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ABSTRACT

Regenerative braking system has always been a very important feature in all hybrid
and full electric vehicles since it helps to improve on fuel economy, as well as
conserve energy efficiency. Unlike conventional vehicles which apply the friction
brake system and contribute to the loss of the kinetic energy in the form of heat
energy and friction, regenerative braking can conserve the energy lost during braking.
Issue is addressed as to why this project is carried out. There is a lack of regenerative
braking performance study for a bench-testing prototyping stage in retrofit conversion
of hybrid electric vehicles. Also, the current solution to implement a regenerative
braking system in existing vehicle part is costly. In this project, alternatives are first,
explored to design brake pedal assembly to detect brake pedal movement for
regenerative braking. In order to achieve this, a linear potentiometer is selected. This
is followed with the design of a voltage follower circuit to produce stable output
voltage to the motor controller. Then, configuration of the circuitry to the motor
controller is learnt and set-up. Last part of the step covers the monitoring and
experimentation of the performance for regenerative current by using the lab
equipment. The bench-testing is done in free or zero-load condition. Results obtained
showed a very little regenerative current being fed back into the battery when the
brake pedal is exerted at its maximum, with respect to different motor speed run.
Further work can be carried out to test the actual regenerative performance when the

prototype is fully mounted into the vehicle.
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CHAPTER 1
INTRODUCTION

1.1 Background of Study

In the world of globalisation today, three main types of vehicles can be observed on
the road, namely the conventional hydraulic vehicles, the hybrid electric vehicles
(HEV) and also the full electric vehicles (EV). Conventional vehicles run on internal
combustion engines powered by hydraulic pumps, while the hybrid electric vehicles
run by utilizing both conventional internal combustion engines (ICE) propulsion
system with an electric propulsion system. On the other hand, the full electric
vehicles fully apply the electric propulsion for moving. By retrofitting conversion of
hybrid electric vehicle, it simply means the addition or incorporation of electrical
generation systems and components into the conventional hydraulic vehicles to

enhance the energy efficiency and increase the output of the vehicles.

One of the key features in a hybrid electric vehicle is the regenerative braking system
(RBS). Itis actually a braking method that utilizes mechanical energy from the motor
to change the kinetic energy to electrical energy which will be stored in the battery
system. This help to conserve some of the kinetic energy that might be lost in the
form of heat energy and friction into the environment. During RBS activation when
the vehicle brakes or decelerates, the rotors being turned by the wheels of the HEV
will experience opposing torque in the form of current. This slows the vehicle, and

generated electrical is stored in the battery unit.

For the retrofit hybrid electric vehicle conversion, the focus is to maintain the current
conventional friction brake of the vehicle, while incorporating the RBS feature to
generate and store energy for vehicle’s usage. Several methods have been proposed
to implement and design the pedal brake with add-in RBS feature. Force from the
pedal brake will be measured by a linear sensor, and the output voltage signal will be
sent to a motor controller to justify how much torque speed should the rotor rotate.



From the controller, instructions are initialized to allow a feedback current flow in an

alternative way into the battery storage.

1.2 Problem statement

In most of the hybrid and full electric vehicles nowadays, regenerative braking
system often comes together as a whole with other related parts of the vehicles, being
customized and programmed accordingly to fit into the energy management system.
Therefore, there is a lack of regenerative braking performance study for a bench-
testing prototyping stage in retrofit conversion of hybrid electric vehicles, more
importantly for an academic form of study. On the other hand, the current solution to
implement a regenerative braking system in existing vehicle part (brake pedal) is
costly. This is due to high production from the automotive industries and the

introduction of high technology or features into the regenerative braking system.

In a retrofit conversion hybrid electric vehicle, one of the problems faced is also to
design a brake pedal assembly to collect data for regenerative braking system. In
other words, a challenge exist to implement a newly regenerative braking system into
the existing mechanical brake system - to retain the hydraulic brake for concurrent re-

gen along with mechanical braking.

1.3 Objectives

The project mainly serves to study the regenerative braking system of a modified
brake pedal assembly which is cheap in production and with minimal mechanical

modification. Sub-objectives of the project are listed below:

I. To incorporate a linear sensor onto existing pedal brake to measure brake
demand output.

ii. To construct a simple voltage follower circuit that outputs a stable voltage
from the sensor into the motor controller input.

iii. To configure the connection between brake demand output and the motor
controller.

Iv. To monitor the regenerative performance of the bench-test prototype using

the laboratory equipment.



