the direction of angles and
accelerations, only their magnitudes. Tl “negative” angles or ions will be shown in the same way as their positive equivalents.

For analogue outputs, the values relating to the maximum voltage (+5V) and minimum voitage (0 for Velocity, —5V for all other channels) can be set, either via
the front panel or using the VBOXTools software. The negative voltage capability of the analogue outputs allows the direction of angles and accelerations to
be output

BNC I
RLCAB003
Analogue Output : |



APPENDIX G

DATA ACQUISITION SPECIFICATION

® (CHASSIS MODULE (NI ¢cDAQ-9174)
® EMULATED “ABS” SIGNAL MODULE (NI 9485)

® PRESSURE SENSOR AND VBOX GPS MODULE (NI 9205)
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CHASSIS MODULE (NI ¢cDAQ-9174)

Chassis

Number of Slots / | 4

Total Available Pow;er 0 15 W

VInput Voltage ilénge : 9V- 30V | 2 1 )

huilt-ln Triégér o [ No 2
Counter/Timers

Counters [1¢ 4

\| . 40 32 Bits

Resolution
Bus Interface
USB Specification USB 2.0 Hi-Speed

High-Performance Data

Streams 7

b ot Avaitnble Ellslll;a’l fnl;%l;t]; glciunter/Tim"éf I'npu{, Analog Output , Digital
Sheck and Vibration

Operational Shock 30g

Random Operating Frequency 5 Hz - 500 Hz

Range

Random Vibration 03g
Physical Specifications

Lengtﬁ | 15.9 cm

Width 8.81 cm



Height
Weight

Minimum Operating
Temperature

Maximum Operating
Temperature

Maximum Altitude
Analog inputs

Input FIFO size
Maximum sample rate
Timing accuracy
Timing resolution

Number of channels supported

Analog Output

Numbers of channels
supported

Hardware-timed task
Onboard regeneration
Non-regeneration
Non-hardware-timed task
Maximum update rate
Onboard regeneration
Non-regeneration
Timing accuracy
Timing resolution
Output FIFO size
Regeneration

Non-regeneration

AO waveform modes

113

5.89 cm

574 gram

-20°C

55'°C

5000 m

127 samples per slot

Determined by the C Series I/O module(s)
50 ppm of sample rate

12.5ns

Determined by the C Series /O module(s)

16
Determined by the C Series I/O module(s)

Determined by the C Series I/0O module(s)

1.6 MS/s (multi-channel, aggregate)
Determined by the C Series I/O module(s)
50 ppm of sample rate

12.5 ns

8,191 samples shared among channels used

127 samples per slot

Non-periodic waveform, periodic waveform regeneration mode
from onboard memory, periodic waveform regeneration
from host buffer including dynamic update
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NI 9485

8-Channel Solid-State Relay (SSR) Digital Output
Module

Specifications

The following specifications are typical for the range —40 to 70 °C unless
otherwise noted.

Output Characteristics

Number of channels..............ccccoe 8 digital output channels
Relay type NN - Qac: -y G I B) . N Normally open solid-state
Relay (SSR)
Switching VOItagONG . €&ppcocpeceveeene 60 VDC max, 30 Vrms max
Switching current, per channell

All channels.............. v 0.75 A max

Up to four chasiels ............covere 1.2 A max
Switching rate (90% duty cycle)1 .....1 operation per second
BOIAY DPENLHMC ..covivierecininssisaiosnnsuiss 0.5 ms typ
IEREE RIOSE TIINC .. esinscrueoneossasduveonis 9.0 ms typ
On resistance.........oeceveevueerieecrinnennnens 200 m€ max
Off state leakage .........cccccceeveeeeecnnee. 30 pA typ
BETBE .......ccocooiominmrsnnionmnsssnsessainessss 2,172,740 hours at 25 °C; Bellcore

Issue 6, Method 1, Case 3, Limited Part Stress Method
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NI 92035

32-Channel, £200 mV to £10 V, 16-Bit Analog Input
Module

Specifications

The following specifications are typical for the range —40 to 70 °C unless
otherwise noted. All voltages are relative to COM unless otherwise noted.

Analog Input Characteristics

Number of channels............cc.coceie. 32 single-ended or
16 differential analog input
channels, 1 digital input
channel, and 1 digital
output channel

ADC resolution.........ccceveeees oo 16 bits
SRR SO SRR No missing codes guaranteed
TR R T SRR Refer to the A Absolute

Accuracy Tables and

Formulas
L R 3 L 775,832 hours at 25 °C;

Bellcore Issue 6, Method 1,
Case 3, Limited Part Stress
Method
Conversion time
R Series Expansion chassis ........ 4.50 ps (222 kS/s)
All other chassis ...........ccceeeveenee. 4.00 ps (250 kS/s)



Input coupling.......cccceeveeeveieeeennene DC

Nominal input ranges..........cccceeueenne. 10V, £5V,+1V, 02V
Minimum overrange

(for 10 Vrange) ....ccoccveeeeevecvreneenes 4%

Maximum working voltage for analog inputs

(signal + common mode).................. Each channel must remain

within £10.4 V of common
Input impedance (Al-to-COM)

Powered oD .....ccevveeeieeniieniennene >10 GQ 1in parallel
with 100 pF |
Powered off/overload ................. 4.7 kQ min
Input bias current ..........cccocceeeieicnnne. +100 pA
Crosstalk (at 100 kHz)
Adjacent channels ...................... -65 dB
Non-adjacent channels ............... -70 dB
Analog bandwidth...............cccconeine 370 kHz
Overvoltage protection
Al channel (0to 31) .................. +30 V (one channel only)
AISENSH.. 7. N B N oo +30V

CMRR (DC t0 60 HZ)......coooovoerrvore.. 100 dB

116
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APPENDIX H

IC REGULATOR LM78XX



UTCLM78XX LINEAR INTEGRATED CIRCUIT

3-TERMINAL 1A POSITIVE
VOLTAGE REGULATOR

DESCRIPTION

The UTC 78XX famlly Ik monoifihic fixed voltage
reguiator mtegrated circuR. They are sultadbie Tor
appiicalions Mat required supply custent wp ID 1 A,

FEATURES

“Output cusrent up to 1.5 A

“Fixed output vollage of 5V, 6V, BV, 9V, 10V, 12v,
15V 18V and 24V avakavte

“Thermal ovenoad shuldoan profection

*Short crcult current Bmiting

*Output ransistor SOA protechon

TEST CIRCUIT

TO-252

1:Mmpt 2 GND 3: Qutput

UTC UNISONIC TECHNOLOGIES CO. LTD. +

OW-R10H-006,C
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UTCLM78XX  LINEAR INTEGRATED CIRCUIT

