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ABSTRACT

This study presents a research related to a Plug-in Hybrid Electric Motorcycle (HEM) which reno-
vated from a Honda Lead 110cc with rear wheel is driven by original internal combustion engine
and continuously variable transmission, while front wheel is directly-driven by a 48V — 1,000W BLDC
Hub-Motor. The research focuses on optimal calculating, designing, prototyping and testing an
electric power supply using Lithium-ion (Li-ion) battery pack to replace the lead-acid battery. The
simulation and experimental results are able to evaluate the dynamic characteristics and operating
cost of HEM. The study has been designed and prototyed a 48V — 33Ah Li-ion battery pack with
a Battery Management System (BMS) circuit embeded on the vehicle. The battery pack is 10.84
(kg) weight and 8.11 (1) volume, reduced 30 (kg) and 12.89 liters compared to the lead-acid battery
where battery life is greater than 2,000 cycles.

In only electric motor mode, the longest distance of the HEM is 78.77 (km) for a half load, only driver,
and 65.83 (km) for full load, one driver, and one passenger. Maximum speed is 52.67 (km/h) for a
half load and 48.42 (km/h) for full load. In hybrid mode until SOC reduce to 50%, HEM can travel
64.366 (km) for a half load and 54.477 (km) for full load. The fuel consumption in the each case is
2.162 and 2.425 (1/100km), 0.5 liter lower than the original one and 0.3 liter lower than lead-acid
battery. The cost of investment in HEM is 56 million VND and the operating cost is 1,106 VND/km,
while the original vehicles are 40 million VND and 1,352 (VND/km). For every Tkm using hybrid
vehicles, 246.88 VND will be saved, after about 3.1 years, it will recoup the spending on investment.
At the end of the motorcycle life cycle is about 200,000 km, and 43 million VND will be saved.
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system (BMS)

INTRODUCTION

Currently, people on the world is facing increas-
ingly exhausted fossil fuel sources and global climate
change, the urgent requirement is to reduce green-
house gas emissions and use energy resources ef-
fectively'=3. In the previous studies, the authors
presented the current situation of the number and
growth trend of motorcycles in Ho Chi Minh City -
as well as the impact of motorcycles using internal
combustion engines on environmental pollution and

its fuel economy’ !0

. From there, the authors pro-
posed a plan to renovate the 110cc Honda Lead into
a gasoline-electric hybrid motorcycle. The main is-
sues have been solved such as: Selecting a general
layout schematic; choose electric motors, generators,
batteries; propose principles and operating mecha-
nisms of the power management system ''; Modeling
and simulating the operation of vehicles after reno-
vation with Matlab/Simulink software '2; Researching
overview of Lithium-ion battery and its applicability
on hybrid motorbikes, proposing a design solution for

Lithium-ion battery pack for renovated hybrid elec-
tric motorcycles '°.

In this study, the authors continue to solve the fol-
lowing outstanding issues: Manufacturing and testing
of Li-ion battery pack; Model the Li-ion battery pack
and simulate vehicle operating modes when installing
the Li-ion battery pack; Assessing the dynamic char-
acteristics of the vehicle and optimizing the operating
characteristics of the battery pack; Calculate the cost
of renovation and operating of the vehicle. Raise is-
sues that need further study to conduct wide-ranging
application.

PROBLEM IDENTIFICATION AND
METHODOLOGY
The prototype of Lithium-ion battery pack must be

conducted to test some specifications susch as funtion
of battery management system, SOC, etc.

Pair the Li-ion cells into a battery pack

In previous study '*, authors calculated and proposed
a plan to design a Li-ion battery pack that is paired
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from 180 Li-ion cells type SANYO UR18650F-SCUD-
314 to get a 48V-33Ah battery pack. As seen in Fig-
ure 1, 180 cells are paired into 12 serial blocks, each
block consists of 15cells in parallel.

