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Abstract

Electronics Continuous Variable Transmission (ECVT) is a smart transmission that has unlimited gear
ratios. By analyzing vehicle conditions, ECVT can choose the most efficient gear ratio. ECVT mode
requires a Planetary Gear Set (PGS) as a power splitter. This research will use PGS and double electric
motor to combine the ECVT mode with electric vehicles to determine the desired speed ratio. The PGS
was designed by an analytical model and simulated using CAD software. The simulation will provide
several input variations to get the right speed ratio, such as speed variations and rotational direction.
The analytical model obtained a PGS ratio of 1:6 with 19 sun gear teeth, 95 ring gear teeth, 38 planet
gear teeth, and a motor power of 47 kW. Simulation results will be applied to build the prototype that
will be made with a 3D printer. This study shows that ECVT can be a transmission system for electric
vehicles with 2 to 5 levels of transmission, and using double electric motors with small power can
replace an electric motor with large power. To obtain maximum efficiency, a good control strategy is
needed. The control strategy will be discussed in further research.
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1. Introduction

Electric vehicles (EV) have become increasingly at-
tractive in recent years as the most feasible solution to
help protect the environment and achieve high energy
efficiency in the mode of transportation [|1]]. One of the
analysis on the power and transmission performance of
the electric vehicle was performed in [2]]. Most electric
vehicles use two forms of the propulsion system, namely
an independent drive system (in-wheel drive) and a single
propulsion system [3]] and [[4]. The independent drive sys-
tem can simplify the structure of the transmission system.
Still, this system has more precise requirements regarding
the torque of the electric motor, the life of the electric
motor, and a high degree of control difficulty and poor
safety [5]. On the other hand, a single propulsion system
has been used in most modern electric vehicles, but it
is still considered inefficient. It cannot be avoided that
a large amount of heat is generated by a single motor
when climbing steep slopes due to the low motor energy
efficiency at low rotational speeds [|6]]. It is therefore de-
sirable for an electric vehicle to have a multi-speed trans-
mission, [7H10]]. In the study of the gearbox system, the
results showed a reduction in energy consumption of about
6% and a significant reduction in motor size [[11,(12].

Planetary Gear Set (PGS) is usually used as a hybrid
vehicle transmission and electric vehicle because PGS al-
lows multiple input/output with rotational speed, which
is related to one another. PGS consists of three compo-
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nents (planet gear, carrier, sun gear, and ring gear), and
each component can be used as input, output, or fixed.
Compared to conventional gear arrangements, PGS has
many advantages: more options to produce ratios, lighter
weight, more practical components, and higher efficiency.
Planetary Gear Set (PGS) is a power splitting device for
Electrically Continuous Variable Transmission (ECVT) in
hybrid vehicles, for example, the Toyota Prius and Ford
Escape [13].

In the Electrically Continuous Variable Transmission
(ECVT), two permanent-magnet motors (MG1 and MG2)
are used. MG1 is used as the main drive motor and acts
as a generator during braking. MG2 is a second electric
motor used in initial modes such as an engine start. When
the engine is running, it becomes a generator to provide
additional power to meet vehicle power needs [[14]]. Us-
ing two sets of PGS provides more transmission control
flexibility and improves vehicle performance [[15]. PGS is
often used to develop new transmissions. This approach
uses the relative rotational speed of PGS [|16].

This study focused on designing and analyzing the
Electrically Continuous Variable Transmission (ECVT)
mechanism using Planetary Gear Sets (PGS) on electric
vehicles. This study aims to analyze the effectiveness of
using the Electrically Continuous Variable Transmission
(ECVT) to determine the speed ratio and torque in electric
vehicles.
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2. Theoretical Method

A moving vehicle must have a thrust force greater
than all the resistant forces that occur in the vehicle. The
thrust is divided into F (thrust on the front wheels) and
F). (thrust on the rear wheels). The moving vehicle will
receive resistance force, including drag force, rolling resis-
tance, and resistance due to climbing.