ABSOLUTE MAXIMUM RATINGS
L Operaling temperatire fange apoles Unless oliemise speciied )
PARAMETER SYMBOL RATING UNIT
nput voltage (Tor VoeS~ 18V} 35 v
ffor Vo=24V) Vi &0 v
Output Currerst to 1 A
Power Dissipation PO Intemally  LimRed w
Operating Junction Temperaure Range Torm 20 +150 *c
Storage Temperature Range Tama -58 +150 *'c
UTC LM7805 ELECTRICAL CHARACTERISTICS
{ V=10V, lo=0.5A, T]= 0°C - 125°C, C1=0.33uF, Co=0. 1UF, inless oiherwise specified YNote 1)
PARAMETER SYMBOL TEST CONDITIONS MiN | TYP | MR | UNIT
Y}=25°C, 1o=5mA - 1.0A 420 | 50 [ 520 | W
Output Voitage Va Vi =75V to 20V, 4.75 525 V
10~SmA - 1.04,PD<15W
Load Regulation AVD  [T)~25°C.lo=SmA - 1.54 £ | mv
T]=25°C,I0=0.25A - D.75A 25 | mv
Uine regutalion AVO  [Wi=7VID 25V.T]=25°C g0 | mv
Vi=7.5V i 20V,T]~25°C. 1o~ 1A 50 | mv
Quiescen Current iq T]=25°C, to=e1A 80 | mA
Quiescent Current Change Ay Vi=7.5V 0 20V 10 | ma
Ak lo=SmA - 1.0A 0.5 | mA
Output Noise Vollage i 10HzZ<=fe=100KHZ 40 uw
Tempesaturs cosmMctent of Vo AValaT  |lo-SmA 0.6 mrC
Rippie Rejection  * RR Vi=8V - eV f=120Hz T]=25°C | 62 | B0 g0
Peak Output Current [ T]=25°C 1.8 A
Shurt-Coutt Current e |Vi-35V, Tp=25°C 250 mA
Dropot Voltage Vo Tj=25°C 20 v
UTC LM7806 ELECTRICAL CHARACTERISTICS
Vi=11V, lo=0.5A, Tj= 0°C - 125°C, C1=0.33uF, Co=0. TuF, wnless othenwise speciied j(Rote 1)
PARAMETER SYMBOL TEST CONDITIONS MIN MAX | UNIT
¥]~25°C, Io=SmA - 1,0A 576] 60 |62 | v
Output VoRage vo Vi =8.5Y to 21V, 570 630 | v
10=5mA - 1.08, PD=<1SW
Load Regutalion AVO  [T]=257C.lo~SmA - 1.54 8 | mv
T]=25°C.10~0.25A - 0.75A 0 | mv
Line reguiation AVo Vi =8V 10 25V, Tj=25°C £0 my
Vi=3.5V 10 21V, T}=25°C.lo~1A 50| mv
Quiescent Current Ig T[=25°C, lom<1A 80 | ma
Quizscent Current Change Al W1 =3.5V Ip 21V 10 | mA
Alg lo=SmA - 1.0A 05 | ma
Output Nolse Voltage Vi 1QHZ<=T<=100kHz 45 uy
Temperature coemctent of Vo AVoisT  [io~Sma 0.7 mv/eC
Ripple Rejection RR V=gV - 19V,f=120HZT}=25°C | §9 | 75 FE]
UTC uNISONIC TECHNOLOGIES CO.,LTD.

OW-RIH-O06,C
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UTCLIM78XX

LINEAR INTEGRATED CIRCUIT

PARAMETER SYMBOL TEST CONDITIONS MIN| TYP | MAX | UNIT
Peak Ouiptt Cument 1P T=25°C 12 A
Shosd-Circuit Cusment lse VI=35V, T}=25°C 250 mA
Dropeut Voitage vd T=25C 20 v
UTC L7808 ELECTRICAL CHARACTERISTICS
{ V=14V, lo=0.5A, T]= D*C - 125°C, C1=0.33uF, Co=0.1uF, niess oMerwise speciiied J(Note 1)
PARAMETER SYMBOL TEST CONDITIONS MIN| TYP | MAX| UNIT
1}=25°C, 10°SmA - 1.0A 768 80 {832 Vv
Output Voage Vo Vi =10.5V to 23V, 7.60 820 | Vv
tO=5mA - 1.0A, PD<15W
Load Requiation AVD  [1]=25°C.lo=5mA - 1.5A 20 | mv
T]=25°C,l0=0.25A - 0.75A 40 | mv
Ling regulation AVG  [Vi=10.5V by 25V.¥]=25°C 80 | mv
V1 =10.5V b0 23V.T]=25°C ta= 1A 80 | mv
Quisecent Current iq T=25°C, lo=<1A 80 | mA
Quiescent Cument Change Axy Vi«10.5V b 23V 1.0 | mA
Al lo=5mA - 1.0A 05 | mA
Ourtput Noise Voltage VN 10HZe=tem100KHZ 58 pv
Tempesatura coafficient of Vo AVO/AT  [io-5mA 0.9 mvreC
Rppie Rejection RR Vi=11.5V [0 21.5V, 56 | 72 o8
= 120H2.Tj=25"C
Peall Output Current 1P 1]=25°C 1.8 A
Shoet-Ceeuit Current i8c Vi=35V, TP25°C 250 mA
Dropeat Voltage vd T]=25°C 20 v
UTC LM7809 ELECTRICAL CHARACTERISTICS
{ V=15V, 10=0.5A, T]= 0°C - 125°C, C1=0.33uF, Co=0.1uF, uniess otherwise specied jNote 1)
PARAMETER SYMBOL TEST CONDITIONS MIN | TYP | MAX | UNIT
Tj=25°C, I0=5mA - 1.04 B64| o0 | 936 | Vv
Outpit Voltage Vo Vi=11.5V o 24V, B.55 945 | v
Io=SmA -~ 1.0A.PD<1SW
Load Reguistion AVO  [1]=25°C.Jo=SmA- 1.5A4 90 | mv
T}=25°C,10=0.25A - 0.75A & | mv
Line reguiation AVo Vi=i15Vio 25V, 3] myv
T]=25°C. PD<15W
Vi=11.5V to 24V.T}~25°C, o1 | mv
Ipe~1A
Quiescent Current iq Tj=25°C, Jo=<1A 80 | ma
Quiescent Cument Change Al Vi=11.5V fo 24¥ 30 | ma
Alg  llo=SmA~1.04 05 | mA
Output Nolge Voltage YN 10Hze=t<= 100KHZ 58 W
Temperature coeficient of Vo AVOAT  |io=5ma -1.1 mvrec
Ripple Rejection RR Vi=12.5V lo 22.5V, s6 | 72 a8
=120Hz, T[=25°C
Peak Ouiput Coment [ Tje25C 1.8 A
Shorl-Circult Crarent Inc VI=35V, T}=25°C 250 mA
Dropout Voltage vd T]=25°C 20 v

UTC uUNISONIC TECHNOLOGIES CO., LTD.