Figure 1: Paired cells into a battery pack

This option gives the advantage of good cell self-
balance !°, simple pairing, just need to use only one
BMS 48V-33Ah circuit for the battery pack. The
downside is the battery pack connected to one unit,
so it is difficult to disperse to take advantage of the
vehicle free space. After pairing (excluding the box),
the battery pack weighs 8.64kg and has dimensions (L
x W x H) = 240mm x 200mm x 136mm. The volume
is 6,528 (1). This volume accounted for 17.6% of the
vehicle’s U-Box, meeting the size requirements

Prototype BMS, Battery Management Sys-
tem

The requirements and features have to be achieved of
battery pack mentioned in the previous study'®. In
Figure 2, the authors designed and manufactured a
BMS 48V-33Ah circuit for the battery pack consists
of following blocks:

- Cells-balancing and multiplexer voltage signal
block;

- Regulator and power supply block

- Central control unit;

- Communication block

- Protection block such as: overcurrent, overvoltage
and overheat, short circuit...

Cells balancing block is using 2 cell-balancing control
ICs LTC3300 from Linear Technology. Each IC re-
ceives signal and controls 6 serial nodes. 12 cell volt-
age sensor to get signal and 12 executive structure to
balance cell.

Central control unit is using a programmable MCU
to control charge-discharge cycles, read-write battery
logs and communicate with external interface... In
this circuit, authors have chosen MCU PIC18F47]53.
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Regulator and power supply block, 3.3V power is sup-
plied by a regulating IC named LT1761ES5-3.3.
Communication block: BMS circuit communicate
with external interface by USSB protocol through a
transceiver LTM2884CY.

Charge-discharge controller and protection block: To
monitor charge-discharge current and voltage, au-
thors used a pair of LTC 6804 and LTC 6802.

Power amplifier block: to control cell balancing, con-
sist of 12 MOSFET RQJ3003PGDQALT, rate voltage is
30V, rate current is 3A. Added an RC type Low-pass
filter to filter the cell voltage signal.

In addition, to ensure operational and safety features,
BMS circuit is included other auxiliary components
such as: current sensors, self-healing fuse, power fil-
ters, and temperature sensor in Figure 3.

Figure 3: Completed BMS circuit

Connection of the BMS circuit to battery pack and
solder power connector, communication jack and
battery capacity level indicators. Then pack the bat-
tery pack with electrical insulation papers. Choose a
plastic toolbox that fits a laptop size, fits the battery
pack, and reprocess the case. Because the battery pack
and BMS circuitry need heat dissipation, the cover
is made of aluminum, thickness 3mm, screwed in
holes, hand-held holes and milling the power connec-
tor plug holes. Then insert the battery pack into the
box. Completed battery pack has a weight of 10.84kg
and dimensions of 308 x 183 x 144 mm (L x W x H),
volume of 8.11 liters accounted for 21.9% of the U-
Box that illustrated in Figure 4.

Testing battery pack

The power source of DC60V - 40A can be used to
adjust the power supply, an adjustable Tungsten re-
sistor set to create the load. Testing to figure out
charge-discharge characteristics, cell balancing, life-
time cycle, temperature rising test with high current.
Because the experimental conditions could not keep
the room temperature fixed at 250C, authors chose a
closed room and adjust the air conditioner at 25°C for
testing.
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Figure 2: BMS circuit block diagram

Figure 4: Completed battery pack

The results include:

- Cell over-voltage protection at 4.25 = 0.025V.

