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Abstract— Currently, traditional fossil energy is gradually exhausted for sustainable economic development, and environmental
protection is an urgent requirement for all countries. Therefore, the is f saving energy, as well as exploiting renewable energy
sources, is being prioritized for development. The braking system amic energy, also known as the regenerative braking
system, which is understood as the brake system; instead of conv tic energy into heat, the brake system can collect and store
energy. The brake system of the bus in use is usually frictiona raking, this type of brake system converts the vehicle's
kinetic energy into heat, dissipates it into the surrounding envij % nd cannot be recovered. Moreover, due to the operational

)

fO%W®es on experimental research for evaluating the dynamic energy
acquisition of the mechanical brake system on a scho a function of operating parameters such as vehicle speed according to
gears, vehicle mass as well as hydraulic pressure para . The results are noticed that the highest dynamic energy recovery rate is
about 35% in the lowest gear. In the case, fromgthe initial bl®king velocity of 30km/h to 0 km/h, the initial working pressure of the

Keywords— Regenerative braking syste yna @¥rgy recovery rate; renewable energy; vehicles.

into the air and this is a wasteful source of energy [11][12].

I.INTRO Braking performance is a key factor in the safety of a

Currently, traditional sil rgy sources are vehicle. A good braking system is always required to
increasingly exhausted exploitation and excessivequickly slow down the vehicle and maintain control of the
human use [1-4]. Ther@ore, rducing the dependence orvehicle's direction. The first requirement is that the brake
traditional energ or sustainable economic system must provide sufficient braking torque on all wheels.
development whil )
task is becoming anQent requirement for all countries [5]. In general, the required braking torque is much greater than
iSAfacing two major challenges: the the resistance torque that an electric motor can generate

res [9]. One of the technological solutionsmechanical brake system must coexist with the regenerative
rchers and car manufacturers' attention is aerlectric brake [15]. So, this is a hybrid brake system.
vehicle, an environmentally friendly vehicle. Although there are many types and methods of control in

e brakes' energy recovery attracts great attention obf designing and controlling brake systems is to ensure

ists. Normally, when a car brakes, its kinetic energy isbraking performance and the ability to recover as much
converted to heat in the form of friction between the brake brake energy as possible [16].

ds and the wheel [10]. This thermal energy can be released On the other hand, designing a brake energy recovery
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system is a relatively complex issue when designing the parameter of cyclic energy recoverg, [22]. That
brakes of electric, hybrid, and fuel cell vehicles [14]. There coefficient is used to evaluate the efficiency of the hydraulic
are two issues need to be addressed. Firstly, how tobrake system under the test cycle. The percentage of brake
distribute the total brake force into regenerative brake forceenergy in some vehicles is shown in Figure 2 [23]. 2
(the part to be recovered) and the friction brake force (theshows the ratio of brake energy to the kinetic energ f SAmM
part that is not recovered) to be able to regenerate as muckehicle types. If the efficiency of the hydraulic gy

brake force on the front and rear axles to ensure brakingsystem can be achieved in vehicles such
stability and efficiency. Usually, the regenerative brake force 400); bus €1, = 52%); refused = 47,2%)
is only effective on the active shaft. The electric motor must = 14 49) [24].
be controlled to produce the right amount of braking force so
that the energy recovered is as large as possible, and the tot: - mBuke W Wind © Rolling st
braking force to slow the vehicle must be following the o0 —
driver's command. To meet the above requirements, the o ——
hybrid brake system has 2 types: parallel hybrid brake 8w —
system [6] and fully controlled hybrid brake system [17]. 70% ——
For each type of vehicle, the operating range and 6%
operating characteristics have many differences, most clearly %
shown in each vehicle's braking frequency and braking *”
capacity. The relationship between the power and brake 222
frequency of common motor vehicles is depicted in Fig.1. It
can be seen that the types of buses used in urban area:
although not the greatest braking power compared to
forklifts or garbage collection trucks [18]. However, this Fig. 2. Therati 4 energy and energy losses to the total kinetic
vehicle's braking frequency is very large (because the bus™e®Y ofs S
must continuously increase and decelerate depending on the
traffic density on the road and bus stop station). In addition,
the number of buses used in urban areas is very large, alon
with the development of public transport is an inevitable
trend in the current period and tends to increase in the futur
[19]. Therefore, the problem of energy recovery of the br
system on urban buses brings great economic effici
while also contributing to reducing environmentalpo
[20].