1.4 Significance of the Project

Although the regenerative braking technology is considered a rather new technology,
the fact that it is applied in most of the electric and hybrid electric vehicles cannot be
denied. However, not all the vehicles apply and practice the same regenerative
braking system type. The project serves as a platform to study and explore on
alternative way to implement the regenerative braking system onto a conventional

vehicle part using the available materials, as well as to study the performance.

It is therefore significant to be further studied and implemented for future reference.
In the upcoming years, the automotive industries will be dominated by these electric
vehicles, so there is a need to explore on regenerative braking system in various ways.
With a better performance of regenerative braking system, not only it can save some
energy lost to the environment, it can also help to make this world a cleaner place to

live in.

1.5 Scope of Study

In this study, the main subjects under investigation in FYP 1:

i.  Type of potentiometer/sensor to be used
ii.  Configuration of the potentiometer to the existing pedal brake.
iii.  Design of a voltage follower circuit to produce a stable output.

And the aspects being studied which are carried out in FYP 2:

i.  Continued work progress from FYP 1
ii.  Circuitry connection from brake demand output to motor controller.
iii.  Monitoring and study of regenerative performance in bench-test prototyping

using laboratory equipment.

1.6 Relevancy of the Project

The project is relevant to be carried out as part of the Electrical and Electronic course
since it is basically related to energy regeneration field. The overall idea behind this
project is to regenerate and save the energy lost from braking into the battery storage
unit in hybrid electric vehicles. Throughout this project, the readers can benefit from
the learning of regenerative braking system.



1.7 Feasibility of the Project

The project is carried out in two semesters and basically covers several parts. This
includes research survey (literature reviews) for data collection, design of the brake
pedal with the linear sensor on it, purchasing of the components needed, fabricating
the pedal brake onto a bench-test and also monitoring the performance in terms of
current feedback into the battery and rotational speed of the brushless motor for

regenerative purposes via laboratory equipment.



CHAPTER 2
LITERATURE REVIEW

2.1 Regenerative Braking System

In conventional braking system, during the deceleration of stopping of vehicle, brake
pad is exerted with force to produce friction with the friction rotors. Between the road
surface and vehicles there exists an extra friction. With the presence of friction,
energy is lost in the form of kinetic energy to heat energy.

(www.howstuffswork.com)

On the other hand, in regenerative braking system, majority of the braking
mechanism is done by the system. When the brake pedal is pressed, signal is sent to
the controller which tells the electric motor to operate in a reverse mode. During
reverse mode, the inertia load of the vehicle in motion will continue to spin the DC
motor through gearing. In this case, the DC motor actually generates DC voltage
which will drive current to be fed into the battery for storage. Often, in most of the
hybrid electric vehicles, regenerative braking must come together with current
hydraulic friction braking [4]. The reason behind this is that it acts a back-up system

in cases where regenerative braking is not strong enough for the stopping power.
2.2 Layout Block and Working Principle

In the design of the overall regenerative braking system (RBS), there are several
components involved. Initially, the pedal brake design is involved, followed by the
controller, the electric motor drive and finally the battery storage. For the initial step,
the pedal brake design is foremost, important for measuring displacement variation to
be sent to a potentiometer/sensor. One of the criteria is that the brake must have the
same physical position and contact as the conventional friction brake pedal for
ergonomic purposes. Apart from that, the brake pedal must always maintain the

current friction braking process, at the same time implementing the RBS feature as



well [1]. Here, a suitable pedal assembly must be selected to fit into the conventional

vehicle which will be converted to hybrid electric vehicle.
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Figure 1: Regen-braking part in hybrid vehicles

A brake pedal system includes a brake pedal having a flexible arm with a first distal
end adapted to be mounted to the structure of a vehicle and a second distal end
having a foot pad. At least one sensor is mounted to the brake pedal and is adapted to
sense the amount of deflection of the brake pedal and send a corresponding signal. A
stop is adapted to be mounted within the vehicle at a distance from the brake pedal
such that the brake pedal will contact the stop after flexing a pre-determined
amount.” (United States Patent 6571661).

There are several types of sensor to be chosen on, based on their feasibility to be
implemented in the circuit. This includes angular, linear or rotational sensor. Angular
and rotational sensors have the advantage of easy to be mounted on brake bracket,
while the linear sensor is considerably economic in cost and commonly used in pedal

brake design. The maximum output voltage of the sensor must not exceed 5V to



avoid ECU overload [1]. From here, it is helpful to decide on the most economical

cost of the sensor implemented to meet the project’s specification and objective.