- Balance the cell automatically in two states of charge
and discharge with the maximum difference of 0.03V.
Charge the battery pack in CC-CV method (Con-
stant Current — Constant Voltage) constant current I,
= 21A, constant voltage U, = 50.4 V, stop when I,
< 1.5A, room temperature at 250C. As seen in Fig-
ure 5, battery pack capacity reaches 98-99% in about
2 hours. Then discharge in C; mode (I, = 33A) and
stop discharge when SOC = 20%, repeat in 500 cy-
cles, battery pack capacity falls down to 23Ah (69.7%
original capacity). This result is not much different
when compared with the cell charge-discharge test
mentioned in the previous study. So we can conclude,

if the discharge with mode Cs or Cjg, and stop dis-
charge at SOC = 50%, the longevity of the battery pack
can reach over 2000 cycles while the capacity still over
60% original capacity.

so\
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Figure 5: Battery pack lifetime characteristics

BATTERY PACK MODELING AND
SIMULATION OF OPERATING
MODES IN MATLAB/SIMULINK

Li-ion battery pack modeling

In the study 12 authors modeled HEM assemblies and
systems including:

- Modeling the gasoline engine and power train sys-
tems;

- Modeling the driver;

- Modeling electric motors
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- Modeling the vehicle dynamics
In this study, authors model Li-ion battery pack to
predict the state of charge level (SOC), capacity, volt-
age and current when testing.
For designing battery pack and doing simulating of
vehicle performance, the SOC is calculated from the
following current integration:

1 'l (T) Nbar

SOC(t) = SOCy — —— [ ——2"ba g

3600 i,  O; W

SOC (ty) = SOCy; 2
Where Q; is battery pack capacity (Ah)
The relationship between terminal voltage and cur-

rent can be expressed following equation:

Unv =Uoc —Ur €)
Where U, is dropped voltage caused by internal resis-
tance of battery pack

U-=I1R (4)

Where R is internal resistance of battery

Modeling controller

Rule-based algorithms are used to control the power
management system of the HEM. There are two im-
portant rules in this controller:

- Internal combustion engine has to operate in opti-
mal performance area;

- The battery pack has to be optimized SOC, SOC is
kept in:

SOCpin < SOC < SOCpax

Controller has three input signals: Demand power of
driver; state of charge of battery pack; actual speed
of HEM. Two output elements are demand power of
gasoline engine and demand power of electric motor.

Simulating HEM operation

To evaluate dynamic characteristics and fuel con-
sumption of HEM when mounted Li-ion battery pack.
Models of parts in system are concreted to blocks
in Matlab/Simulink as shown in Fig 6. Then simu-
lated HEM under some motorcycle basic testing cy-
cles such as: Japan 10-15 Mode, WVUCITY, FTP75,
ECE-R15.

Si84

SIMULATION RESULTS AND
DISCUSSION

In order to compare the results of HEM using lead-
acid battery with previous study '°~'2. In this paper,
authors focused on the results of HEM simulation un-
der the Japan 10-15 Mode cycle from t = 0 with the
step increase time of 0.1 to the end of the cycle (660
seconds) and then repeat until SOC = 50%. The typi-
cal simulation results are shown as in Figure 7.

In simulation cycle, the HEM’s response speed is very
close to the required speed of the cycle, at the points
that speed changes suddenly, the vehicle’s speed is
still late or overshoot, but the level of deviation is less
than 0.5%, better than the deviation when the HEM
mounted lead - acid battery is ~ 2%. The reason may
be the weight of the power supply unit was reduced
and reduces the vehicle’s weight 30kg, leading to a de-
crease in HEM’s inertia.

As seen in Figure 8, when the required power
(Pk_demana) stays in the optimal efficiency area of in-
ternal combustion engine, the internal combustion
engine will drive rear wheel, the electric motor will be
turned off. In case Py gemang Smaller than the mini-
mum limited point of high efficiency zone, the electric
motor will drive front wheel, the gasoline engine will
be turned off. In case Py_gemang higher than the max-
imum limited point of efficiency zone, both engines
work together, electric motor supplies power to bring
internal combustion engine work in the optimal area.
In simulation cycle, total consumed electrical energy
accounts for 32% of total vehicle demand energy. The
remaining energy (68%) is provided by gasoline en-
gine. Electrical energy is equivalent to 48.15% of the
energy from gasoline engines as shown in Figures 9
and 10 and Figure 11.

