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ABSTRACT

The inertia of the automobile during braking and deceleration is enormous. In a
conventional vehicle, this energy has not been recovered but is converted into heat at the
braking mechanism. In this study, an experimential model will be built to calculate the energy
recovered during braking or deceleration in a vehicle with the conventional powertrain. This
study model includes: A motor-driven an axle; a magnetic brake and torque measuring device
at the drive wheel to control the traction and braking force in the vehicle; a double planetary
gear set to change the ratio paralleled to the propeller shaft to rotate the flywheel whenever
braking or deceleration is performed; a generator is coaxial with the flywheel to convert the
mechanical energy into electricity rechargeable for battery. Moreover, the PID controller is
built to control the energy kinetic energy recovery system during braking or deceleration
according to the driving cycles such as FTP75, NEDC, EUDC and ECE R15. Experimental
results show that the energy recovery efficiency can achieve about 27.87% to 38.25%
depending on the driving cycle.

Keywords: Regenerative Braking System (RBS); Kinetic Energy Recovery Storage (KERS),
Planetary Gear Unit; Conventional Powertrain System; PID Controller.
TOM TAT

Nang lwong quén tinh cia 6 t6 trong qua trinh phanh va giam téc 1a rdt Ién. Trén xe 6 to
truyén théng ndng lwong nay chua dwoc thu héi ma by bién thanh nhiét nang tai co cdu phanh
mai khi qué trinh phanh xdy ra. Trong nghién cizu ndy sé di xdy dieng md hinh thyec nghiém dé
tinh todn nang hrong thu héi duwoc trong qué trinh phanh hogc giam toc cia mét chiéc 6 to o
kiéu hé thong truyen luc truyén thang. M6 hinh hé thong bao gom: Mér mé to dién dan déng
cau xe; mét bg ham tir va thiét bi do mé men tai banh xe chu déng dé diéu khién luc kéo va
luec phanh cua xe; mét bg banh rang hanh tinh kép nham thay doi ty sé truyén dwoc mdc song
soNng Vi truc cac dang cia xe dé lam quay banh da méi khi qué trinh phanh hay giam tac
duwoc thuc hién; mot mdy phat dién duot noi dong truc véi banh da nham bién co néing thanh
dién nang nap lai cho dc quy va mét bg CVT thay déi ty sé truyén dé duy tri toc do may phat
trong dai hOat dong téi wu nhat. Bé diéu khién PID dwoc xay dung dé diéu khién thu hoi nang
lirong méi khi xe phanh hodc giam téc theo cdc chu trinh ldi xe nhwe FTP75, NEDC, EUDC
and ECE R15. Két qud thuc nghiém cho thdy hiéu sudt bg thu héi ndang lirong c6 thé dat tir
27,87% toi 38,25% tuy theo chu trinh thu nghiém

Tir khoéa: Hé thong phanh tai sinh (RBS); Tich triz ndang lwong quan tinh (KERS), Bé anh
rdng hanh tinh kép; Hé thang truyén lyec truyén thong; Bé diéu khién PID.
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1. INTRODUCTION

The braking process in automotive is an
energy conversion from mechanical energy
into heat. This transformation is a waste of
energy and it causes damage to components
in the braking system. However, the
traditional braking system is still used
because of the safety reasons, although the
dissipated energy during braking is not small.
Regenerative Braking System (RBS) is
designed for recovery to reuse inertial energy
of the vehicle during braking or deceleration.
It saves fuel consumption and increases
durability of braking mechanism. Currently,
the RBS is applied to Electric Vehicles (EV);
Hybrid  Electric  \Vehicle (HEV) and
Conventional ~ Vehicle  with Internal
Combustion Engines (ICEs). According to
recently researchers [1]; [3] who have
developed a recoverable energy equation of a
vehicle of the conventional powertrain
system in the formula (1)
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irps IS the ratio of recovery energy unit; ry is
wheel radius; d;. coefficient of rotation mass
components; Pion pao 1S the loss power
including the mechanical loss and electrical
loss; Es and Isare voltage and current of the
generator.

The study results [1]; [2], a simulation
model of the RBS system were developed and
a PID controller was used to control the
simulation model in Matlab Simulink based
on the driving cycle. An emperiment study is
needed to evaluate the overall efficiency of
the inertial energy recovery system. In the
studies [1] and [2] the research had set up an
experimental model on a Toyota Hiace to test
on road. However, these experimental results
only assess the energy recovery efficiency at
each speed range of the vehicle, it hasn’t
tested with whole cycle. In order to test the

system on different driving cycles, the
experimental model will be built on a test
band with the diagram shown in Figure 1.
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Figure 1. Research model diagram

General description of the experimental
model: From the actual model of the vehicle
with the vehicle speed signal is controlled
based on the frequency converter to control
electric motor. Electric motors will drive the
axle to rotate the drive wheel. There are load
generating devices and torque sensors
mounted on the half shaft to determine the
torque applied to the drive wheels and
control the traction of the motor so that the
velocity of the vehicle in the experiment
model match to standard driving cycle.