‘ Refuse Class 8

In Vietnam, Thany specialized vehicles only use frittio
like buses in circulation [25]. Due to the operating
istics, this vehicle must brake to pick up passengers
tops continuously on the moving road. So this model
as a high fuel consumption, meaning many gas
ions into the surrounding environment [26]. To replace
of these vehicles with vehicles applying regenerative

raking technology to reduce pollution, this is a difficult
problem for the economy in developing countries like
Vietham [26]-[28]. Therefore, with the above actual
situation, the study and test of hydraulic accumulator brake
system model on the bus vehicle to solve the problem as
follows:

- Studying the ability to collect energy with a hydraulic
brake system on buses, thereby serving as the basis for
developing a hydraulic energy collection system on
specialized vehicles [29].

« It is used as a model for research on vehicle-related
properties and hydraulic brake systems, thereby
gradually approaching and mastering technology and
developing hydraulic brake system products on many
subjects [22].

This article presents an energy recovery plan during urban
bus braking in Vietham. The main content is focused on
king Frequency High experimental research to evaluate the effect of the initial
etween brake power and braking frequency in someWOrking pressure of the hydraulic pressure tank and the
effect of the different vehicle weight and velocities at
respective gears on the energy-harvesting capacity of the
2011, earches in Australia introduced the hyidrau hydraulic brake system.

e gystem related system, named Hydraulic Drive Assist

. Tlgese studies have been applied to some vehicle [I. MATERIALS AND METHOD

ch as garbage collection trucks, buses With the

it A. Method

es fuel consumption by 25% [21] compared to The experiment of measuring the basic parametersis th
onventional vehicles. To reflect specifically the hydraulic pressure of the hydraulic pressure tank and the vehicle speed
nergy collection brake system's efficiency, we can use theduring braking from the initial brake speed to the stop under

High
—

Braking Power

Low

Low

Fig. 1. Relgio
vehicles
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the following cases: Change the initial working pressure of

pgo- initial working pressure of the accumulator, the

the hydraulic pressure tank; Change the vehicle velocity minimum working pressure (NA))
according to the respective gears; Change different vehicle pg- working pressure of the accumulator (Nym

weights.

Measured values during real-time brake kinetic energy Vg, - the initial working volume of the gas corres
acquisition, which serves as a basis for calculating theto the g, [m?;

volume of hydraulic oil pushed into the pressure vessel V
erergy recovered £ and the kinetic energy recovery ratio

by the equation (1), (2) and (3), respectively [30].

V = V <pa0>1/k _ (pao>1/kl (1)
I N\ pgo Py
o Pgoyo [( Vo 1"‘_1 (2
“ (k - 1) Vgo
_Ea oo (3)
a AE, 100%
Where:

V.- initial gas volume according to tank capacity’m
Pao- initial intake pressure of the accumulator (N%;m

k - adiabatic exponent, choose to use nitrogen k =

;/g- the volume of the compressed gas cor
[(m];

AEv- the variation of vehicle kinetic ene
braking velocity y to y;

The principle diagram of the
regenerative brake system (HRBS) i
1- oil tank; 2 - pump; 3- control valve; 4-re
valve; 6- pressure transducer;
hydraulic-electric accumulatgy;
indicator; 11- Power take
(electromagnetic); Br — sign
transducer; V1 - valyg ¢
Clutch take-off; CLPT

Fig.3. there:
line; 5-check

proximity sensor

l; Pacc - signal from
ygnal; CL-control signal of
Control signal [31].

tro

TABLE |
THE BASIC PARAMETERS OF THEARDUINO UNO R3 CARD [32]

Specifications

Value

Microcontrollers

ATmega328 with 8bit

Operating voltage

5V DC (supplied via USB port only)