Fuel consumption of HEM is 2.162 (I/100km) foe a
halfload, and 2.425 (1/100km) for full load. Estimated
range until SOC reduced to 50% is 64.36 km for a half
load and 54.47 km for full load given in Table 1.

Renovating cost

The investment on buying and renovating include:
- Cost of buying new scooter: $1,709

- Battery pack: $414

- Other supplies and costs: $275.2

Details shown in Table 2.

Operating cost

In order to calculate the operating costs of base
scooter and renovated HEM, authors choose the cal-
culation method and conversion all of depreciation
and basic operating costs per 1 kilometer.
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Figure 7: Velocity response
According to H. D. Tung's research '°, motorbike life  of the HEM is about 296,300 km.
depends on many factors such as production quality, - Depreciation of base scooter:
environment, usage terrain, maintenanc, and usage  40,000,000VND/200,000km = 200 (VND/km)
habits. But on average, motorcycles in Vietnam have - Depreciation of renovated supplies: 6,439,000

a life expectancy of about 200,000 km with two major
repairs at 100,000 km and at 150,000 km.

Based on the simulation results in section 4, when op-
erating in hybrid mode with Japan 10-15 Mode cy-
cle, the generated power by the electric motor around
48.15% of the total HEM demand power. To calcu-
late the operating cost, authors accept the assumption
that all the details of the internal combustion engine
and powertrain of the HEM have a lower operating
frequency than the original vehicle and all services of
the vehicle are also extended by 48.15%. Thus, the life

VND/296,300km = 21.73 (VND/km)

- Depreciation of base scooter in hybrid mode:
40,000,000 VND/296,300km = 135 (VND/km)

In half-load mode, HEM consumed 2.162 (1/100km),
the original one consumed 2.693 (1/100km) while in
full-load mode are 2.425 and 3.012 (1/100km).
particular, used ratio of motorcycles in HCM city is

In

1.25'°, There will be 1 motorcycle to carry 2 people.
From there, we calculate the average consumption of
HEM and original vehicle:

- Average fuel consumption of original vehicle:
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Figure 9: Energy distribution ratio

(2.693x 3 + 3.012)/4 = 2.77 (1/100km)

- Average fuel consumption of HEM:

(2.162x 3 + 2.425)/4 = 2.228 (1/100km)

- MogasA95 price in HCM City in Jun/2019: 20,000
(VND/I)

- Fuel cost of original vehicle: 2.77 x 20,000/100 =
554.55 (VND/km)

- Fuel cost of HEM: 2.228 x 20,000/100 = 445.55
(VND/km)

With the operation cycle stopped discharging at SOC
= 50%, according to the characteristics of Li-ion cell
and the Li-ion battery pack mentioned in section 2,
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the battery life is greater than 2,000 cycles while en-
suring the battery capacity does not fall below 50%.
Each cycle of charging and discharging 50% capacity,
the HEM get 64.336 km, we calculate the battery life
is 128,672 km.

Depreciation of battery pack:

9,687,000/128,672 = 75.284 (VND/km)

Power of battery pack: 12V x 33Ah = 1584Wh

Each charge cycle of 50% of power consumption con-
sumes 0.792 kWh with an estimated electricity price
of 2,000 (VND/kWh)

The cost of electricity: 0.792 x 2,000 / 64.336 = 24.62
VND/km. According to the Honda Lead 110cc oper-
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Table 1: Dynamic characteristics comparison

Characteristics Lead-acid battery HEM Li-ion battery HEM
Half load Full load Half load Full load

Fuel consumption (1/100km) 2.521 2.866 2.162 2.425

Estimated range in hybrid mode until SOC re- ~ 43.43 36.48 64.36 54.47

duced to 50% (km)