An electrical circuit to power a rotational sensor might be required to measure the
angular displacement of brake pedal linkage [1]. Hence, a design of the small electric
circuit consisting of various resistances and rotational sensor will also be needed. A
voltage follower circuit, with the inclusion of an operational amplifier is basically
needed in ensuring that the output voltage follows the input voltage.
(http://www.talkingelectronics.com/projects/OP-AMP/OP-AMP-1.html)

In order to calculate and measure the displacement of the pedal, a potentiometer is
also required in the pedal brake. This will output as voltage signal. The harder the
pedal is pressed, more resistance of the potentiometer dropped which permits higher
voltage flow to the Engine Control Unit (ECU) [1].

e

Linear Output —

Voltage Out Rotational Input —

User Force

Figure 2: Potentiometer position on the pedal arm

After the pedal brake design, output voltage from the potentiometer will be inked to
the brake controller to control the overall motor process initialization. The controller
is very important in the system as it involves in monitoring the wheels ‘speed and
determine the exact amount of torque for electricity generation [2]. In this project, the

recommended controller to be used involves the Kelly controller.

In a Kelly controller, there are three kinds of regenerative mode to be used. The first

type is the “Releasing Throttle Starts Regen” mode which initiates the starting of


http://www.talkingelectronics.com/projects/OP-AMP/OP-AMP-1.html

regen when the throttle is released. The second type is the “Brake Switch Regen”
which means the start of regen as soon as the brake switch is activated after the
throttle is released. The last type is the “0-5V Signal Regen” which simply indicates
that the level of regeneration can be adjusted by varying the signal. Therefore, a 0-5V
brake sensor must be identified and installed.

From the controller, algorithms are generated via programming coding to control
motor torque for regenerative braking purpose. The same principle applies for both
the electric vehicle and hybrid vehicle. The only difference is that the same algorithm
Is required for driving mode and braking mode in electrical vehicle. Depending on the
variable voltage input signal from 0-5V, the controller will respond by giving out
variable levels of regenerative braking which will control the level of regen-current

allowed to flow from the motor controller to the battery. (www.kellycontroller.com)

Derivation of the torque command from the pedal will be converted by the motor
controller into a three phase voltage with current characteristic to move the motor in
desired directions [2]. This three phase voltage-current waveforms is also known as
the control circuit for regenerative braking in the motor part. In this case the motor
used is the Brushless DC (BLDC) motor.
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Figure 3: Power inverter circuit for 3 phase BLDC control

With the BLDC motor used in this project, a DC source voltage is required to be
applied to the stator windings in orders to sustain rotation. Electronic switching with
the use of inverter is applied here. Figure below illustrates the current flow from the

three phase inverter circuit during normal motoring and regenerative braking [3].
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During the regenerative braking mode, current in the winding is toggles to flow in
reversed direction and supplied back into the battery. All switches are OFF and
current can flow back through the freewheeling diode of the high-phase high-side
switch, A (HIGH), through the battery and through the low-phase low-side switch, B
(LOW). The pulse width modulation PWM can be varied in order to control the level
of braking. The maximum level of regeneration occurs when the low-side switches
are all turned off [3].



Several publications for [4], [5], [6] and [7] are studied and reviewed but the detailed
contents are not relevant to the project scope of study which is on how to incorporate
the regenerative braking system in conventional friction pedal brake. Instead, the
publications as above describe more on the process control of the regenerative
braking system in terms of simulations, while others describe on other components of
regen-braking like the freewheel and brushless motor. Therefore, they can only be

considered as an extended study and not to be included in the literature review.
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CHAPTER 3
METHODOLOGY

3.1 Research Methodology and Project Activities

The methodology for conducting this project is more towards self-exploration on the
current solution implementations, and discovery of better ideas to design the
solutions. The project activities in this research consist mainly of technical works.
After thorough literature review is done, better solutions for the pedal brake design is
finalized. Components needed for the project are selected and purchased to start
implementing the hardware part of the brake pedal system. Lastly, the hardware

prototype is tested in the lab for performance comparison.
3.2 Experimental Procedures/Approach

The figure below shows the general procedures that will be implemented in this

project.

Table 1: General steps approach in the project

* Idea and research on how to design the modified brake pedal

with linear potentiometer and a voltage follower circuit.
)

-
« Purchasing of electrical components and brake pedal assembly

from vendors
Y

-
 Hardware implementation (fabrication & modification of pedal
brake - incorporate potentiometer).