OWRIM-O5.C

3
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UTCLM78XX LINEAR INTEGRATED CIRCUIT

UTC LM7810 ELECTRICAL CHARACTERISTICS

{ VI=16V, 10=0.5A, T]= 0°C - 125°C, C1=0.33uF, Co~0.1uF, inless otherwise specified J(Note 1)
PARAMETER SYMBOL TEST CONDITIONS MIN [ TYP [ MAXT UNIT
T]=25°C.lo=5mA-10A | 9.60| 10.0 [ 1040 WV
Output VoRage Vo V1 =12.5V o 25V, 9.50 1050] v
10=5MA - 1.0A,PD<=15W
Load Regtaation AVO  |T]=25°C.lo-SmA - 1.5A 100 | mv
T]+25°C,10~0.25A - D.75A 50 | mv
Line regulation AVD  [VI=13V 10 25V.T]=25°C 100 | mv
VI =13V Ip 25V, 100 | mv
T}=25°C.lo<~1A
Oulescent Current i T}=25°C, lo=<1A 60 | mA
Quiescent Cument Change Al V=126V i 25V 1.0 | mA
Alq  |lo=SmA - 1.0A 0.5 | mA
Output Nolse Valage VM |10HZ<=l<=100KHZ 8 uv
Temperature coemcleat of VO AYC/AT _|lo=5mA -1.1 VG
Ripple Rejection RR  |V1=13V- 23V f=120Hz.3]=25°C | 56 | 72 dB
Peax Output Cument trx__ |T]=25°C 18 A
Short-Cireult Cumend sz Vi=35V, Tp=25°C 250 mA
Dropout Voltage vd T|=25°C 20 v
UTC LM7812 ELECTRICAL CHARACTERISTICS
{ V=18V, 10=0.5A, T]= 0°C - 125°C, C1=0.33UF, Co~0.1uF, wiless othenwise specified YNote 1}
PARAMETER SYNMBOL TEST CONDITIONS 2N [ TYP [ MAX T UNIT
1]=25°C. lo~SmA-1.0A  |11.52| 12.0 [1248| v
output Vottage Vo VI=14.5V 10 27V, 11.40 1260 Vv
10~5MA - {.0A.PD<15W
Load Reguiation AVD  [Tj=25°C.Jo~SmA - 1.5 120 [ mv
T}=25°C.I0~0.25A - D.75A & | mv
Line requiation AVO  [Vi=14.5V bo 30V.T)=25°C 120 | mv
Vi=14.6V 10 27V,T]=25°C, 120 | mv
lo=1A
Quiescend Currernt 0] Tj=25°C. lo=<1A 8.0 mA
Quiescent Current Change Alg  [vi=14.5V to 30V 10 [ ma
Alg |lo~SmA - 1.0A 05 | ma
Output Nolse Volage VM |10Hze=t<=40aRHZ 75 '
Temperature coefficient of Vo AVolAY  [lo~SmA 15 mVIC
Rippte Rejection RR  |Vs~15V - 25V f=120HzT}=25°C | 55 | 72 dB
Peak Output Cumrent I |T}=25°C 18 A
Shoe-Clrcult Current Isc__ IWi=35V, Ti=25°C 250 mA
Dropout Voltage vd  |1j-2stc 20 v
UTC UNISONIC TECHNOLOGIES CO. LTD. «
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UTCILM78XX LINEAR INTEGRATED CIRCUIT

UTC LM7815 ELECTRICAL CHARACTERISTICS
{W1=23V, lo=0.5A, T)~ 0°C - 125°C, C1=0.33uF, Co=0. 1uF, unless otherwiee specified

1)

PARAMETER SYMBOL TEST CONDITIONS MIN | TYP | MAX | UNIT
T-25°C. lo~SmA- 104 |14.40| 150 J1560! v
Output Vofiage Vo VI =17.5V B0 30V, 1425 1575 V
Yo=5mA - 1.0A.PD<15W
Load Reguiation AVo  [T]=25°C.lo~SmA - 1.5A 1% | mv
T]=25°C.10=0.25A - D.75A 75 | mv
Line reguiation AVo  [Wi=18.5V to 30V.T]+25°C 150 | mv
Vi=17.7V to 30V, 150 | mv
T]=25°C. lo =14
Quiagcent Current ig T]=25°C, lo=<1A 8.0 | mA
CQulescent Current Change Ay [Mi=17.5V to 30V 10 | ma
Alq Io=SmA - 1.0A 05 | mA
Output Nolse Vollage VM 10HZ<~Fe=100KHZ 90 uv
Temperature coeficient of VD AVO/AT  |lo-SmA -1.8 mVC
Ripple Rejection RR  |Wi=18.5V to 28.5V s4 | 70 o8
1=120Hz,T}=25°C
Peak Output Current i |T-2stc 1.8 A
Shoat-Clroult Cusrent e [Vi=35W, T}25°C 250 mA
Dropout Voitage vd Tj=25°C 20 v
UTC LM7818 ELECTRICAL CHARACTERISTICS
{ VI=27V, 10=0.5A, T]= D°C - 125°C, C1-~D.330F, Co~0.1uF, iniess otherwise Epecied JNate 1)
PARAMETER SYMBOU TEST CONDITIONS MINT TYP | MAX| GNIT
1]=25°C, lo~SmA - 1.0A  |17.28| 180 |1872] Vv
Ouiput Voltage Vo Vi =21V $0 33V ic=SmA - 1.0A [17.10 1m0 vV
Load Reguiation AVO  [T]=25°C.lo=SmA - 1.5A 160 | mv
T)=25°C.I0~0.25A - 0.754 90 | mv
Line reguiation AVD  [W1=21V 1o 33V.TJ=25°C 150 | mv
Vi =21V to 33V, 180 | mv
T]=25°C, i0 ~<1A.PD=15W
Q nt Current [ T]=25°C, to=<tA 80 | ma
Quisscent Cunent Change AR V1 -21.5V to 33V 1.0 mA
Alg 10-5MA - 1.0A 0.5 | ma
Output Nolse Vorage Vi 10HZe~T<=100KH2 110 w
Temperature coeficient of VO AVotAT  [10=5mA 22 mveC
Ripple Rejection RR  |Vi=22v-32ve-120Hz Tp=25"C | 3 | 69 o8
Peax Owtput Cumrent 1P T]=25°C 1.8 A
Shon-Crcult Current Isc  |VI=35V, Tj=25°C 250 mA
Dropaut Voltage vd Tj=25°C 20 v
UTC uNISONIC TECHNOLOGIES CO.,LTD. s
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APPENDIX I

PROCEEDINGS

® Appendix I-1: Design of Regenerative Braking System for an Electric
Vehicle (EV) Modified from Used Car

® Appendix I-2 : Brake Force Control Scheme for Integration of
Conventional and Regenerative Braking Systems of Retrofitted Electric

Vehicles
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Appendix I-1: Design of Regenerative Braking System for an Electric Vehicle
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Abstract