Estimated range in electric mode (km) 47.6 424 78.77 65.83

Maximum speed in electric mode (km/h) 44.75 41.3 52.67 48.42

Maximum slope in electric mode (%) 3.54 2.39 4 2.54

Renovated HEM weight (kg) 238 303 208 273

Battery pack weight (kg) 41.6 10.84

Battery pack volume (1) 14.5 6.53

Battery pack volume including box (1) 21 8.11
Table 2: The cost for renovating to hem

Contents Quantity Unit price ($) Amount ($) Amount (x1,000 VND)

New Honda Lead scooter 1 1,709 1,709 40,000

BLDC motor 48V-1000W 1 117 117 2,737.8

BLDC controller 1 24 24 561.6

Handle with Hall sensor 1 8.2 8.2 191.88

Li-ion cell 18650 180 2.3 414 9,687.6

Battery management system 1 14 14 327.6

Power management system 1 12 12 280.8

Machining and assembling 1 100 100 2,340

Total 2,398.2 56,127.28

Exchange rate: 23,400VND/$

ation and maintenance manual 7, stipulating the cy-
cle of maintenance, repair and longevity of some spare
parts of natural wear and tear of the vehicle. Combi-
nation with the quotation of services and spare parts
supplies of Honda Vietnam’s authorized dealer in Ho
Chi Minh City, we calculate other cost and deprecia-
tion.

Evaluation of renovating and operating
cost

According to the calculation results above, we set up
a table to calculate the cost, figure out the break-point
when renovating and operating vehicles given in Ta-
ble 3.

The initial investment of the renovated HEM is nearly
VND 16 million higher than the original vehicle.
However, in the operating life, every 1 km of opera-
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tion, 246.88 VND will be saved by the HEM. Break-
point when investing in renovating and operating
HEM with Li-ion battery pack is about 26,000 km.
According to the research results of Mr. Tung'® too,
the average distance traveled by motorbike of people
in Ho Chi Minh City is 23 km per day, equivalent
to 8,395 km/year. Thus, if investing in renovation of
Honda Lead to a HEM, after about 3.1 years, it will
recoup the spending on investment.

After 3.1 years, for every additional 1 km of operation,
246.88 VND will be saved. So by the end of life of the
original vehicle (200,000km), equivalent to 23.8 years,
43 million VND will be saved by the HEM, equivalent
to the money to buy a new motorcycle as in Figure 12.
In Ho Chi Minh City with about 8.6 million motorcy-
cles, if investing to renovate traditional gasoline mo-
torbikes into HEM, it will cost 137,600 billion VND,



Science & Technology Development Journal - Engineering and Technology, 3(512):5181-5192

Table 3: Evaluation of renovating & operating cost

Contents Investment (x 1,000VND) Distance (km) Cost (VND/km)
Original HEM Original HEM Original HEM
scooter scooter scooter

Depreciation of original vehicle 40,000 40,000 200,000 296,300 200 135

Depreciation of renovating 0 6,439 0 296,300 0 21.73

Fuel 55.455 44.55 100 100 554.55 445.55

Electricity 0 1.584 0 64.336 0 24.62

Li-ion battery 0 9,687 0 128,672 0 75.28

Lead-acid battery 450 450 30,000 44,445 15 10.125

The 1*' maintenance 600 600 2,000 2,963 300 202.5

The 2" maintenance 1,100 1,100 5,000 7,407.5 220 148.5

The 1% major repair 3,000 3,000 100,000 148,150 30 20.25

The 2 major repair 5,000 5,000 150,000 222,225 33.33 22,5

Total 1,353 1,106

400000
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— 200000
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Figure 12: Operating cost of HEM and original vehicle
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but after 23.8 years, the operating cost will be reduced
by 369,800 billion VND, the saved amount is 232,200
billion VND. If compared to the cost of Ho Chi Minh
City - Long Thanh - Dau Giay express way is 375 bil-
lion VND/km (20,630 billion in total for 55km), this
amount can build transport infrastructure equivalent
to about 600 km of express way. At the same time,
the demand for A95 gasoline will decrease by nearly
9.4 million m3. Compared with the country’s gaso-
line consumption in the first 6 months of 2018, it was
4.43 million m?'®, The amount of gasoline saved is
enough to supply gasoline for the whole country in
about 1 year.