-
« Configuration from brake demand output into motor controller

4 input for regenerative initialization
v

~

 Bench-testing in lab with monitoring using laboratory equipment

/

11



3.3 Flowchart

Brief research and literature

review

Design ideas for the modified

brake pedal assembly

Purchasing of hardware and
electrical components

Fabrication of pedal brake
assembly and stand

Configuration of sensor onto

pedal brake stand

Linear sensor

workable?
YES

Design of voltage follower
circuit
Connection to Kelly
Controller

Bench-test performance
testing
Monitoring and measurement
with lab equipments

Figure 6: Project Methodology
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3.4 Materials/Components

In this experiment, several components have been identified and purchased. The cost

for all the components used for the project is listed in the table below:

Table 2: Project's Material and Cost

Quantity | Part Description Purchased from | Price (each)
1 Pedal assembly Scraping centre RM 180
1 10 kilo-ohm linear | RS Malaysia RM4.92

potentiometer

1 Vero-board State Electronics RM 1.20
1 12 kilo-ohm resistor State Electronics RMO0.50
2 #4-40x1°Bolts ME Department -
2 #4-40 Nuts ME Department -
1 Long pieces wire EE Department -
1 Aluminium Linkage ME Department -
1 741 Op-amp State Electronics RMO0.60

1 Voltage Regulator LM7805 | State Electronics RM1.00

1 12V Battery State Electronics RM10.00

Total RM 198.22

Comparing the cost of this modified brake pedal (which has the linear potentiometer
mounted) with that of the available electronic brake pedal (approximately RM250-
RM350), it is found out that we are able to actually save up twice as much as the

electronic brake pedal.

Lab equipment involved:
a). Oscilloscope

b). Multimeter

¢). Tachometer

d). Clamp-meter

13



3.5 Key Milestones

Several key milestones for this research project must be achieved in order to meet the

objective of this project:

Problem Statement and Objective of the project

Identifying the purpose of this research project

V4

Literature Review

Gathering as much information as possible from various sources such
as journals and websites

4

Experiment Design

Identifying the field of study that need to be investigated and the
procedures, as well as the components/materials and the collection of
results

7

Data Analysis and Interpretation

The findings obtained are analyzed and interpreted critically.
Comparison with other literature readings will also be done.

N4

Documentation and Reporting

The whole research project will be documented and reported in detail.
Recommendations or aspects that can be further improved in the
future will also be discussed.

V4

Target completion

Brake design, bench-test and simulations.

Figure 7: Key Milestones

14



CHAPTER 4
RESULT AND DISCUSSIONS

Basically, there are five main parts for the project development:

1. Fabricating existing brake pedal onto a bracket stand with configuration to the
brushless (BLDC) motor for bench test purpose.

Design and configuration of the linear sensor onto the pedal brake assembly.
Design of a voltage follower circuit to output voltage in range of 0-5V.

Configuration of brake output demand to Kelly Controller.

o &~ N

Lab simulation to monitor regenerative current, using the lab equipment.
4.1 Fabricating Existing Pedal onto a Bracket Stand

The very first task involves purchasing a brake pedal from the scrapping center and
mounting it onto a made bracket stand using 4 bolts and nuts. The process was done

using the drilling machine in the mechanical lab.

Figure 8: Pedal brake assembly on bracket stand

The second part involves the work of mounting the brushless DC (BLDC) motor onto

the brake pedal assembly stand for experimentation.

15



Figure 9: Complete brake pedal assembly with BLDC motor
4.2 Design and Configuration of Linear Sensor onto Pedal Brake Assembly

In the first step of this stage, calculation has been performed to calculate the linear
sensor displacement upon the exertion of force onto the pedal brake. Illustration
below shows the working of it:

Potentiometer location to
be mounted

Figure 10: lllustration to design and calculate the position for linear sensor

16
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Figure 11: Measurement diagram

Firstly, we start calculating with the vector loop equation:
Wy + 2y =P — 21 —wy =0

By substituting the complex number equivalents for the position vectors:
welb(e/P2- 1) + ze/?(e/*?— 1) = p,, /%2

By substituting with the Euler equivalents:

w(cos6 + jsinB)((cosB, + jsinB,) — 1) + z(cosd + jsind)((cosa, + jsina,) — 1) =
p,1 (COSH,+ jsing,)

Separating into real component:
w c0s8(cosf,-1) - w sind sinf, + z cos (Cosa,-1) —z Sing Sina, = p,4SiNd,

Solving forp,;, so that the total displacement the linear sensor will encounter is
known using the following given values from the design:

w;=w, =26.5cm
7, =2, =7.0cm
0 = 95 degrees
B,= 348 degrees
¢ = 0 degrees

a, =4 degrees

These parameters give a value of p,; = 3.50 cm. Therefore, we expect to see a linear
travel of 3.5 cm of the linear sensor.
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From the displacement calculated and verified with on-spot measurement (3.5cm), a

suitable linear sensor has been ordered and purchased from RS Malaysia online store.