The driving axle is connected to the RBS
unit via a double planetary gear that allows
the inertial to be delivered to the flywheel
during braking or deceleration. The flywheel
and generator are coaxial to convert
mechanical energy into electricity. In
addition, the CVT is added to maintain the
generator speed within the optimum range
[2]. The PID controller controls the vehicle
speed match to driving cycles. Load create
device and torque sensor has used to control
and measure the braking force at the drive
wheels. At deceleration state, the controller
will control activation of the energy recovery
system; change ratio of CVT; controls the
current and voltage generated by the
generator to balance the mechanical braking
force and regenerative braking force [3].

2. DRIVING CYCLES ANALYSIS

To simulate and calculate the energy
recovery efficiency, FTP-75, NEDC, EUDC
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and ECE R15 driving cycles are used for
simulating. In this section, the study analyzes
the FTP-75 cycle to model first, then other
cycles are performed similarly and analyzed
the results only. The FTP-75 is a driving
cycle used by the U.S. Environmental
Protection Agency (EPA) for testing in city
conditions with a travel distance of 17.77 km.
Time Period: 1874s. Average speed: 34.1
km/h is shown in Figure 2 [2].
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Figure 2. FTP75 driving cycle [4]

As shown in Figure 2, the velocity of the
vehicle changes according to driving
conditions. As the vehicle accelerates, power
from the engine is transmitted to the driving
wheel. At this time the energy recovery
assembly does not work. When the vehicle
decelerates, the energy recovery unit is
activated and energy recovery begins. To
control the velocity of the vehicle meeting to
the speed of the standard driving cycle, the
PID controller used in this study is shown in
Figure 3.

Throttle Angle

Energy recovery Hydraulic Brake

+
Driving cycle

Figure 3. Block diagram of simulation

During the driving cycle test, the
deceleration of the vehicle is detected by
vehicle speed so that the controller will act
on the energy recovery assembly, controls the

engine power, and adjusts the hydraulic
braking force to ensure the actual speed of
vehicle matching to the vehicle speed of
standard driving cycle. Thus, to perform
simulated control of the energy recovery
system the input signals including the
standard driving cycle (velocity and
acceleration of the vehicle) are controlled by
accelerator pedal. Based on the velocity and
acceleration measured signals, the controller
is designed to control the clutch
engage/disengage for acting recovery energy
unit, controlling the CVT to maintain the
generator speed in the speed range that gets
high performance. The current and voltage
are collected to calculate the power and
energy recovered over the full cycle.

3. SIMULATION MODEL
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Figure 4. Block diagram of simulation
controller

The simulation process description: At
the beginning of simulation, the standard
driving cycle is loaded into the system. The
controller will control the output engine
power in accordance with the acceleration
graph of the standard driving cycle. When
deceleration signal is recorded, the controller
activates the energy recovery assembly and
the hydraulic braking system operates to
ensure that the actual speed of the vehicle
match to the vehicle speed in the standard
driving cycle. To control the torque changing
of the vehicle a PID controller is set up to
control the transmission ratio. While the
recovery energy unit operating, the generator
speed is controlled in the range with
optimum performance by the CVT controller

Power loss: The power of generator in
this system can be determined by the
following equation:


http://www.epa.gov/otaq/
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Pout = PGenerator_shaft - PMechenical_loss

- F)Generator_loss - IDConverter_device (2)

Table 1: Mechanical & Electrical Loss [6]

Electrical loss

Stator  winding 2

loss Peu,s =315 Rs
Rotor  winding Y
IOSS PCU,R _slfRf
Rectifier diode

Prect =g !s

voltage drop loss

2
Feonv = lgcRonD

Power converter

device loss 0.5V 4 fs (tC(On) +le(off)

Brush loss Parush = '?RBrush
Magnetic

Eddy current Peddy = KEdtzmﬁwaz

Hysteresis Physt = KHyst(Dmsz

Mechanical loss

Bearing friction Pee = Kpe®mp

] 3
Windage Ruvin = KXwin®mp
Planetary ~ gear | Pvech,loss = 9-93Rruc_mp
and chain

Where: Kgq: Eddy current loss constant
coefficient; t: thickness or length of magnetic
path in iron; amp: alternator rotational speed
(rad/s); B: flux density of the iron
cross-section; Kuyst: hysteresis loss constant

coefficient; Kge: bearing loss constant
coefficient; Kwi,: windage loss constant
coefficient; Vg: rectifier diode finite
on-voltage; Is: stator phase current; fs:

switching frequency teon) + teor = hard
switching conduction on & off time.

Based on the simulation results of the
full driving cycle, the energy recovered is
calculated. From the result of the power
curve, the energy generated can be
determined by the equation (3) [6], [7].

E= f;“ P(t)dt (3)

If the obtained power is a line parallel to
the time axis, the energy obtained is
calculated as equation (4)[8].