Thus, the renovating motorbikes using internal com-
bustion engines with gasoline fuel into HEM has been
achieved the expectations in terms of reducing fuel
consumption to ensure energy security while reduc-
ing emitting 50% of CO and HC into the environ-
ment 1.

CONCLUSIONS

In this study, the calculation and experiment have
been conducted to:

- Analyze advantages and disadvantages of energy
storage systems used in hybrid vehicles, design, pro-
totype, and testing for the 48V - 33Ah Li-ion battery
pack and BMS circuit to meet the requirements of dy-
namic characteristics and appropriate operating con-
ditions of the vehicle.

- Calculate, test the HEM in many operation modes,
and simulate HEM in Matlab/Simulink, the evalua-
tion of the dynamic characteristics and fuel economy
of the renovated HEM have been compared to origi-
nal vehicles.

- Calculate the cost of investing, renovating and oper-
ating of renovated HEM, compare to the original ve-
hicle, and give assessments.
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Nghién ciu t6i wu tinh nang bé nguén pin Lithium-ion va chi phi
van hanh cho xe gan may tich hgp truyén déng lai

Nguyén Van Trang', Nguyén Duy Tan?"*, Pham Tuan Anh3
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’E‘;’i};@ﬁ Nghién cttu nay thuc hién trén xe mdy lai xang dién dugc cai tao ti xe nén Honda Lead 110cc véi

e banh sau dugc dan dong bang déng co dét trong thong qua hé théng truyén luc nguyén ban

cla xe, banh trudc dugc dan dong truc tiép bang déng ca dién mot chiéu khéng chéi than 48V —
1000W. N6i dung chinh ctia nghién ctiu la ché tao, thirnghiém bd ngudn dién st dung pin Lithium-
jon thay thé cho bd ngudn &c quy axit — chi. Mé phong hoat déng, danh gia tinh nang déng luc
hoc déng thai tinh toan chi phi cdi tao va van hanh xe.
Nghién ctiu da tinh toan thiét k&, ché tao mot bd nguodn pin Li-ion 48V — 33Ah v6i mach BMS dé
I4p 1én xe. Bo pin c6 khéi lugng 10.84 kg va thé tich 8.11 lit, giam dugc 30kg va 12.89 lit so vdi dc
quy axit — chi. Tudi tho ctia bod pin I6n hon 2,000 chu ky.
O ché do chi hoat dong véi minh déng co dién, xe cé thé di chuyén dugc quang dudng dai nhat 1
78.77km cho % tai va 65.83km cho truong hop day tai. Van téc Ién nhat la 52.67km/h cho % taiva
4842 km/h cho trudng hop day tai. G ché do hybrid dén khi SOC = 50%, xe di dugc quang dudng
64.366 km cho % tai va 54.477 km cho trudng hop day tai. Tiéu hao nhién liéu tuong Ung trong hai
trudng hop la 2.162 va 2.425 lit/100km, gidm hon 0.5 lit so vdi xe nén va 0.3 lit so vdi xe dung bo
ngudn ac quy axit — chi.
Chi phi cho xe dau tu cho xe hybrid la 56 triéu dong con chi phi khai thac la 1,106 d/km, trong khi
xe nén la 40 triéu dong va 1,352d/km. C& mdi km khai thac xe hybrid tiét kiém duoc 246.88d, sau
khodng 3,1 ndm sé hoa von chi phi dau tu. Néu khai thac hét vong dai xe khoang 200,000km, xe
hybrid tiét sé kiem dugc khodng 43 triéu dong.
Tur khoa: Pin Lithium-ion, xe may lai, xe hybrid, mach quan ly pin
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