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Abstract

This study will calculate, design, and fabricate the inertial energy recovery model of the vehicle during
braking or deceleration. This energy recovery unit is applied to conventional vehicles, including a double
planetary gear set which is installed parallelly with the propeller shaft and a generator which is coaxial with
the flywheel in order to convert the mechanical energy into electricity to recharge for the battery. The
simulations and experimental models are built and controlled in the FTP75; NEDC; EUDC and ECR15
driving cycles. When the vehicle's deceleration occurs, the energy recovery process will start. The control
method for regenerative energy optimization is used for both simulation and experimental models.
Experimental results show that the recovered energy is in the range of 22% to 38% of the inertial energy of
the vehicle during the deceleration process. This energy is converted into electricity which will be used for
additional loads on the vehicle.

Keywords: Regenerative Braking System (RBS), Kinetic Energy Recovery Storage (KERS), Planetary Gear

Unit, Conventional Powertrain System, Braking Force Distribution.

1. Introduction

Regenerative braking system (RBS) is designed
for recovering and reusing the inertia energy of the
vehicle during braking or deceleration. It contributes
to the reduction in fuel consumption and the increase
in the lifetime of the braking mechanism [1-3]. One
of the most important factors affecting performance is
the method of recovery, storage, and re-usage of
vehicle inertia energy. Currently, the regenerative
braking energy storage technologies are divided into
different types such as flywheels, supercapacitors,
batteries, the hydraulic energy storage or combination
of flywheel and electric storage devices [4-6].

The electric energy storage system needs to use
batteries and supercapacitors with large capacity,
high voltage inverter. It’s applied for electric or
hybrid electric vehicles with high cost [7]. The
hydraulic storage system is a complex structure and
effective only on the heavy-duty truck. On the other
hand, a flywheel is low-cost and highly effective,
especially when it is combined with other with
devices such as supercapacitors or batteries will be
good for conventional vehicle [8]. In this study, a
kinetic energy recovery storage assembly will be
calculated and designed with the aim to recapture the
vehicle inertia energy while braking or deceleration
with the experimental model in Fig.1. The model is a
combination of a conventional flywheel and generator
which are used to convert mechanical energy into
electric energy.
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General description of the system: The drivetrain
of the conventional vehicle is connected to the
regenerative braking energy recovery assembly via
the double planetary gear set which enables the
transmission inertia force of vehicle to transmit
directly to the flywheel when the vehicle brakes or
decelerates. Flywheel and generator are connected

coaxially to convert mechanical energy into
electricity.
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Fig 1. The block diagram of the experimental model

2. Calculation and design of energy recovery
assembly.

2.1. Mathematically model

Based on the general description, the inertia
energy recovery assembly consists of a chain; a
double planetary gear unit; a flywheel which is
connected to the generator coaxially; a control system
and a data acquisition system. Calculation and
designing parameters such as chain ratio; the
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planetary gear and flywheel dimensions are
determined based on Toyota Hiace vehicle.

Assuming that the vehicle is moving down a
slope with the slope angle is 6, the engine works at
idle speed (no propulsive force at the drive wheels).
At that time, the forces acting on the vehicle are
shown in Fig.2.

Fig. 2. The free-body diagram of the forces acting on
the vehicle

When the vehicle starts decelerating, the driving
force of the vehicle will be the inertia force at that
moment. Along with that, there are aecrodynamic drag
force, rolling resistance force and slope resistance
force, etc. which are acting in an opposite direction.
Therefore, the drive wheel moment (rear-wheel drive)
is determined:

Mb:Mj+M9-Mf-Ma (1)

Where M}, is drive wheel moment [N.m];
M, is vehicle inertia moment;

Moy is slope resistance moment

M, = mg.sinf.r, 2)

M;is rolling resistance moment
M, = f.m.g.cosOr ?3)

M, is aerodynamic drag moment
M =05pAC, (V+V_ ) )

Here, r, is the effective radius of the tires [m]; V'
is the velocity of vehicle [m/s] and Vyina is the wind
velocity [m/s].