Drag force on the vehicle when moving at a certain
speed is dependent on the shape of the vehicle’s body. The
more aerodynamic, the smaller the aerodynamic drag will
occur. Drag force is expressed in Equation

R, =

* Pair C’d ' Af . Va2 (1)

N =

with,

R, = aerodynamic resistance (N)
pair = density of air (kg/m?)

Ay = frontal area (m?)
Cy = inhibition coefficient
Va = vehicle speed (m/s)

While rolling resistance is force arising from the fric-
tion on the tires that rotate by the road. Several factors
affect rolling resistance, including tire construction, road
surface conditions, the tire’s diameter, and the traction
force itself. The amount of force is determined by Equation

Rr = f r° w (2)
with,
R, = rolling resistance (N)
fr = rolling resistance coefficient
W = vehicle weight (N)

The formula for rolling resistance coefficient (f,.)
for a vehicle can be determined based on the f, and f,
coefficients that depend on tire pressure as Equation

2.5
fT:fO+fs' <1‘0/0)

The climbing resistance force occurs because of the
upward slope on the road. With the climbing resistance
force, the vehicle load will increase due to the earth’s grav-
itational force. The amount of resistance due to the slope
can be calculated using Equation [4}

€)]

R, = Wsin# (€]

F.=R,+R, +R, )

with,

R, = climbing resistance (N)
F, = total resistance (N)
0 = angle of upward

After the total drag force on the vehicle are obtained
based on the Equation [5|above, then determine the first
and final transmission ratio with progression geometry as
shown in Equation [6] and Equation

(Wsinbmaz + fr - W+ Rg) - 1

i1 = (6)
' T Loy
. (fT'W""%'pair'Cd'Af'Va)'r
tm = )
Tm : Id s Mt
with,
T,, = motor torque
7, = transmission efficiency
I, = differential gear comparison
r = wheel radius (m)

Where 4; is the first ratio transmission, and %,,, is the
final ratio transmission. After determining the first and
final transmission ratios, the gear ratio between the first
and final transmission rates is calculated using geometric
progression. This method is generally used as an initial
iteration step. The engines’ lowest (n.1) and highest (n.2)
operating speed limits must be set in advance. This anal-
ysis is based on the torque characteristics of the electric
motor using Equation [8]and Equation[9]

ia iy _ i _ma

8

11 G2 13 Me2

-
o ()
11

To determine the traction factor, the base speed for
each transmission level (V},,) must be found, and the maxi-
mum speed (V;,mq.) Of the vehicle with the n-transmission
rate can be calculated by using Equation [10]and Equation

respectively.

)

¢-r- Ny
Vin = ——— 10
T30 I, - (10)
T Nnmam
Vnmaw = Ton + T 11
30 Iy, - I, an
with,
14 = differential gear comparison
r = wheel radius (m)
N, = basic rotation of the motor
Npmaz = the maximum speed of the motor
Iy, = transmission ratio to "n"
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Figure 1. Variable gear ratio tion design

Thus making the formula to find the maximum and  shown in Figure[2| Therefore, k is added to the equation
minimum traction force that can be generated at the n-  of variable-ratio, where (k) is the characteristic parameter
transmission rate. As shown in Equation|[12|and Equation  of the planetary gear (ring/sun), as shown in Equation