Operating frequency 16 MHz
Current 30mA

Recommended input voltage 7-12V DC

Limit input voltage 6-20V DC

The number of Digital | / O pole

16 (6 pins hardware PWM)

The number of Analog pole (AQ, Al, A2, A3, A4, A5)

6 (10bit resolution)

Maximum current per | / O pole 30 mA
Maximum output current (5V) 500 mA
Maximum output current (3.3V) 50 mA

Flash memory

32 KB (ATmega328)

SRAM

2 KB (ATmega328)

EEPROM

1 KB (ATmega328)
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B. Materials Proximity sensor: Operating voltage: DC: 6 + 36V;

Hydraulic pump: Gear type hydraulic pump; Specific flow Farthest detecting distance: 8 mm; Operating temperature: -
rate: dp = 14 cc/round; Maximum speed: 2500 rpm. Control 25°C + 55C. To control the system's operation during

valve: Maximum flow rate: 63 liters/min; Maximum Praking, the controller has been designed on th eus

working pressure: 31.5Mpa. Hydraulic pressure tank: Program, the controller uses an open-source Ard@no fino
3 dh
cowtrol

Volume: V,, = 25 liters; Maximum working pressure: R3 card loaded with program code. Arduino
31.5MPa; Working temperature: -X® + 7(°C. Pressure Nas the same basic parameters as in Tableg, t t
m vi
PRYLa Wi

o

of
ith

sensor: Working temperature: -4D + 100C; Maximum signal from Arduino Uno R3 card has a ma

DC:8+28 V; Signal output currenti o) = 4+20mA; a voltage of 24V [32].
Accuracy: = 0.5FS.
TABLE Il
THE EXPERIMENTAL PLANNING PARAMETERS O EXPERIMENTAL
Specification Experiment No.1 i riment No.3
Initial working pressure, g [bar] 75 85 95 85
Vehicle weight, m [kg] 2400 | 240Q 2400 1800
The number of gear position 3 3 3 3
Initial vehicle velocity of braking process,[km/h] 30 30 30 30

C. Experimental setup 40

Table II summarizes the experimental planning 35
parameters of the tests conducted in this study. Experiment 30
No.1l: Experimenting on the effect of initial working 25
pressure on the braking system's dynamic energy recovery 20
process. Vehicle weight is 2400kg; Initial vehicle velocity of
braking process is 30km/h; Gear is No.3; Change the initial 10
working pressure of the accumulatog, p 75bar, 85bar and
95bar, respectively.

Experiment No.2: Experimenting with the ability
recover the brake's energy according to the different
initial velocities is applied to the correspon ars=¥g. 4. Changing of velocity during braking runs with gear No.3, 3 different
Vehicle weight is 2400kg; Initial vehicle velocity o K Poomodes
process is 7.5km/h, 15km/h, 30km/h and 50km/h the 120

—— Py~ 75bar
— Ppgo=85bar
—— Py=95bar

city (km/h)

1 2 3 4 56 7 8 91011 12 13 14 15 16 17
Braking time (s)

respective gear of No.1, No.2, No.3 and &= espectively; 100
The initial working pressure of the a OW is 85bar
Experiment No.3: Experimenting wit % D recover E 80
the brake's energy according to jifer@ygl weights of 3 —— p,95bar
vehicle. Vehicle weight is 2400 80QKg; the braking 7 B
process's initial vehicle velocig is at the gear of £ T PeB3bar
No.3; The initial working p e of e accumulator is ——  Dyg75bar
85bar. 20
I1l. RESURTS ANDIRISCUSSION 01 23 45 6 7 8 9101112131415 16 17 18
Braking time (s)

A. Effect of Initial eon BrakeKinetic Fig. 5. Changing of pressure in the accumulator during braking to recover

Energy Recovery energy with \ = 30km/h, gear No.3, 3 differenjpmodes
The resu easurement of brake time and 260 .
ikd in 3 cases:qgt=pr5bar, braking 2.51 Bl orm7stor

2.50

aking acceleration is 0.52aW/g, = z Bl oossbar
Noe is 15s; average braking acceleration is= 24 233 B oosber
par, braking time is 14s, average braking £ 230
0.60mis Therefore, the g setting value has R
£ ’ 2.14
S

2.10

, the braking time decreases while the averagt 2.0
acceleration increases.