M; is inertia moment of the vehicle including
inertial moment of linear motion and inertial moment
of rotational components in powertrain system such
as engine, clutch, transmission, propeller shaft and
drive wheels [9].

dv
Mj = Fj.rb = rb.m.;.é'i (%)

I
5 =1+—2 (Ie.i[z.r]l+Zln.i5.nn+21b):1+—2 (6)

2

Where [, is inertia moment of part n in
powertrain system; /, is inertia moment of drive
wheels [kg.m?]; I, is ratio of powertrain system; /, is
ratio of part n in powertrain to drive wheel; #; is
efficiency of powertrain system; 7, is efficiency of
rotational part n to drive wheel; /. is inertia moment
of rotational parts in the engine. /. is determined by
equation [10], [11].

I =1

e cgi

2
+ Ifw = (mc + mcr)RC Myt Ifw 7)
In the above formula, /. is the inertia moment
of crankshaft and its attached parts [kg.m?]; I, is the
inertia of flywheel; m. is the mass of crankshaft
[kg.m?]; m,, is the mass of the big end of connecting
rod [kg]; ney is the number of cylinders.

Inertia moment of transmission /; is determined
by equation (8) [11], [12].

2

.2 . -2
L= 1, +1,0° + ) 1,07 +1,d -
k=1

Where [ is inertia moment of input shaft; 7 is
inertia moment of intermediate shaft; i, is ratio of
gears always meshed; I is inertia moment of idle
gear on output shaft; i is ratio of transmission at gear
k engaged; m is number of idle gears on output shaft;
I; is inertia moment of reverse gears; i; is ratio of
reverse gear.

After clarifying all the parameters to determine
the inertia moment of vehicle, the torque acting on
the half shaft of the drive axle can be calculated by
equation (9).

dv 5
M, = rb(m.;.ﬁi - fm.g.cos@-0.5p.AC, (V+V, )
+m.g.sin 6)

(€))
The torque of the generator shaft will be:

dv
My, = by Ty (M5, - fmg.cos@-05p.4C,V,,’

+m.g sin 6) (10)
da)mp
Mmp - Mtonihao =J dt (1 1)
1
0, =—(M,, - M, ) d (12)
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In this case, J=J s+ is the rotational

roto _ ge

inertia of flywheel and generator rotor.

The energy balance equation of the generator is
defined as follow:

IJtrucimp -Bonihao = R”a (13)
ton _h
M, -% = 3E,.0 .cos f¢ (14)

mp
The equation expressing the relationship between

generator output and vehicle deceleration during

braking or deceleration is defined as equation (15).

[, .rb(m%éi - fm.g.cos0-0.5p.ACp V)" +m.g.sin0)]

P,
Jon b0 _3p I cosg )
a)mp
Where: £, = K,.[;.0,

ips 1s the ratio of recovery energy unit; 7, is wheel
radius; ;- rotational inertia coefficient; Pion hao 1S the
loss power including the mechanical loss and
electrical loss; Es and /s are voltage and current of the
generator.

2.2. Simulation model

To calculate the energy recovery efficiency,
FTP-75, NEDC, EUDC and ECE R15 driving cycles
are used for simulating.

Simulation process description: At the beginning
of simulation, the standard driving cycle is uploaded
onto the system. The engine output power will be then
controlled by the controller based on the acceleration
graph of the standard driving cycle. When the
deceleration signal is recorded, the control system
starts activating the energy recovery unit and the
hydraulic braking system operates to ensure that the
actual speed of the vehicle will match the vehicle
speed in the standard driving cycle. In order to control
the torque changing of the vehicle, a PID controller is
set up to control the transmission ratio. During the
recovery energy unit operation, the generator speed is
altered in the range with an optimum performance by
the CVT controller.