respectively. N

1+ kwe =ws+ —-wgr a7
I n " I - Tm max (
Fimay = - to " 2m maz (12) v
T .
with,
Itn g - Tm min
Femin = %nt (13) we = carrier body rotation
. = body rotation.
The force that occurs on the vehicle can be seen ZS _ iﬁ:;ggifr b(; dB;rr(;; tlicz)r;
from the equation described above. The Planetary Gear NR — number of sun gear te e.th
Set (PGS) will be designed as a power splitter from the NS — number of ring gear teetﬁ
data obtained. The PGS uses two motors as a driving NR — number of planetary gear ‘teeth
force to function as a variable ratio, as shown in Figure TP — carrier body torque ’
Equation [14] to Equation [16]below are to calculate carrier Tg — sun gear body torql'le
body rotation and torque, respectively. Tr = the torque that enters the ring gear.
Ng Ng
wczi-ws+7-w1¥ (14)
Ns + Ng Ns + Ng 3. Simulation Method
The calculation results in the traction characteristics
Ng Ng of the vehicle and the number of teeth on the PGS so
Tc = Ns + Ng Ts + Ns + Ng Tr (15)  that .the copﬁgyration concept can be sin}ulateq. The first
configuration is to determine the location of input and
. ) output with a single PGS. The configuration used in this
Tc = (is—c - Ts) + (ir—sc - Tr) (16) b & &

study uses two inputs on the sun gear and ring gear and

In this study, the PGS variable-ratio will be modi- one output on the carrier gear. This configuration has the
fied by adding a fixed gear ratio (i) to the input of ring  largest reduction ratio. The design configuration can be
gear to increase the torque at the input of ring gear, as  seen in Figure[3]

m_/ o | RING; N [
s

Figure 3. Configuration with Output on the Carrier

57



Maulana, Sutantra/JMES The International Journal of Mechanical Engineering and Sciences/5/2(2021)

GISFLAY
S PRUTIN | wpur sun
CUTPUT PGS less sum-F :
FRFMH RPN iy y
“':"E — INPUT 5UB PGS (APM)|—— I
| ' —0
L GUTRUT Bts- UTPUT PGS .
’ L] RPh) Post
Ny - e CAREROUTPUT (RPA) CARIER . FRAME| - [PGST ARG . FRAME Lo
8
CABPLAY
(CARER - P52 CARIER . PO&1 '%ﬁ._m
o T PG - PR PGS Panet - Carge] | HPUT RikG PGS (RPM) —d [RPM)
| [ . WPUT R )
CARER P51 1O POSZ PGS Planet - Carier el | o
HEm) .
PG5t
S RPR

POEET GUN - FRAME  FINAL OUTPUT POS2 (RPM)

J

PGS 2
-—
FINAL DUTPUT
PGS
[RPIE)

. L} CAITEUT UM & CamilR
| fT
DUTPUT SN
CiSPLAY PEE2
OTPUT SN Py
Pls-3
ARPMI

Figure 4. Simulation of ECVT-PG Speed Ratio

Fix fatio Gear
a

Figure 5. Prototype design

Furthermore, the direction of input and output rotation
is designed with simulation in CAD software. In this sim-
ulation, mechanical simplification was used to speed up
the simulation. The simplified 3D model can be seen in
Figure[4] Simulation using numerical software used the
simmechanics approach to determine the speed ratio pro-
duced by design. The simmechanics simulation model can
be seen in Figure 4}

4. Experimental Method

The Planetary Gear Set (PGS) was made using 3D
Printing. This design used a spur gear type and uses two
BLDC motors, the BLDC-1 as the main driver in this system
and the BLDC-2 as the auxiliary drive when the transmis-

sion is used for acceleration. BLDC-1 is connected to Sun
Gear, while BLDC-2 is connected to Ring Gear. Figure
shows the Planetary Gear Set (PGS) design, which will be
modeled and simulated in this study. From this prototype,
several modes of transmission will be carried out, such
as changes in the rotational direction and speed of the
two motors so that from this experiment, several levels
of speed and torque ratios will be obtained. The ECVT
prototype simulation will use the Arduino Mega micro-
controller with the addition of a Rotary Encoder sensor.
Figure |5 shows the addition of a Rotary Encoder sensor to
determine the input and output rotational speed. The data
obtained from this experiment is used to validate the sim-
ulation results in CAD software and numerical software.
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In this experiment, the writer made motor-1 as the
main motor and motor-2 as the auxiliary motor. The main
motor will rotate in the most efficient condition, while the
motor-2 is used to control the required speed ratio. The
test uses a potentiometer as a substitute for the gas pedal
and a switch bar as a substitute for the specified speed
level.