In general one of the main objectives of regenerative braking system is to recover as much as
possible kinetic energy while braking instead of being dispersed in form of heat by only friction brake. In
Electric Vehicle (EV) with regenerative braking system, most braking energy is converted to electrical
form via generator switched from its motor, and stored in storage device or battery to use in vehicle's
electric application or use to propel itself. Thus, the EV with regenerative braking system can extend
driving range. In this study, a prototype of the EV is modified from an intemal combustion engine vehicle.
The regenerative algorithm and equipment, based on a conventional braking system of this EV, are
presented and its functional validation is investigated by using numerical simulation. Regarding the
braking torque distribution between regenerative and friction brake, the available regenerative torque from
electric motor is computed depending on current vehicle velocity, the torque characteristic of the motor-
generator, and the state of charge (8OC) of the Li-lon batteries. The friction brake torque of driven
wheels, front wheel, will be reduced equal to regenerative torque by reducing brake fluid pressure. To
determine the regenerative system efficiency, three regenerative strategies are investigated: non-modified
braking system, modified braking system with emulated ABS signal, and modified braking system with
brake fluid distribution in master cylinder. In this study, the criteria for analyzing these regenerative
systems are energy recovery, and braking performance represented by braking distance. The simulated
results indicate that the regenerative strategy of modified braking system with emulated ABS signal is the
most proper in this study.
Key words: Regenerative braking system, Electric vehicle (EV)

1. Introduction priced altemative energy such as Gasohol,

Since the crisis of the price of fossil oil Biodiesel, Liquid Petroleum Gas (LPG) or

on the world market rising higher almost every Compressed Natural Gas (CNG). Especially,
time directly affects to Thailand, making most LPG and CNG are mostly popular because of

vehicle users turning the behavior to utilize low- their cheap prices per unit and the inexpensive
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budget of installation. However, the concerns
about emission problem like carbon dioxide
quantity or greenhouse effect still continuously
take place. One of the measures of reducing
traffic emission is to propel to use natural
friendly vehicles for instance Battery electric
vehicle (BEV). Since EV is still expensive and
not widespread, the expected tendency of using
the EV in Thailand should be alike the utilization
LPG or CNG being altemative energy in that the
conventional internal combustion engine used
cars are modified to be EV.

Regenerative braking system is a
significant part of EV, which is responsible for
recovering potential and kinetic energy during
vehicle braking and storing it into energy storage
device instead of dissipating in heat form by
fiction brake. The stored energy is utilized to
propel vehicle [1] or to supply vehicle’s electrical
application. Regenerative braking system is an
effective means to prolong the driving range of
EV and also to improve fuel consumption rate of
Hybrid Electric Vehicle (HEV), particularly for the
vehicle that mainly runs in high frequent stop
and go condition such as city traffic [2]. The past
researches have suggested that an HEV's
driving range in urban can be extended between
14 and 40% by using regenerative brake [3], [4).

In general, the regenerative braking
system is collaborated with the conventional
friction brake because of following reasons. The
first one is that the available brake torque of
motor-generator, while emergency braking
occurs, is not large enough to fulfill such huge
braking requirement. The second reason is that
in such condition as high voltage of the energy
storage component, high state of battery's
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charge (SOC), or high temperature to damage
battery, regenerative brake cannot be operated
since the reason of the damage to battery [5].

Some relevant reports of regenerative
braking system that have been proposed are
presented. Y.Gao et al [6] suggests the
regenerative model and algorithm for EV and
HEV focusing on vehicle stability by controlling
brake force between front and rear wheels.
M.Pabagiotidis et. al. [7] proposes controlling
algorithm and regenerative model using specific
simulation software. This algorithm relies on
Look-up table to provide brake force distribution
into front and rear wheels as well as generator.
H.Yeo et. al. [8] proposes hydraulic braking
module for regenerative braking system and
algorithm for controlling regenerative braking
module and continuously variable transmission
{CVT). Neverthelese, all above regenerative
systems are designed for frontfrear split circuit
braking system that cannot be applied for a
passenger car with cross link circuit braking
system.

The objective  of this paper is to
determine the most proper regenerative system
for an EV modified from used car equipped with
cross link circuit braking system and anti-lock
brake system (ABS). In this study, a total of
three strategies are proposed. The difference of
each model is the method of controlling the
brake fluid distribution into the regenerative and
the mechanical braking system. The
performance of each strategy is executed by
numerical simulation. The design criteria are
regenerative energy and braking performance
represented by braking distance.
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2. Regenerative braking strategy

The layout of internal combustion engine
(ICE) vehicle and electric vehicle are shown in
Figure 1 and 2 respectively. The platform of this
|ICE vehicle is front engine, front drive (FF) using
manual transmission. Its braking system is cross
link circuit or X layout with four wheel disk
brakes and anti-lock brake system (ABS). The
modification from engine into electric vehicle is
achieved by installing motor-generator (MG)
instead of engine and changing the manual
transmission into  fixed transmission since
electric motor does not need complex-ratio
transmission so as engine to maintain optimal
operation on the fuel economy region. Thus, this
vehicle platform is still the FF, front motor, front
drive. Because regenerative torque needs
medium to send this brake torque into driven
wheel, the vehicle platform is factor defining that
only driven wheel, front wheel in this case, can
contribute regenerative braking power.
Therefore, front wheels are cooperated by
regenerative and friction brake force while rear
wheels have only friction brake operation.

2.1 Non-modified braking system

Based on this regenerative strategy,
shown in figure 2, conventional braking system
is applied without modification. During braking,
the mechanical braking system is operated
independent of regenerative process. In this
case, the pressure of brake fluid at front wheel
remains as conventional. Thus, while
regenerative brake operates at front wheels, the
amount of front brake force is higher than
normally required brake force. Nevertheless, the
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concemn about front wheel locking is resolved by
ABS that automatically reduces brake pressure if
wheel locking takes place.

Internal
Combustion
Engine

Manual
Transmission

T Brake Fluid Line
-~ - |Aheel Speed Signal
Fig. 1 Layout of the ICE vehicle and braking

system

Brake Fluid Line

- = - \Wheel Speed Signal
0—0 Hectric Line

Fig. 2 Layout of the EV and braking system
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2.2 Modified braking system with emulated
ABS signal

The objective of this system is to allow
regenerative system can obtain as much energy
as possible by reducing friction brake force be
equal to a quantity of regenerative brake force.
The layout of modified braking system with
emulated ABS signal is shown in Figure 3. The
modification is to trap front wheel speed signal
to regenerative control unit (RCU) and then send
emulated wheel speed signal to ABS control unit
to simulate the wheel locking-up situation.
Consequently, ABS control unit will automatically
reduce brake fluid pressure at front wheel. On
one hand, if sum of regenerative and front
friction brake force is more than force of front
wheel requirement, emulated signal is sent to
reduce friction brake force. On the other hand, if
friction brake force is not enough, the RCU will
suddenly stop sending emulated signal to allow
ABS to increase proper friction brake force. The
designed algorithm of RCU can be described as
followed as to distribute friction brake and
regenerative brake force by using signal of
motor RPM, brake fluid pressure at Master
cylinder (Pm) and Caliper (Pe) and Battery SOC.

2.3 Modified braking system with brake fluid
distribution in master cylinder

Mechanism of this system is to control
solenoid valve to close brake fluid pressure by
using solenoid valve at the outlet of master
cylinder while a required brake force of four
wheels is lower than the available regenerative
brake force. The layout of this system is shown
in figure 4. The 4 wheel brake force can be
computed from outlet pressure of mater cylinder.
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Motor RPM and %SOC can be used to calculate
the regenerative brake force.