Throttle Angle

Energy recovery Hydraulic Brake

"

Driving cycle 5 Outpui—» Vehicle speed

Fig. 3. Block diagram of the simulation

Table 1. Simulation vehicle parameters (Toyota
Hiace-2003)

Parameters Value
Wheel base (mm) 2570
Width (mm) 1430
Ground clearance (mm) 182
Weight (kg) 1905
Maximum power (kW/rpm) 74/5400
Maximum Torque (Nm/rpm) 165/2600
Ratio at 1% gear 4.452
Ratio at 2™ gear 2.619
Ratio at 3" gear 1.517
Ratio at 4" gear 1.000
Ratio at 5" gear 0.854
Reverse ratio 4.472
Final drive ratio 4.3
Frontal area (m?) 2.325
Wheel radius (m) 0.33
Table 2. Rotational inertia coefficient (;)
Gear 1 2 3 4 5
Ratio 1hi= 1ho= 1h3= ha=1 1hs=
4.452 | 2.619 1.517 0.895
) 1.355 | 1.2115 | 1.0975 | 1.065 | 1.066
PID transfer function is determining as equation:
Gppy = K, + K, T, ﬁ”(”'r%'zzl (16)

Where K,=0.41014; K~=0.11687; Kp=0; Ts=0.01.

Accelerator transfer function:

_0.054 (17
&7 2.0.946
Gie) = Gripg)- G (18)
Kp.(z-1).2T, + K, T 2+ Kp.(z-1)°
GP[D(z) = T
vz(z-1)
G K p T+ Kp)+z(KpT, - K, T2 +2.Kp) + K
PID(z) T,.z(z-1)
41014.10°.2 - 4089713.10°
GPID(z) =

0.01z-0.01

2.214756.10* 2 -2.20844502.107*
(z-0.946)(0.01z - 0.01)

h(z) =

Transfer function of RBS system:

Gk(z) _ Y(z) _ GPID(Z).G(Z) (19)
Ry 1+ Gpip(2). G2y
Gy = 202 (20)
= 1+ Gy,
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2.214756.10% 2 -2.20844502.10™*
0.01z%2-0.019z +9.2392.107

Gk(z) =
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Fig. 4. Simulation model in MATLAB Simulink

In the simulation, the control method based on
the optimal energy recovered. The control signals are
shown in Fig. 5.

Control signal of RBS & HBS in driving cycle
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Fig. 5. Output control of the braking controller
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Based on the simulation results in MATLAB
Simulink, by using SolidWorks software a 3D model
was built on Fig.6a. Fig.6b is the combination of
SolidWorks and ADAMS/VIEW for dynamic
simulation and stability testing.

tion in ADAMS

Fig. 6. Experimental model in SolidWorks and
ADAMS

2.3. Experimental model

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

Resistance force control

Controller
and data
acquisition
board
(LabVIEW)

Driving cyele input

RBS control

Controller
and data
acquisition

Ratio control (CVT)

Flywheel
& Generator

Fig.7. Experimental model diagram

The driving axle is connected to the RBS unit
via a double planetary gear which allows the inertia
to be delivered to the flywheel during braking or
deceleration. The flywheel and generator are coaxial
in order to convert mechanical energy into electricity.
The PID controller keeps the vehicle speed equal to
driving cycles. Load-creating device and torque
sensor have been used to measure the braking force at
the drive wheels. During the decelerating process, the
controller will activate the energy recovery system;
change ratio of CVT and control the current and
voltage generated by the generator.

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

shown in Table 3

Table 3. Parameters of the experimental model.

Name Parameters
Motor Toshiba 3 phases -220V ; 7.5kW
Inverter Toshiba VF-FS1 ; 3 phases -220V ;
7.5kW
Magnetic ) )
braking VSED ; 80V-4.7A ; 1800rpm
Torque Burster Torque sensor 85646 ; 0-
sensor 500Nm ; 2.34mV/Nm
Card NI USB6008
Controller Aduino-uno
and data LabVIEW 2014
acquisition | Magnetic sensor are used to measure
vehicle speed and generator speed
RBS Ratio 0.1<i<0.6
Generator 2HP
Load
. Imax 50A ; U 20V
device

10

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

Fig. 8. Data acquisition using LabVIEW

3. Result analysis and discussion
3.1. Simulation result:

Based on the simulation results of the full
driving cycle, the energy recovered is calculated.
From the power curve data, the energy generated can
be determined by equation (21) [13], [14].

o

ty

1)

If the obtained power is a line which is parallel
to the time axis, the energy obtained is calculated as
the equation below:

E= PAt = P(t,-t,) (22)