1.90

Fig. 6. Changing of obtained oil volume during braking to recover energy
with v, = 30km/h, gear No.3, 3 differenjjpmodes
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20000

10000

Pgo=75bar Pgo=85bar
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Fig. 7. The ratio of energy recovery during braking to recover energy with
Vo = 30km/h, gear No.3, 3 differenj;mmodes

During braking at an initial velocity of 30km/h, the
variable dynamic energy is 91937J for 3 cases. Experimenta
data synthesizing from Fig. 4, Fig. 5, Fig. 6 and Fig. 7
showed that the brake system's energy recovery rate
increases from 23.49% to 25.46% when the initial working
pressure changes from 75bar to 95bar. Casg,kE @Sbar,
the maximum obtained pressure is 88bar, obtained hydraulic
oil volume is 2.51 liter, recovered energy is 21600J with the
rate of 23.49 %. Case 24 85bar, the maximum obtained

o P LI
Pr S T

o

B Test, No 1 (Vo= 7.5 km/h, pgo = 85bar)

140.00
120.00
100.00

-
80.00 Test, No 2 (Vo= 15 km/h, pgo = 85bar
60.00 @ Test, No 3 (Vo =30 km/h, pgo=28
40.00 u Test, No 4 (Vo = 50 km/h, pgo = 85I
20.00

Pressure in the accumulator (bar)

0123456789101112131415161718192021222324252627282
Braking time(s)

Fig. 8. Changing of pressure in the accumyftor gPaking energy
recovery process at different initial velocities)( 1ol 85@ar
60.0
—— (Vo=7.5 km/h, p,,=85bar)
= 50.0
8 No. =15 km/h, p,,=85bar)
< 400
%’ 0.3 (Vo=30 km/h, p,=85bar)
< 300
g No. 4 (Vo=50 km/h, p,,=85bar)
L
£ 200
=
@
>
10.0
0 ) 12 14 16 18 20 22 24 26 28 30 32 34
Braking time (s)
Fig. 9. Chahgin vehicle velocity vduring braking energy recovery

pressure is 99.63bar, obtained hydraulic oil volume is 2.33 process at different initial velocities (vo) ang g 85bar

liter, recovered energy is 22809J with the rate of 24.81 %.
Case 3: p, = 95bar, the maximum obtained pressure is
111.26bar, obtained hydraulic oil volume is 2.14liter,
recovered energy is 23408J with the rate of 25.46%.

B. Effect of Initial Velocity on Brake Kinetic Energ
Recovery

The synthetic results in experiment No.2 ar 0 in

Fig.8, Fig.9, Fig.10 and Fig.11 that are glven thegorake
system model's energy recovery capacity, ferent Initial
braking velocities. Case 1: the bus wor ar Ng.1, v
= 7.5km/h, dynamic energy of 5746 e of 2s,
average brake acceleration of ulated
hydraulic oil volume of 0.000 pressure

34.5%. Case 2: the bus op
dynamic energy of 22984
brake acceleration of O
volume of 0.00083r t

obtained energy of 729

operates at gear
91937J, braking ti
0.64m/$, accugs

time of 6s, average
saccuulated hydraulic oil
workfig pressure of 89.75bar,
and=1.75%. Case 3: the bus
m/h, dynamic energy of
average brake acceleration of
ydraulic oil volume of 0.00233m
of 99.63bar, obtained energy of
the bus operates at gear

No.4,
erage brake acceleration of 04m/s
hydraulic oil volume of 0.0051%7mthe

clearly shows that when the initial velocity
s, the better the ability to recover the braking
ss's energy. However, in terms of efficiency, in case 1
corresponding to gear No.1 anglis the smallest, the energy
overy ratio is highest.