T Brake Fluid Line
«Pc)y Caliper Brake Pressure Signal

Pm)- Master Cylndes Pressure Signal
Fig. 3 Layout of regenerative system of modified
braking system with emulated ABS signal

~ = « Wheel Speed Signal
<P~ Master Cytinder Pressure Signal

Fig. 4 Layout of regenerative system of modified
braking system with brake fluid distribution in
master cylinder
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3. Regenerative Braking Algorithm

To manage brake force during using
regenerative brake, the first thing must be
achieved is to calculate magnitude of
regenerative brake torque at the front wheel.
This torque depends on the motor-generator
torque characteristic at given RPM (Trey motor).
gear ratio (i), and differential gear ratio (N,).
The Regenerative brake torque at front wheel

(Treg Fw) €an be represented as

TReg rw = TReg Motor "1~ Ng

In order to easily measure and compare
brake force, Trgrw IS converted fo be
" equivalent regenerative brake pressure (AP)
since all sensors used to measure brake force at
each point are pressure sensors and in
algorithm, brake force is compared by using
pressure. AP is equal to hydraulic pressure at
front caliper that should be reduced while
regenerative and friction brake collaborate.

TReg FW
AP = —=E— 9 2
AywcfXUX2Xr ) @
Where A,..s is the cylinder area of front caliper,
u is the friction coefficient, and r is the effective
radius of brake disk.

The strategy to control regenerative
system of modified braking system with
emulated ABS signal is shown in figure 5. The
brake assist (BA) is a mode automatically
increasing hydraulic brake pressure when the
pedal is suddenly pressed. If BA operates
meaning that this braking is in panic situation,
the brake pressure should not be reduced by all
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means. When the braking is not on BA mode,
the RCU calculates AP by using equation (2)
and then multiply by Weight Factor, function of
battery SOC, shown in Figure 6. In this study,
weight factor equals to one at SOC range of 0-
80% to increase battery SOC level but at range
of 80-100%, weight factor linearly decline to
protect battery damage of overcharging. If AP*,
referred to available regenerative brake force, is
larger than P, — P., RCU sends emulated signal
to ABS control unit making ABS automatically
reduces friction brake force (P.). Where P, is
master cylinder pressure referred to required
brake force, P. is caliper pressure referred to
friction brake force. If AP® is smaller than the
difference of P, and P, RCU stops sending
emulated signal to increase brake friction brake
force .

s

2 ¥
| i pedi—
¥ ' ‘\»uzipm -

—

i
{_ Calalate 8P |
[CAP=3P Wk ]
: Senving T e, |
P L ey
e i, S
%end )
Luring Signal |
Fig. 5 Strategy flow chart of regenerative system
of modified braking system with emulated ABS

L]

Lutir nal

In Figure 7, the strategy for regenerative
system modified braking system with brake fluid
distribution in master cylinder is presented. Most
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of it is same to the first strategy but the
difference is that AP*and only P, is compared to
drive solenoid valve to control hydraulic brake
pressure. P, is sum total of both hydraulic
pressures at master cylinder outlet. If AP* is
more than B,,, RCU drives solenoid to cut brake
pressure. On the other hand, RCU stops driving
solenoid to open hydraulic pressure normally.

-
:
T 05 4
2
0 N — —— s
0 20 40 0 80
S0C,%
Fig. 6 Weight Factor vs. Battery SOG%
[“Kf.il T ]
©__—Brake Pedal—_"
: . Dperate ,,,,f}i
Ty y
| "~ {e’ =t yes
i 7 Regen ™[
| (CHod ] = operate "
b <o W
. ___EIE J oy ~“Brake .
e Assist =
% “-gperate =
[ Check AP from Chart | [Told™)
T . Sl
(P3P xWi. )
SensingFy ]
APy
[ Drive )

Fig. 7 Strategy flow chart of regenerative system
of modified braking system with brake fluid
distribution in master cylinder

4. Simulation Model

Four models are implemented by using
MATLAB Simulink software and use same
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parameters shown in Table. 1. All models
consist of model of conventional braking system
with ABS and regenerative system of non-
modified braking system, modified braking
system with emulated ABS signal, and modified
braking system with brake fluid distribution in
master cylinder. The model of conventional
brake with ABS is made to compare braking
distance and braking pressure contour with all
model of regenerative.

Table 1 Total parameter of vehicle

Motor
Peak torque 240 Nm
Peak Power 75 kW
Transmission system
Fixed gear ratio (i) 1.303
Rear axle gear ratio (Nd) 4.294
Vehicle
Vehicle mass (m) 1520 kg
Frontal area (dA) 2.146 m?
Drag coefficient (Cd) 0.35
Tire radius (Rt) 0.32m

Siraulation flowchart is shown in figure 8
in which each box is represented as component
of caleulation. The initial value of this simulation
is brake demand and vehicle speed. Started
from brake demand, brake pressure signal in
hydraulic pressure box is controlled by ABS
control unit box from which the result is friction
brake torque. In case of regenerative operation,
the controlling signal of regenerative box is send
to control friction brake force. Vehicle speed can
be used to calculate stopping distance of vehicle
and wheel speed can be used to calculate motor
torque available by using motor-torque look-up
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table. The vehicle and wheel speed are also
used to calculate slip rate to send to ABS
control unit and find friction coefficient (Mu)
between road and tire surface at Mu-slip look-up
table. The friction coefficient is used to calculate
vehicle speed and inertia torque of vehicle.
Regenerative energy is computed from wheel
RPM and generator torque in Regenerative

energy box.
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Fig. 8 Simulation Model

5. Simulation result and discussion

The percentage of braking distance is
shown in Fig. 9 comparing that braking distance
of conventional brake with ABS is equal to
100%. By the result, all regenerative system can
reduce brake distance since they have additional
brake force from regenerative braking. The
lowest braking distance is of regenerative
system of non-modified braking system because
no strategy is used to reduce friction brake force
while regenerative brake force works together.
The medium braking distance is of regenerative
system of modified braking system with brake
fluid distribution in master cylinder since it cut
brake pressure during only starting point. The
greatest braking distance of three regenerative
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systems and nearest to conventional braking
distance is of regenerative system of modified
braking system with emulated ABS signal
because it have the strategy to decrease friction
brake force corresponding to regenerative brake
force all the operation time.