The total energy recovered by FTP-75 driving
cycle is: ZE =18038.41(kJ) with full driving

cycle duration 3748(s) and active duration of RBS
1145(s); The NEDC is: > E = 2478.09(kJ) With

full driving cycle duration 180(s) and active duration
of RBS 238 (s); The EUDC driving cycle is:
Z E =1745.52 (kJ) with full driving cycle
duration 400(s) and active duration of RBS 94 (s);
The ECE R15 driving cycle is:

11

> E = 209.022(k/) with full driving cycle

duration 195(s) and active duration of RBS 36 (s)
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Fig. 9. Chart of comparing simulation results between
cycles
3.2. Experimental result

According to the graph built based on the data of
the experimental results, the energy recovery time is
less than the simulation result. Because of the
electrical latency phenomenon, when the system
detects the deceleration of the vehicle through the
speed sensor, the controller immediately activates the
RBS. However, mechanical adaptation can slow the
speed of the energy recovering process increment. In
addition, deceleration stages often occur shortly, just
about 2 to 3 seconds and then return to the
acceleration mode. In these situations, the energy
recovering system is often disabled during the
experiment.

Energy (1)

il ”m

Time (s)

Fig. 10. Energy recovered on the FTP 75 driving cycle

The total energy recovered by FTP-75 driving
cycleZE 5050.75(kJ)

100

Energy (J)

Fig. 11. Energy recovered on the ECE R15 driving cycle



Journal of Science & Technology 135 (2019) 007-013

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 of active duration (%) 30.5% 20.2% 23.5% 18.5%
Average speed [km/h] 34.1 33.35 62,59 18.35
Total energy Simulation 18038.41 2478.09 1745.52 209.02
recovered [kJ] Experiment 5050.75 792.99 663.29 45.98
Efficiency 0.28 0.32 0.38 0.22

The total energy recovered by ECE R15 driving
cycle: ZE 459.84(kJ)

Energy (1)

R R R R A Y R T Y Y
CREACNAIERBABIATAEEL2IAREC

Time (s)

12. Energy recovered on the EUDC driving cycle

The total energy recovered by EUDC driving
cycle: 3" E = 663.29(kJ)

Energy (1)

Time (s)

Fig. 13. Energy recovered on the NEDC driving cycle

The total energy recovered by NEDC driving
cycle: 3" E = 792.99(k/)

Discussion

According to the experimental results, the
recovered energy can be various from 28% to 38% of
the energy according to the simulation results. Energy
recovery is also depending on the driving cycle. The
more deceleration time is activated in the driving
cycle; the more energy is recovered.

With the FTP75 driving cycle, the energy
recovery rate can reach up to 30.5% although the
energy recovery efficiency is not so high because the
vehicle speed at the beginning of the deceleration
process is low. Besides, the active duration of RBS

Fig.

12

for each energy recovery is not that long due to the
city driving conditions.

With the EUDC driving cycle, although the
activation period of RBS is only 23.5% in total, the
energy recovery efficiency can reach up to 38%
thanks to the vehicle speed at the beginning of the
deceleration process is higher than FTP75.

The braking force distribution also affects
significantly the amount of energy recovered. There
are three control methods for the regenerative braking
force distribution such as optimizing braking force;
maximizing recovered energy and collaborating to
ensure the stability while braking. In this study, the
braking force from the energy recovery system is
controlled by the balance between the regenerative
braking force and mechanical braking to keep the
vehicle stable.

4. Conclusion

This paper presented the design and calculated
parameters of the regenerative braking system based
on conventional vehicle powertrain. The experimental
results demonstrate the energy recovery efficiency
which can reach up to 38% depends on the initial
velocity of the braking process. The higher the
velocity of the vehicle at the beginning of braking
process is; the larger the energy recovery generated
by regenerative braking assembly will be. These
results will be the fundament for optimizing the
structural calculation of mechanical system along
with the fuel consumption of the vehicles equipped
with the regenerative braking energy recover
assembly. In order to improve the efficiency even
more, there will be further studies on reducing
mechanical loss by using magnet bearing and placing
the flywheel on vacuum chamber. Furthermore, the
control algorithms and methods should also be
improved.
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