E=P.At=P. (t,- to) (4)
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Figure 5. Chart of energy recovered by
FTP-75 driving cycle

The total energy recovered by FTP-75
driving cycle: Y E = 18038407.8 (] )
with full driving cycle duration 3748(s) and
active duration of RBS 1145(s)
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Figure 6. Chart of energy recovered by
NEDC driving cycle

The total energy recovered by NEDC

driving  cycle: Y E =2478085.01(])
with full driving cycle duration 180(s) and
active duration of RBS 238 (s)
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Figure 7. Chart of energy recovered by
EUDC driving cycle
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The total energy recovered by EUDC

driving cycle: Y E = 1745521.455(])
with full driving cycle duration 400(s) and
active duration of RBS 94 (s)
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Figure 8. Chart of energy recovered by ECE
R15 driving cycle

The total energy recovered by ECE R15

driving cycle: Y E =209022.28 (]) with

full driving cycle duration 195(s) and active
duration of RBS 36 (S)
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Figure 9. Chart of comparing simulation
results between cycles

Thus the energy recovered depend on the
velocity at the beginning of deceleration
process, the variation of acceleration, the

time and distance of the driving cycle as well.

In addition, energy recovery also depends on
many factors such as system control
algorithms, energy  storage  devices...
Therefore, it is necessary for experimentally
control the system by using different
standard driving cycles for evaluating results.

4. EXPERIMENT AND EVALUATION

In order to experimentally evaluate the
efficiency of the recovery system,
experimentation will be conducted with full
driving cycles. Specifications of the
components in the experimental model are
shown in Table 2

Table 2. Parameters of the experimental

model.
Name Parameters
Toshiba 3 pharses
Motor 2220V ; 7.5KW
Inverter Toshiba VF-FS1 ; 3
pharses -220V ; 7.5kW
Magnetic VSED ; 80V- 4.7A;
braking 1800rpm

Burster Torque sensor
85646 ; 0-500Nm ;
2.34mV/Nm

Torque sensor

Card NI
Aduino-uno

ntroller an
Controller and LabVIEW 2014

data _
acquisition Magnetic sensor are used
to measure vehicle speed
and generator speed
RBS Ratio 0.1<i<0.6
Generator 2HP
Load device Imax 50A ; U 20V

Figure 10. Experimental model

The experiment was carried out with 4
different driving cycles: FTP-75, NEDC,
EUDC and ECE R15. Each cycle is installed
to the inverter that drives the motor through
the PID controller. During vehicle speed
sensor operation, the feedback signal allows
the PID controller to continuosly control the
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actual speed of the vehicle match with the
standard speed of the driving cycle. In
addition, the magnetic brakes are activated
which act on the wheel to make slow down
vehicle speed. Whenever a deceleration
signal occurs, the controller activates the
energy recovery system through a double
planetary gear set, which makes the flywheel
and generator spin. The energy recovery
process is started. The energy generated by
the generator will be run through an
adjustable load. During operation, the data
acquisition  system through LabVIEW
software always records the values such as
vehicle velocity, generator speed, voltage and
current through the load.

Figure 11. Data acquisition using LabVIEW
The data obtained from the system in the

experimental model is the voltage and
current that are generated whenever the
energy recovery unit operating. Based on
these data, the energy recovered was
calculated as shown in Figure 12.
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Figure 12. Experimental energy graphs

Discussion: According to the graph is
built from the experimental results, the
energy recovery time is less than the
simulation result. Because of electrical

due to the mechanical can cause energy
recovered increasing slowly. In addition,
deceleration stages often occur shortly about
2 to 3 seconds and afterward acceleration

latency phenomenon, when the system
detects the deceleration of the vehicle
through the speed sensor, the controller
immediately activates the RBS. However,

mode are performed. In these situations, are
often controlled without recovering energy
during the experiment.
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Table 4. The results of energy recovered in driving cycles.

Driving cycle FTP-75 NEDC EUDC ECE R15
Driving distance [km] 35,54 109,314 69,549 0,9941
Full driving cycle duration [s] 3748 1180 400 195
Active duration of RBS [s] 1145 238 94 36
Percentage 01;(;)(;tive duration 30,5% 20.2% 23.5% 18.5%
Average speed [km/h] 34,1 33,35 62,59 18,35
Total energy Simulation | 18038407.85 | 2478085.01 | 1745521.46 | 209022.28
recovered [J] | £y heriment | 5050754.198 | 792987.2032 | 792987.2032 | 45984.9016
Effeciency 0.28 0.32 0.38 0.22

5. CONCLUSION

This paper has modeled the simulation
of the inertial energy recovery system of the
automobile during deceleration process. The
PID controller was built to control the
simulation and experimental models through
the inverter to control the vehicle speed
according to the standard driving cycle. The

results show that actual recovered energy
range can reach from 22% to 38%
comparison to simulation and theory
calculations. The results of this study are
fundamental for experimental calculation and
the application of energy recovery in braking
for vehicles with conventional powertrain
systems.
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