Fig. 10 shows front wheel brake
pressure contour of four models. The green line
is brake pressure at master cylinder or
demanded brake force and the blue line is brake
pressure at front brake caliper. Fig. 10(a) is
brake pressure of conventional brake with ABS.
The brake pressure of master cylinder is equal
to brake-caliper pressure meaning that ABS still
has not operated. Figure 10(b) shows brake-
pressure contour of regenerative system of non-
modified braking system. Since, this system,
front wheel have two brake forces working
together but it has not used any strategy to
lessen friction brake force making front wheel
locking. Hence, ABS has operated to diminish
friction brake force showing of blue line. Figure
10(c) is brake pressure outline of regenerative
system of modified braking system with
emulated ABS signal. The pressure friction
brake is lower than required brake pressure
corresponding to regenerative brake force
owning to its strategy. Figure 10(d) provides
brake pressure of regenerative system of
modified braking system with brake fluid
distribution in master cylinder. The strategy
outcome of this system is only the period of 0-
1.2 second that caliper brake pressure is equal
to zero because of cutting hydraulic pressure by
solenoid valve. However, the result of pressure
reduction at the second of 2.8-4.3 is of ABS

operation.
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Fig. 10 Brake pressure contour

a) Conventional braking system with ABS

b) Non-modified braking system

c) Modified braking system with emulated
ABS signal

d) Modified braking system with brake fluid
distribution in master cylinder

Regenerative energy of each system is
different depending on controlling the friction
brake force, pressure at front brake caliper. The
regenerative system of modified braking system
with emulated ABS signal so work properly that
it is the first one that can provide energy the

(]
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most of any regenerative system in this study.
The energy gave by regenerative system of
modified braking system with brake fluid
distribution in master cylinder is second order
since it have pressure controlling only in starting
The lowest provided energy
regenerative system of non-modified braking

time. is of

system because of no friction brake reduction
strategy.

— Non modihed braking sysiem
20 === Modihed braking system with emufated AUS signal
_____ Musfiliond Besakinng spserns with hoske: Tkl disdriliotine
mmacicr cyinder
£y
>
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Fig. 10 Regenerative energy of each system

6. Conclusion

In this study,
regenerative braking strategies are examined by
using MATLAB Simulink software. The braking
situations are simulated to test design criteria of
braking performance focused on braking
distance

three candidates of

and regenerative energy. The
regenerative strategy of modified braking system
with emulated ABS signal is the most proper in
this study. Nevertheless, these criteria results
must be validated in next phrase and also to
investigate other criteria such as cost and

feasibility.
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Appendix I-2 : Brake Force Control Scheme for Integration of Conventional and

Regenerative Braking Systems of Retrofitted Electric Vehicles
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Abstract

This paper proposes a new brake force control scheme for retrofitted Electric Vehicles (EVs). This
scheme allows a conventional anti-lock braking system and a regenerative braking system to be
seamlessly integrated with minor modification of the original system and yet provides the braking
performance identical to the onginal braking system The main idea of this scheme is to maintain the
overall braking force to be as close as the brake demand given by a driver by utilizing a wnique feature of
an anti-lock braking system (ABS). To achieve this during a brake situation, an emmiated “Lock™ signal is
sent to the ABS control unit to decrease the mechanical brake force down until the amount of reduced
force is equal to the available regenerative one. Besides. the performance of this retrofifted braking
system is evaluated by simulations based on four design aspects. which are energy efficiency. passenger
Keywords: Brake force control, Regenerative brake, Electric vehicle, Anti-lock braking system (ABS)

1. Introduction

As currently kmown, the global warming has
mueasmgly become an important worldwide
issue. It is believed that its cause is the increase of
concentrations of greenhounse gases in the Earth’s
atmosphere. Examples of the greenhouse gases
are carbon dioxide. nitrous oxide, efc. From the
examples, one can obviously determine that one
of the primary sources of fhese greenhouse gas
emissions is the buming of fossil fuels,
particularly automobile emissions. Thus, one way
to mitigate this global-warming issue is to reduce
the amount of the greenhouse gases emitted to the
atmosphere. Changes of use from Combustion-
Engine (CE) vehicles to electrical ones may be
one of the possible solutions to help alleviating
this issue, since an Electric Vehicle (EV) virtually
has zero emission. Nometheless, in some
countries, especially developing countries, the use
of EVs is still not widespread and not affordable
due to its high cost. Therefore, there is an idea to
study the retrofit of a combustion-engine
production car to be an electric one.

Typically, a production EV is manufactured
with a braking system that not only provides a
braking force but also can recover some energy
during braking. and this system is called a
regenerative braking system In this system. a
propelling motor of an EV can function as an
electrical generator converting braking energy
into electrical one that can be stored in an energy
storage device or used in electrical applications.
To modify a CE production car to a retrofitted
electric one, the add-on regeperative braking
system should well cooperate with the original
braking system The main reasons that the
frictional brake cannot be completely discarded
from the retrofitted EV are that the solo
regenerative brake cannot provide adequate
situation, and the regenerative brake canmot be
operated under some circumstances, for instance,
the cases of high battery temperature and/or
battery’s high state of charge (SOC) [1].

There have been various modification
schemes proposed. Most schemes are suitable for
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a car with a front-rear split circuit braking system.
Examples are the work of Gao et al[2] that
presents the regenerative braking system for
controlling the front and rear braking forces of
EVs and hybrid EVs and the work of Pabagiotidis
et al. [3] that proposes the regenerative braking
algorithm for allocating the braking forces based
on a look-up table. Further, Feng ef al[1]. Jang
et. al[4]. and Yeo ef. al[5] introduce hydraulic
brake modules used in their regenerative braking
systems that can solely be applied fo the fromt-
rear split circuits. However, braking systems of
modern sub-compact and compact production
cars are the cross-link circuit type; thus, the
previously proposed schemes are not compatible
with them Besides, these schemes require major
modification of the braking systems and high-cost
equipment. Most of the braking components nmust
be replaced with specifically designed parts.
Another scheme is the parallel regenerative
braking system that can be integrated with all
types of braking circmits. Nonetheless, its
efficiency is relatively low, and it generates non-
conventional brake force distribution, resulting in
negative driving comfort. Consequently, this
paper proposes a new brake force control strategy
and a new modification scheme that allows a
regenerative braking system to be seamlessly
integrated into all types of conventional friction
braking systems in retrofifted EVs with slight
modification of the braking systems. This scheme
makes use of a feature of a standard Amti-lock
Braking System (ABS) to provide a brake force
distribution identical to that of the conventional
braking system. Furthermore, the performance of
the proposed method is investigated by
simulations based on four design criteria:
regenerative energy efficiency, ride comfort,

The remainder of the paper is organized as
follows: Section 2 introduces the new
modification scheme of the braking system called
the universal hydranlic module for a regenerative
braking system. The new concept of brake force
comtrol strategy is presented in Section 3. Section
4 brefly gives an introduction to parallel
regenerative braking system used as a benchmark
to the proposed system. Simmlation results and
discussions are given in Section 5. Conclusions
then summarize the key points of this paper.

2. Universal Hydraulic Module for
RrgenentrahngSvs(em
The diagram of a conventional braking
system called the cross-link circuit type is shown
in Fig 1. This braking system is typically used in

The 3* TSME Infernational Conference on Mechanical

136

October 2012, Chiang Ra

modern passenger cars. To modify this system to
be a regenerative braking one used in a retrofitted
EV, the schematic in Fig. 2 is proposed. In a
retrofitted EV, an engine is replaced by a
propelling motor that can perform as a generator.
An additional regenerative braking control unit is
required in this scheme to manage proper braking
forces among the conventional and regenerative
braking systems. A pressure sensor is installed to
acquire the hydranlic pressure in the masfer
cylinder, and the other two are used to obtain the
pressures in both front brake calipers. The signals
from the pressure sensors are then given to the
regenerative braking control unit. and so are those
of the motor’s angular speed and battery’s state of
charge (SOC). In addition, the signals transmitted
from the front wheel-speed sensors are rerouted
to the regenerative braking control unit instead of
the ABS control unit.