Figure 12: Linear sensor selected

PTA Series - Low Profile Slide Potentiometer BOURINS
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Figure 13: The datasheet for the linear sensor ordered
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In order to mount the linear potentiometer onto the pedal assembly as shown in
Figure 9, some considerations were taken into account. First, the sensor is made up of
aluminum which is light and not suitable to be bolted into the steel casing of the pedal

assembly, as this will damage the potentiometer.

Therefore, an idea suggested was to fabricate the potentiometer onto the perspex in
order to have a larger and harder surface for bolting purpose, without damaging the
linear sensor. New dimension of the linear potentiometer along with the Perspex is

shown below:

Back view
Side view
Parameter Dimensions
Length 9.8cm
Width 4.3cm
Thickness 0.6cm
(]} 13cm
| — [r— |
i e
1.0cm 25 cm

Figure 14: Dimensions of the fabrication of linear sensor onto perspex
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The fabrication of the linear sensor onto the Perspex is then bolted firmly to the pedal
assembly. A thin aluminium foil was also cut and attached along with the pedal
assembly to be clinged onto the linear sensor’s input trigger. The reason is to enable
the linear sensor’s input to follow the exertion force of pedal, and returns back to
original displacement when the pedal is released. Since cost minimization is focused
in this project, we do not intend to purchase the linear sensor with a build in spring
mechanism as this usually costs around RM100 to RM 300 which is expensive,

although reliable.

The aluminium foil is designed in a way which contains a tiny dimension of hook to

cling onto the linear sensor’s input trigger.

Linear
sensor s input

Aluminum foil linkage

Figure 15: Aluminum foil clinged to linear sensor

4.3 Design of a Voltage Follower Circuit

Part of this stage involves designing and fabricating a simple voltage follower circuit
to be connected to the output of the linear sensor. For this, a simulation using the

Multisim software was conducted to test the schematic circuit.

vee -

5V
Ve

w—

Vi DPAMP RATED
12V—
R3
o mko vee :
3 10K ©

Figure 16: Multisim schematic of voltage-follower circuit
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Figure 17: Veroboard soldered circuit connection

The circuit consists of a 5V voltage regulator which converts 12V battery into 5V
output for Kelly controller. An operational amplifier is used to function as a voltage
follower so that the output voltage follows the input voltage, thus allowing a more
stable output voltage range to be fed into the Kelly Controller. This is very important
to ensure there is no variation or spikes in the output voltage. The circuit will converts
the brake demand voltage output (range of 0-5V) into a more stable value to be fed
into the Kelly Controller. Depending on the level of voltage output from brake
demand, the controller will initiate the associate regenerative level required.

Several testing have been conducted in the lab to compare the actual result with the
theoretical calculated result. In this case, the field of interest is with the linear
potentiometer’s output, whether it will give out an output voltage range between 0-5V
as what is being calculated theoretically when the sensor’s displacement is minimum

or maximum.
At minimum and maximum potentiometer’s displacement,

Table 3: Minimum and maximum potentiometer’s displacement

Runs Rpin (ohm) Rinax (0ohm)
1 6.3 6880
2 6.0 6900
3 6.3 6650
4 7.8 6720
5 6.2 6960
Average 6.52 6822
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The potentiometer is measured with a multimeter. For every displacement of 5mm,
the resistance of it is recorded. The purpose is to compare the resistance value of the
potentiometer embedded into the pedal brake assembly. Since it is difficult to observe
how much displacement that the pedal brake force exerts on the potentiometer, we
use the value measured earlier as a reference to predict and estimate how much

displacement has been lifted in actual scenario.

Table 4: Relationship between pedal displacement and resistance of potentiometer

Pedal Displacement (mm) Resistance (ohm)

0 6.7

5 617
10 1900
15 3183
20 4600
25 5920
30 7300
35 8700
40 10,200
45 11,300

Battery voltage without load: Vy,q¢ (no-10aa) = 12.05V
Battery voltage with load: Vyat (with—10aa) = 12.02V

Ry (actuary = 12.48 kilo ohm

Ry (theoryy = 12 kilo ohm

Rypot (actuary = 11.3 kilo ohm

The output voltage from the linear potentiometer based on the force exertion form

pedal brake can be calculated as follow:
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|4

out=

Rpot

(12.02V)