5. Results and Discussion

The vehicle used in this research was a Fiat sedan
with the vehicle specifications shown in Table[1} For the
vehicle thrust (F}) needed, the drag force on the vehicle
is analyzed. The drag force includes aerodynamic drag,
rolling resistance, and climbing resistance.

After knowing the drag force, we can determine the
vehicle thrust and transmission ratio required based on
the power source used. Vehicle traction is designed for
all resistance on the vehicle can be traversed properly.
For this reason, the first step taken was to calculate air
resistance (aerodynamics) with Equation |1} The results
can be seen in Figure[6] In this calculation, aerodynamic
resistance was minimal because the aerodynamic drag
will increase with increasing speed. Usually, the vehicle’s
aerodynamic drag will affect the vehicle if the speed has

Table 1. Vehicle specification

Unit Value Notation
m 1355 kg
A 2.4 m?
Cy 0.311
p 1205  kg/m?
f.  0.005
g 9.81 m/s?
r 0.292 m
T 3.1415
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Figure 7. Rolling resistance 0-250 km/h

passed 100 km/h. If the top speed of the vehicle is below
100 km/h, the resistance will certainly remain small.

Another resistance in vehicles is the rolling resis-
tance that occurs on vehicle tires. To calculate the value
of this resistance, Equationis needed, but to solve this
problem, the value of f,. must be determined with Equa-
tion 3} Road conditions and tire pressure determine the
value of f,. Figure|7|shows the results of the calculation
of the rolling resistance of a vehicle when driving at a
certain speed. Rolling resistance was obtained from the
independent variable data input of the vehicle from dif-
ferent rolling resistance coefficients at each speed level.
Based on the graph, it can be seen that the greater speed
of the vehicle, the greater rolling resistance.

When the car goes uphill, drag force is the accumu-
lation of total resistance when driving on an upward slope
with a certain gradeability value. Gradeability calculations
were carried out at 0-60% slope. The value of the climbing
resistance is directly proportional to the sine of the slope.
The climbing resistance is the product of the vehicle weight
and the sine of the upward slope the vehicle is traveling
through (Equation [3). Figure [8] shows the calculation
results of the car’s uphill resistance on each gradient.

E 3
£
g 2
=
2
s
.g 1
£
2
< 0
0 50 100 150 200 250
Vehicle Speed (km/h)
Figure 6. Aerodynamic resistance 0-250 km/h
10
g 8
g 6
]
S 4
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g 2
o
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Figure 8. Climbing resistance on vehicles
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Figure 10. Required Power

The value of the climbing resistance on each gradi-
ent is constant. After getting the climbing resistance, the
value of the climbing resistance is summed with the wind
drag and the rolling resistance to become the total drag
force. Figure |§| shows the total drag (F'r) when the vehicle
is driving on an upward slope for each gradeability. It can
be seen from the graph below that the greater slope, the
greater the drag force that occurs. Likewise, if the vehicle
passes through the horizontal road, it will experience the
least drag force.

After that, to find out the power needed by the ve-
hicle against drag force is the multiplication of the thrust
and the speed of the vehicle. The thrust used is the highest
value of thrust against the total drag on a 30° slope. The
results of the calculation were the motor power require-
ments to drive a vehicle. This was used as the basis for

determining the specifications of the electric motor. The
calculation is shown in Figure

Based on the graph in Figure[10] It can be explained
that with 47 kW of power, the vehicle can go on a 300
slope at 20 km/h speed. With 47 kW of power, the vehicle
can reach speeds of more than 150 km/h on horizontal
roads.

After knowing the drag force and the power require-
ments for the vehicle, the authors chose the appropriate
electric motor. Based on several types of motors available,
the authors used the HMP-20000 (50 kW peak power) mo-
tor as the motor-1. And HMP-5000 (10 kW peak) motor as
motor-2, because motor-2 is used as an auxiliary motor to
increase the acceleration of motor-2 and requires a higher
rotation speed than motor-1.