Imtemal
Combisiion

T Erakie Pk Line
Wheel Sgieed Sigead

Xapedlnu

Fig. 1 Cross-link circuit braking system
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Fig. 2 Universal hydraulic module for
regenerative braking system
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3. Proposed Regenerative Braking Strategy

In a standard braking system of a modem
passenger car, there commonly are an ABS and
its control unit that regulates braking forces. The
ABS inherits a unique feature that can
automatically release the brake pressure while the
wheels are being locked up during braking.
Hence, the brake force control scheme proposed
in this work wutilizes this feature of the ABS. To
recover some energy duoning braking, an
additional regenerative brake control unit sends
an emmlated “Wheel Lock-up” signal to the ABS
control unit to lower the pressure of the frictional

brake system_ resulting in the reduced brake force.

The amount of this reduced brake force is then
subsidized by that of the regenerative one. Fig. 3
summarizes this novel concept of the brake force
control scheme.

The scheme starts working once the brake
pedal is activated. The regenerative braking
control unit is going to measure the pressure in
the master cylinder to determine the brake
demand requested by a dover. Besides, the
pressures in the front brake calipers are obtained.
The pressures in the masfer cylinder and brake
calipers are respectively converted to the
demanded forque (Tpemana) and the front wheel

frictional brake 101g0e (o sw) by using Eq. 1
and Eq. 2:

Tpemand = Pmaster X Awes X U X 2 XT 1)
Trriction Fw = Pealiper Fw X Awct X R X 2 X T (2)

where Ppgorer is the brake pressure in the master
cylinder, Pcaliper is the pressure in the brake
caliper, A,,¢is the cylinder area of fromnt caliper.
pis the friction coefficient, and ris the effective
radins of brake disk.

with the process described
above, the control unit reads the motor’s angular
speed and the battery’s state of charge fo
calculate the available regenerative motor brake
torque ( TReg avp ) by using the following
equation”

Treg avb = TREM)X W(SOC)  (3)

Where, T(RPM) is the current motor forque
the motor’s angular speed. The weight factor (W).
which is the function of battery SOC, is
illastrated in Fig. 4. The weight factor is assigned
to be one from SOC = 0% to SOC = 80%.
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meaning the battery is fully capable of charging.
In the SOC range of 80%-90%, the weight factor
is linearly decreased from one to zero. From SOC
= 90% onwards. the weight factor is set to be zero
to protect the battery from overcharging.

—-4

October 2012, Chiang Rai

luah-l.unl J

A:un-in.u “huﬂun- ateie
fhrace dwamd :ni 4 d vy 302

Asgpae bydrmias :-muuula adzsm | l

S, .-:L wdya

Cudodd: avanzl -.s.;..‘. EEETERIELL

Salaulabs frven, edic s binada besgas desnasd
e ramanie I:qu_anluma vimdic pussa s

xute DT Typg et
Trgeat e «l’nmn DR
M6 viw g s TPPLox WISOCTH)

Mitwns ™ o v Xy ™ b SN

2 o
Trag ez = - 2

Toceanrs< Fegtpa Fn % A% 0 € 3 571

Outermine i2at
- » (Thogiex W Vo Dot * Thagat
SRKEY T vown i Tiur Orsmat 5 S 4t

Swdisriis casamd [Ty o wde !
»&vam

1lios o0 ™ Sag i e X 1% B

T

lanminaic ity Serd
Fraiwrengpral

trmudaisdiigral

r Cladas So v h.luh.:a-'wu I

Fig. 3 Flowchart of proposed regenerative
braking strategy

ot Factor
&

o ——— N, |

-
u a0 U 0o LY w

S0C %

Fig_ 4 Weight Factor vs. Battery SOC

Using Eq. 4. the pressure in the master cylinder is
converted to the regenerative torque demand

P, NPX2XT
Tmmm:————m)::;: o @
Where, i is the gear ratio and Nq is the differential
gear ratio. In the case that the regenerative torque
demand is less than the available regenerative
motor torque, if is necessary fo regulate the motor
torque not to exceed the demand Thus. the
condition in Eq. 5 is defined:

1 [ Treg Avb i Toeg Demand > Theg Avh
Reg Motor
Th_na—ul ‘f Tw = Tleg_‘.‘h
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As a command, this torque is also sent to the
inverter. Based on this torque, the gear ratio (i),
and the differential gear ratio (Ny). the front
wheel regenerative torque is calculated by using
Eq. 6.

TReg Fw = TReg Motor X i X Ng (©)

After obfaining all of the necessary
parameters, the regenerative brake confrol umit
checks if the demanded torque given by the driver
is equal fo the summation of the fromt wheel
frictional brake torque and the front wheel
regenerative forque. In the case that the condition
is false, the conmtrol uanit feeds an emulated
“Wheel Lock-up” signal to the ABS control unit
to decrease the braking force of the frictional
braking system such that the reduced braking
force is as close as to that provided by the
regenerative system.

4. Parallel Regenerative Braking Scheme

Parallel regenerative braking scheme is one
of the conventional systems, which requires no
modification on the conventional braking system,
meaning that it has no intelligent friction brake
force control policy. Based on this regenerative
scheme, the regenerative brake force generated by
the motor is provided in parallel with friction
brake force at front wheel The procedure of the
parallel regenerative scheme is to control the
amount of the regenerative brake force
corresponding to brake pedal traveling until the
brake force limitation is reached. In the mean
time, the friction brake force is applied according
to braking demand similarly to those of the
conventional brake. As a result, the total brake
force at front wheel is over-demanded.
Consequently, the low energy efficiency is an
inherent drawback because of the regenerative
brake force limitation. One of its disadvantages is
the higher longitudinal deceleration during
braking situation due to the longitudinal load
transfer which leads to a negative passenger ride
comfort.

5. Simulation Results and Discussions

In order to compare the performance of
proposed scheme with that of conventional

sinmulation software, MATLAB Sinmlink The
sinmlation model is composed of the dynamic
model of vehicle as well as the braking system
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equipped with the ABS system. The
used in the simmlation are shown in Table 1.

Table 1 Simmlation parameters
Motor
Peak torque 240 Nm
Peak Power S EW
Transmission system
Fixed gear ratio (i) 1.303
Rear axle gear ratio (Ng) 4.294
Vehicle
Vehicle mass 1520 kg
Tire radius 032m
Brake pad friction coefficient 04
Front piston diameter 57 mm
Rear piston diameter 29.1 mm
Front disc effective radius 108.5 mm
Rear disc effective radius 103.3 mm
ann
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Fig. 5 Simmlation results of proposed scheme

£

The simulation results during the braking
situation of the proposed scheme are illustrated in
Fig. 5. Fig. 5a presents the brake pressure in the
outlet of the master cylinder and brake caliper.
Master cylinder pressure is represented as brake
requirement of driver and brake caliper pressure
stands for amount of front friction brake force
during cooperating with regenerative brake. Fig.
5b shows vehicle speed from 100 to zero km/h in
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around 6.7 second. Fig. 5c shows accummlative
braking distance. Fig. 5d, Fig. 5e and Fig. 5f
show the regenerative brake forque. front wheels
friction brake torque and brake torque required by
driver respectively. From the brake torque results
as shown in Fig. 5d. Fig. 5d and Fig. 5f at period
of 0 to 1 second. only regenerative torque is
performed corresponding to brake torque
demand. After that period, regenerative brake
collaborates with friction brake and summation of
both equal fo braking torque requirement.