Table 5: Experimented output voltage against theoretical output voltage

Distance | Output voltage measured from Output
(mm) multimeter (V) voltage
0 1 2 3 Average | calculated (V)
5 0.154 | 0.143 | 0.177 0.158 0.0065
10 0.378 | 0.443 | 0.472 0.431 0.567
15 1.854 | 1.854 | 1.854 1.854 1.59
20 1.967 | 2.354 | 2.47 2.264 2.44
25 3.1 3.2 |3.354 3.218 3.24
30 4.084 | 4.09 |4.167 4.113 3.87
35 4.24 | 4.267 | 4.268 4.258 4.43
5
45
4
3.5
23
%-5 —&— Output voltage -
52 measured (V) -
s
' = Output voltage
1 calculated (V) B
0.5 -

0 5 10 15 20 25 30 35
Potentiometer displacement (mm)

Figure 18: Graph of measured voltage against calculated voltage
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From the graph, it is clearly shown that although there is little deviation from the
calculated results and the experimented result, the error is little and can be negligible.

The potentiometer is reliable in this case.

4.4 Configuration of Brake Output Demand to Kelly Controller

In order to configure the connection from brake output demand to the Kelly
Controller, an instruction manual is required. In this case, we are referring to the

Kelly KBL Series Brushless Motor Controller User’s Manual.

Rs232

Figure 20: Figure-19: Front panel of Kelly Controller

B+ . Battery positive

B- . Battery negative
: Output U/1/A phase
B : Output V/2/B phase
: Output W/3/C phase
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Figure 21: J1/J2 pin definition

For J1 pin definition,

: Fault Code-Red LED

: Reserved

: Reserved

: ALARM

: Ground

: Running Indicator-Green LED
: Ground

: RS232 Receiver

: RS232 Transmitter

10: CAN bus HIGH

11: CAN bus LOW

12: Reserved

13: Power supply Ground

© 00O N O O A W DN PP

14: Controller Power Supply

For J2 pin definition,

: Controller Power Supply

: Ground

: Ground

: Motor temperature input

: Throttle analogue input 0-5V
: Brake analogue input 0-5V

: 5V power supply

: Throttle switch input

© 00 N o o B~ W DN -

: Reverse switch input
10: Brake switch input
11: Hall phase C

12: Hall phase B

13: Hall phase A

14: Ground

Based on the configuration from the manual, connections had been established into J2
pin number 6 and pin number 10. Brake demand output which generates 0-5V is
connected to pin number 10 whereas the brake switch which activates regenerative

mode in the Kelly Controller is connected to pin number 5.

25



A LEFO0E

JuTEEy ATmymal]

BLDC Motor
z
ARIPerl
g esvanieran ||[|[2] 2| 2 2 &
. . =) by = ]
-:::r::lvmqf] ﬂ A ’ L— = f Reverse Swikch ‘\IJ'_ = f i
™ ' 22, e g28 i
i 2 e P‘ n = 8
L_~-; a1 || | AES
- i1
KO Ax Threake 508 —
s —
R A ! T
cod—— ou L d
1
Reverse lluamr J—
Optimal BLDC Controller —
-
Figure 22: Standard wiring of BLDC Kelly Controller
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Figure 23: Overall test-bench configuration

26



4.5 Lab Simulation to Monitor and Study Regenerative Performance

4.5.1 Monitoring motoring stage

The first step in this step is to monitor the brushless DC (BLDC) motor speed with
respect to the current drawn from the battery. In order to rotate the BLDC motor to
move, there is a need of supplying voltage from the battery. Hence, we need to
monitor the relationship between the motor’s rpm (rotation per minute) speed and the

voltage drawn from the battery.

Table 6: Tabulation data for motoring

Motor Speed (rpm) Torque command (V) Current flowing out (A)
443 0.6 4.5
587 0.8 6.0
712 1.0 7.4
782 1.2 8.4
286 0.4 3.2
102 0.2 1.6

Motor Speed vs Battery
Current

1000

g- 800 -w
T 600
o / ¢ amp
& 400
»n / .
§ 200 { —— Linear (amp)
5]
E 0 T 1
0 5 10

Battery current drawn

Figure 24: Monitoring current with respect to motor speed
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Motor Speed vs Torque
Command
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0 0.5 1 1.5

Torque command (V)

Figure 25: Monitoring torque command with respect to motor speed and current
drawn

Battery Current vs Torque

Command
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Torque command (V)

Figure 26: Monitoring torque command with respect to motor speed and current
drawn
The above graphs show a near linear relationship between current flowing from
battery, the torque command from motor and also the speed of the motor. In Figure
24, it is clearly shown that as the motor speed is increased, current drawn from the
battery to power the motor will also increase. This relationship as shown is a linear

relationship.