cre

1983

B No.1 (Ve=7.5km/h, py=85bar)
Bl No2 (Ve=15km/h, p,,~85bar) 5.17
B No3(Ve=30km/h, p,,~85bar)
4.00
P No.4 (Ve=50km/h, p,,=85bar)
3.00
233
2.00
1.00 0.83
S
—

Fig. 10. Changing of obtained oil volume during braking energy recovery

process at different initial velocitiesgyand o= 85bar
300000
I~ Ev( 255380
= 250000 Mo
] Eamax (J)
5 200000 -
=
L
= 150000
@
)
£ 100000 9193
p 2957
R 50000 i 22984 2809
37401082 [ EEEG
o, A’o /Vo ‘%
I(I/U§7 e[,/o\/ + a%\? .q( 0%5
3%, %, %,
2y, ’71//]) ’{"77//]) '11/,5)

Fig. 11. The ratio of energy recovery during braking energy recovery

Effect of Vehicle Weight on Brake Kinetic Energy
Recovery

With test No. 3, initial velocity 30km/h, gear No.3,

changing vehicle weight in different cases, experimental
results are shown in Fig.12, Fig.13, Fig.14 and Fig.15. With



vehicle weight of 1800kg, it takes 13s for the bus braking 100000 i

from v, = 30km/h to stop, dynamic energy of 71103J, £ 90000
braking time of 13s, average acceleration of 0.64m/s & 80000 o
accumulated hydraulic oil volume of 2 liters. Meanwhile, the £ 70000 S —
working pressure in the accumulator increased from 85bar to ? 60000
97.3bar, the obtained energy was 19120J, reaching the ratio g 50000
a = 26.89%. M 40000
In another case, a 600kg increase in vehicle mass, while a 30000 19120
braking velocity kept at 30km/h resulted in an increase in 20000
kinetic energy by 20834J and braking time reach to 15s. 10080
Furthermore, the average acceleration has a drop to m = 1800kg 4

0.56m/$, the working pressure extends the range from 85barrig.15. The ratio of energy recovery during®bra
to 99.63bar, accumulated hydraulic oil volume of 2.33liters, process at different vehicle weights=80km/h and g, =
the recovered energy is 22809J, the energy recovery ratio is

ergy recovery

reduced to 24.81%. VI. CONCLGSIO

3500 L T The paper has conducte expaimental study o_n_t_he
E 30,00 g ’ ’ schopl bus brake system to te #he effect of t.he initial
£ — py=8Sbar, Ve=30 kmvh, m=2400 kg working pressure of umtor as well as the influence
g il of vehicle weight an(NgraNe®) velocity on the energy-
§ 20.00 harvesting capacity of th@ hydraulic system that recovers
2 15,00 mechanical brake ener xperimental results have shown
‘% the energy @ ery capacity of the experimental system
4 1000 models, as 8 @ ate of braking energy recovery is the

5.00 g

highest eld gear, and gradually decreasing in high
gear. In 0.1and initial velocity of 7.5km/h, the energy-
harvesting sys has achieved 34.5%. However, in gear
y=15km/h, braking energy recovery rate reduced to
Also, with input parameter set of (gear No.3,
nd (gear No.4, 50km/h), it is recorded that
uct®n ofa is 24.81% and 24.65%, respectively. In an
ulator, the initial pressure tends to be proportional to

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Braking time (s)

Fig. 12. Changing of vehicle velocity(\during braking energy recovery
process at different vehicle weightg=80km/h and g, = 85bar

115

105 .
~ 05 higher rate of brake energy recovery, (p 75 bar,a =
3 49%; |, = 85 bar,a = 24.81%; |, = 95 bar,a =
bt 7 25.46%). The increase in vehicle weight is not conducive to
Z brake energy recovery efficiency. Thus, this study has
E 65 o py=85bar, Ve=30 knvh, m=18g demonstrated that the recovery of energy during the braking
@ 5 o p,,=85bar, V=30 kin/h, m process of buses used in urban areas can help save fuel,
£ % bring high economic efficiency, and reduce environmental
=4 N
B 35 pollution.
25
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