Fig. 6 illustrates simmlation results of
conventional braking system based on similar
condition of brake force command. As a result,
both of proposed regenerative system and
conventional braking system provide same
characteristic of vehicle speed and braking
distance. Consequently. it can be expected that
the similar passenger ride comfort is achieved as
one of the conventional braking system.
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Fig. 6 Sinmlation resulis of conventional brake

Fig. 7 show sinmlation results of parallel
scheme. In Fig. 7a, brake pressure of this scheme
is shown. The pressure in the outlet of master
cylinder and brake caliper is on the same line,
since there is no friction brake force control. The
resulted brake pressure of zero at the first half
second is cansed by the free gap range of brake
pedal. This scheme develops regenerative brake
depressed in the free gap range. In another word,
only regenerative brake force is provided at the
first haft second. Fig. 7b and 7c show vehicle
speed and braking distance respectively. Fig. 7d
show regenerative brake torque corresponding fo
its scheme in which regenerative braking torque
develops according fo the brake demand until it
reaches brake torque limifation. Fig. 7e presents
friction brake torque in compliance with the brake
pressure as presented in Fig. 7a. As illustrated in
Fig. 7f, the brake torque demand is shown in
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comparison to the overall brake torque acting on
front wheel. At the period of the first haft second.
front wheel brake forque is same as bake torque
requirement but after passing the free gap. front

wheel brake torque is over demand.
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Fig 7 Simulation results of parallel scheme

As a result of simnlation illustrated in Fig. 8,
the level of the accumulative regenerative
efficiency is depending on the reduction of
mechanical brake force. Consequently. the
regenerative braking system without friction
brake force control, parallel scheme. shows the
lower accummlative regenerative efficiency than
those of the proposed scheme. Due fo the
controlled brake force reduction at front wheels
during the entire braking process, the regenerative
braking system with emmlated “Wheel locking
up” ABS signal reaches the higher accumulative
efficiency.

The longitudinal load transfer ratio during
braking period is defined as a vertical load which
is transferred from rear tire fo front tire due to
deceleration and inertial effects in the
longitudinal direction. As shown in Fig. 9. the
higher load transfer ratio, which theoretically
effects negative passenger ride comfort. is
reached by the regenerative parallel scheme. A
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lower level of load transfer matio and 6. Conclusions

corresponding higher comfort, which is similar to
one of conventional vehicle, is reached by the

proposed regenerative braking strategy.
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A comparison of the braking distance of
conventional braking system, the regenerative
braking system of proposed scheme and parallel
scheme are shown in Fig. 10. The increase of the
braking distance of the conventional brake is
similar to ome of the proposed regenermative
scheme, since brake force distribution of both is
same. For parallel scheme regenerative, its
braking distance is smaller than one of the
conventional brake and proposed scheme due the
higher brake force at front wheel. Nevertheless,
the shorter braking distance caused by the over
demand of brake force can lead to the wheel
locking up in slippery road surface.
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Fig. 10 Braking distance

In this study, the proposed brake force
control scheme for a retrofitted electric vehicle is
described. Its performance and validity are
examined and compared with those of the
conventional braking system and the regenerative
parallel scheme using the simmlation software,
MATLAB Simmlink The emergency braking
sitnations are simulated to validate the design
criteria of braking performance focusing on the
regenerative efficiency, the passenger comfort,
the braking distance as well as the practicality.
The proposed regenerative scheme is the most
proper in this sfudy. The reasons are firstly it
offers higher efficiency. Secondly, this scheme
provides same longitudinal load fransfer as
conventional brake, which is lower than the one
of the parallel scheme leading to higher
passenger comfort. The simmlated braking
distance of proposed scheme is equal to that of
the conventional braking system which passes the
ECE 13H regulation In terms of practicality, a
mininmm of modification is required. Thus. the
application of the proposed regenerative braking
scheme as a retrofit solution for an EV is
reasonable

References

[1] Feag, W., Hu, Z., Xiao-jian, M., Lin, Y. and
Bin, Z. (2007) Regenerative Braking algorithm
for a Parallel Hybrid Electric Vehicle with
Contimuously Variable Transmission, Vehicular
Electronics and Safety, 2007 ICVES. Beijing
IEEE, 2007: 1-4.
[2] Gao, Y.. Chen, L. and Ehsani M. (1999)
l’!mesuytwn of the Effectiveness of Regenerative

for EV and HEV, Augunst 1999, SAE
Paper 1999-01-2910.
[3] Pabagiotidis, M., Delagrammatikas, G. and
Assanis. D. (2000) Development and Use of a
Regenerative Braking Model for Parallel Hybrid
Electric Vehicle, August 2000, SAE Paper 2000-
01-0995.
[4] Jang. S., Yeo, H., Kim C. and Kim H.
(2001). A Stady on Regenerative Braking for a
Parallel Hybnd Electric Vehicle, KSME
International Joumal, Vol. 15(11), Aungust 2001,
pp 1490-1498, 2001
[5] Yeo, H, Kim, D., Hwang, S. and Kim, H



141

BIOGRAPHY
Name: Mr. Saharat Chanthanumataporn
Date of Birth: November 27, 1986
Place of Birth: Bangkok, Thailand
Education:
2006-2009 B.Eng. in Mechanical Engineering, Faculty of Engineer and
Industrial Technology, Silpakorn University, Thailand
2010-2013 M.Eng. in Automotive Engineering (International program),

International College, King Mongkut’s Institute of Technology
Ladkrabang (KMITL), Thailand
Honor and Scholarships:
2010-2012 TAIST-Tokyo Tech scholarship, the Master’s Degree in
Automotive Engineering funded by National Science and
Technology Development Agency (NSTDA), Thailand
2011-2013 TGIST scholarship, Master’s Research funded by National
Science and Technology Development Agency (NSTDA),
Thailand
Publications:
1. Chanthanumataporn S., Lerspalungsanti S., and Pimsam M. 2011. “Design of
Regenerative Braking System for an Electric Vehicle (EV) Modified from Used Car.”

The 2nd TSME International Conference on Mechanical Engineering, Krabi, Thailand.

2. Chanthanumataporn S., Lerspalungsanti S., Lapapong S., Pimsarn M., and Yamakita M.
2012. “Brake Force Control Scheme for Integration of Conventional and Regenerative
Braking Systems of Retrofitted Electric Velicles.” The 3rd TSME International

Contference on Mechanical Engineering, Chiang Rai, Thailand.