In Figure 25, we are able to know that a larger torque command (measured in volt) is
required to support a higher motor speed revolution and also higher battery current

drawn. This relationship, as plotted in the graph is a linear increment as well.
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In Figure 26, the graph is plotted to show the relationship between the current flow
from the battery and the torque command measured from the motor. It is observed

that the torque command increases linearly with the current drawn from battery.

This confirms that the results obtained are acceptable, since the BLDC motor for the
bench-testing is on zero-load condition. In zero or free load condition, the motor is
not experiencing any extra load friction, thus the torque command required is directly

proportional to the battery current drawn.

4.5.2 Monitoring braking stage

The BLDC motor is initially allowed to rotate at low speed and slowly increase to
higher speed, in which the speed is controlled by the throttle output. After the motor
reaches the desired stable speed, the brake pedal is pressed at its maximum force.
Current flowing from the battery during motoring and the current flowing into the
battery during braking is measured by using the clampmeter. The time taken for the

current to discharge after the motor stops rotating is recorded using the stopwatch.
The results are recorded in the table below.

Table 7: Data tabulation during braking

Speed of motor (rpm) Current flowing | Current flowing | Current settling
out of battery (A) | into battery (A) time during
Motoring Braking braking (s)
24.6 0 0.2 0 0
182 93.3 1.4 0.5 0.9
254.3 125.3 2.7 0.8 1.3
413.6 2111 4.2 0.9 1.8
453.8 230.4 5.6 11 2.1
487.7 245.6 6.3 14 24
5355 270.3 7.2 1.7 2.8
637.1 318.3 8.6 2.1 3.2
660 327.7 8.9 2.3 3.7
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Figure 27: Current vs Time at 24.6 rpm
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Figure 28: Current vs Time at 182 rpm
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Figure 29: Current vs Time at 254.3 rpm
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Figure 30: Current vs Time at 413.6 rpm
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Figure 31: Current vs Time at 453.8 rpm
RPM 487.7
7
; \
> T Motoring \ —4—RPM 487.7
<4 \
g \
= 2
5 \ Braking
0 \ T / . ‘ 1 Time (S)

Figure 32: Current vs Time at 487.7 rpm
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Figure 33: Current vs Time at 535.5 rpm
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Figure 34: Current vs Time at 637.1 rpm
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Figure 35: Current vs Time at 660 rpm
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In order to illustrate the important detail of the graph in a larger perspective, the graph
which gives the most significant result is chosen as a sample. In this case, the graph
of RPM 660 is selected.

Example
10
9
8 - I
7 A BRAKING ——
6 - STAGE —
< 5 A I
£ 4 - —
£ 3 ——  ——RPM660
5 2 —
S 1 —
0 \ : -
19 \ Regeneration ime (s)
-2 |
-3

Figure 36: Illustration of graph details

From the above illustration, some observations can be highlighted:

1. The positive current indicates the measured current value which is drawn from
the battery during the BLDC motoring.

2. The negative current indicates the measured current value which is flowing
into the battery during the braking stage. Negative value indicates opposite
direction flow.

3. The regeneration as labeled in green indicates the regenerative current during
braking. The duration for the regenerative current which flows into the battery
can be observed from the graph. In this case, the regen-current is only flowing
for 3.7s.

4. Zero current value or the graph origin indicates that no current is present,

simply because the motor has stopped completely due to braking process.
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45.3

Discussions from the results obtained in the lab

All the results have been tabulated and graphs have been plotted to represent the

research findings. Several observations are made and discussed:

1.

At the minimum motoring speed of the BLDC motor (24.6 rpm), there is no
regeneration occurs. This is because the motor speed is too low, and little

brake exertion force will instantly stop the motor movement.

As the motor speed increases, the regenerative current flowing back into the
battery is also increases. However, the value of the current is not significantly
high to achieve pro-longed regeneration. The highest current value achieved
in this research project is only 2.3A with the highest motor speed tested in the

lab which is around 660rpm.

As the motor speed increases, the duration where constant regenerative
current flowing back into the battery also increases. When the brake pedal
force is demanded and exerted to stop a fully-moving motor of speed 660 rpm,
it is observed that the regenerative current into the battery last for 3.7s. At the
early part when motor speed is 182 rpm, and brake pedal is exerted, the regen-

current measured only last for less than a second.