The transmission ratio calculation in the vehicle is
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to determine the value of the first and final teeth accord-
ing to the vehicle needed. The first gear is based on the
largest thrust against the total drag when climbing, and
the largest torque from the electric motor is calculated
using Equation [6 With the torque of the electric motor
145 Nm at maximum efficiency, the results can be seen as
follows.

(Wsinbmaz + fr - W+ Rg) -7
Tm : Id * Mt

11 = =6.02

Furthermore, the authors calculate the transmission
ratio for the final speed, which is 100 km /h. The final
transmission ratio is the transmission rate used by the
vehicle to produce the desired maximum speed. The final
gear is determined using Equation |7, with an electric mo-
tor constant torque of 44 Nm. the author has calculated,
and the results are as follows.

”r 1 ‘r

r. —’—7 . G/L-T’. .A . a .

ing 2 Pair - Ca- Ay )T:Lw
Tm N Id s M

While the number of transmission gear levels is ad-
justed to the vehicle’s needs, Table[2]shows the calculation
result of the transmission ratio from 3 stages to 6 stage

Table 2. Gear Ratio

transmission. Using Equation[9] This calculation is used to
determine the traction characteristics at each transmission
ratio level.

Planetary Gear Ratio is designed based on the first
and final gear ratios, with the following aspects. The ra-
tio used is 1: 6—the type of transmission (Reduction or
Variable Ratio). Maximum vehicle speed and maximum
traction requirement. The largest diameter limit allowed
on the ring gear is 120 mm, while the ring gear diameter
used is 95 mm. The PGS configuration can be seen in
Figure 2| Input-2 has a fixed ratio gear (i) to increase the
required torque when operating. The fixed-ratio gear will
be in contact with the outer gear of the ring gear. So it
is determined that the outer gear of the ring gear is 114,
and the fixed-gear remains 38, so it has a reduction ratio
of 3 times. According to calculations using Equation [14{to
Equation[16] the results are shown in Table

After determining the transmission ratio, Traction
characteristic analysis was carried out to determine the
differences in the various levels of the ratio to the force of
the vehicle. Traction characteristics graphs at each speed
stage due to the transmission ratio redesign are shown in
Figure|11|to Figure From all the redesigned graphs, it
can be seen that the traction distribution is more evenly
distributed as the number of speed levels increases.

Table 3. PGS Teeth

3 Stage 4 Stage 5 Stage 6 Stage Sun Gear Ring Gear Planet Gear
il1=6.02 il =6.02 il =6.02 il =6.02 19 95 38
i2=263 i2=347 i2=3.98 i2=4.32
i3 =115 i3=2.00 i3=2.63 i3 =3.10

i4=115 i4=1.74 i4=2.23
i5=1.15 i5=1.60
i6 = 1.15
12000
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Figure 11. Traction Characteristics 2 Stage of Speed
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Figure 12. Traction Characteristics 3 Stage of Speed
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Figure 13. Traction Characteristics 4 Stage of Speed

The maximum traction that can be achieved is 7.01 = The ECVT mode uses motor-1 and motor-2 to increase the
kN. The traction loss (gap) when changing gears decreases  acceleration required by the vehicle. The ECVT mode has
as the transmission level increases. In addition, the top less traction than the single motor model; this is due to
speed of the vehicle of 273 km/h is achieved at the 6th  the counter-torque given by the motor-2 through the ring
gear level. Both in standard conditions and the redesign  gear to motor-1 in the sun gear, which has the effect of
results, the car can go through an inclined slope of >30%. increasing speed but reducing torque.
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Figure 15. Traction Characteristics 6 Stage of Speed