The regenerative braking system built in this project is not significant enough
because the test is conducted through a free-load benchtest. In a free or zero-
load benchtest, basically the BLDC motor is driven by battery, and running
without any load. There is no load friction which sustains and prolongs the
stopping time of the BLDC motor which will help in regenerative
performance. As shown in the graphs plotted, we can clearly observe that the
time taken to stop the maximum full-speed of motor at 660rpm is only 3.7s,
which is very short. Regenerative performance is not possible to be carried

out.

In this lab experiment, although the author is able to measure and discuss
about the slight regenerative current feed back into the battery when the
braking is in process, however, it is still unconfirmed if the regenerative
current is able to flow fully into the battery. In order for regenerative current

to fully flow to the battery,

Vemf > Vbattery
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And V,,,,r can be calculated with the formula:
Vemf = Keme Vbattery

where K., = back emf constant of the BLDC motor.

In this experiment, the author is unable to acquire the K., of the BLDC
motor used. Therefore, it is not possible to measure the back emf voltage of
the motor in order to determine if full regenerative performance is possible.
This is because, firstly, without the K., ¢, the resistance of the motor is not
known, therefore the current in the motor cannot be measured. All these
details are not being enclosed by the suppliers. Secondly, as mentioned earlier,
the motor is running at free-load condition, and it stops very quickly when the
brake is applied. Thus, the time is not long enough to let any residual current
from the driving voltage to diminish completely. So, calculating back emf is

not possible.

Full regenerative performance can only be measured and tested efficiently
when the whole brake pedal assembly, sensor, controller and battery is all
mounted into the vehicles for on-load testing. In this way, the total load
weight and friction will be momentarily long enough to stop the car at desired
pace, thus ensuring regenerative braking to work. Up till this point, the author
is only able to study the regenerative braking on a free-load bench-testing and
confirm that the performance is not that good, as the current being fed back
into the battery is too little and short. However, the regenerative braking
system concept is still present. The prototype which is built along with the
sensor is able to simulate regenerative braking mode in the motor controller,
and we are able to measure the small regen-current flowing back into the

battery.
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CHAPTER 5
CONCLUSION

5.1 Conclusion

This regenerative-braking related project will be very helpful for deeper
understanding of the implementation of this system into hybrid vehicle. From the
design of the modified pedal brake until the configuration of the brake output demand
circuit into the motor controller to initiate regen-braking command for the motor
operation, these steps serve as a good platform for readers to get an idea on how the
regenerative braking system actually works, and importantly, the mechanism and

tools involved in the implementation process.

As a conclusion, it can be said that the project has reached most of the targeted
objectives, with the construction of hardware prototype for bench-testing which
includes fabrication of modified brake pedal with linear sensor, the design of a
voltage follower circuit to output stable voltage into the Kelly Controller, as well as
testing in the lab to study the performance using the laboratory equipment. There is
only part which the author do not expect; that is the condition of the free-load bench-

testing which affect the performance of the regenerative braking of the BLDC motor.

5.2 Recommendation

The author would like to recommend another kind of sensor which can be used to
detect rotational force displacement of the pedal brake such as the rotational sensor
and angular sensor. These sensors may be easier and simpler to be design on the
brake pedal, and also producing better result. Another recommendation is that further
work and research can be conducted to study the regenerative braking system when
the test-bench prototype is fully implemented in the vehicle. With the presence of
necessary load and friction from the vehicle, it is believed that the results will be

more significant and useful to be presented.
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APPENDIX A
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incorporate distance sensor / potentiometer
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controller and associated controller programming
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wheel motor system
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Figure 37: Gantt chart FYP 1
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APPENDIX B
GANTT CHART FYP 2
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Installation ofbrake pedal senzor (BFF) mto existing brake
pedal
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Design of interface circuit for BPP sensor’s connectionto
motor controller

Configuration of modified pedal assembly with motor
controller

Lab simulation to monitor regenerative perfonmance by using
lab equipment

Preparation for Progress Beport

Submission of Draft Final Report

Submission of Final Beport

Submission of Technical Paper
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Figure 38: Gantt chart for FYP 2
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APPENDIX C
EARLY PROTOTYPING IMAGES

Figure 39: List of earlier stage of project components used
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APPENDIX D
IN-LAB TESTING AND WORKS

Figure 41: Wielding process for brake caliper
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APPENDIX E
LAB EQUIPMENTS

TACHOMETER RM—1000

POWER X10 LOBAT

I lon

SO |

RECALL
T
(MAx)

RANGE : 10RPM—100,000RPM

Figure 42: Lab equipment used (Oscilloscope, Tachometer, Clamp meter and
Voltmeter)
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