The next step is design configuration. This config-
uration is used to validate the design before making a
prototype. In this case, the Planetary Gear Set that has
been designed will be simulated using the Matlab Simulink
software and CAD software to get a good and correct pro-
totype. In the simulation, the Matlab Simulink software
and CAD software basically have similarities in terms of ex-

periments because the researchers used the Sun Gear and
Ring Gear input to get the output value. Before perform-
ing the simulation using Matlab, the design framework is
created as the basic simulation. Simmechanics in Matlab
requires a detailed 3D design to get validated results.
The results of CAD simulation can be seen in Figure
and the Matlab Simulink simulation result can be seen
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in Table[4 From Figure[16] the Input Ring 1 is in the op-  in Figure
posite direction with Sun Input so that the Carrier Output
is obtained. The rotational direction of the input, which

is unidirectional, will significantly increase speed. In con- Table 4. Matlab Simulation
trast, the direction of rotation of the input in the opposite
direction will reduce the speed and cause a difference in Input Sun Input Motor Input Ring Output PGS
the direction of input and output rotation. So it can be (rpm) Ring (rpm) (rpm) (rpm)
concluded that the use of PGS as a determinant of the 2000 0 0.0 333 3
speed ratio can be achieved by determining the direction 2000 1000 335 3 611.1
of the input rotation that adapts to the vehicle’s need. So 2000 2000 666.7 888.9
that the use of two inputs can increase the reduction ratio 2000 3000 1 006 0 11 66' 7
gll ;};Z I(;};proostl;etzigcr)ltatlon and increase the acceleration with 2000 4000 1333.3 1444.4
In this research, a complete design of ECVT trans- 3888 2888 ;8883 ;(7)(2)3(2)
mission will be produced, supported by detailed prototype 2000 2000 2333'3 2277.8
images to support the testing process. This transmission 2000 8000 5 666.7 2555' 6
is designed in such a way as to make it easier to modify 2000 9000 3000'0 2833'3
jclnd repl,ace C(?nventlonal transmissions th?lt already exist 2000 10000 33333 3111.1
in today’s vehicles. The results of prototyping can be seen
3500
3000
2500 /_/_
s 2000
= 1500
g 1000
g 500
o
= 0
0 2 4 & 14 16 18 20 8 30
500
-1000
-1500
Time (s)
Input Ring 1 ——InputSun Qutput Carrie 1
Input Ring 2 = Qutput Carrie 2

Figure 16. CAD Simulation Result

Figure 17. Prototype result
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Figure 19. Five speed ECVT mode

The first test on the prototype is to run a motor to
find out the rotary encoder sensor readings at the input so
that the sensor results are the same as the actual results of
the tachometer reading. The second experiment is the ap-
plication of 5-speed ECVT mode analysis to the prototype.
In the first experiment, the result is shown in Figure
below. It is known that with every increase in the switch
level, the motor speed will increase. The result of second
experiment is shown in Figure

The second test was carried out using a potentiome-
ter as input and then determines the input conditions at
the maximum level. When the transmission level changes,
the maximum speed at the transmission level is obtained.
In Figure the red line represents the input given. The
initial condition in this test is when the first level transmis-
sion is activated, motor-1 will rotate at a constant condi-
tion. At 1200 rpm, a light blue line indicates the motor-1

rotation speed condition (INPUT M1). While motor-2 is
active when input is given, motor-2 is a determinant of
the speed ratio; the selected transmission level greatly
influences the speed of motor-2. In the graph above, the
speed of motor-2 is known from the brown line (INPUT
M2).

The output in this experiment shows that more trans-
mission levels are selected. A yellow line indicates the
transmission level, and a black line indicates the output.
In the prototype that was made, adding a gear with a ratio
of 3:1 at the input motor-2 connected to the Ring gear
made the speed of motor-2 very high.

The prototype test results show that PGS in the ECVT
mode can determine the vehicle speed ratio. However, the
addition of control is needed to increase the effectiveness
of the ECVT mode on electric vehicles so that later it can
increase the efficiency of electric vehicles.
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6. Conclusions

The research has concluded that the ECVT design
model with dual motors and a single PGS can make an
alternative to determining the speed ratio in electric vehi-
cles. The Planetary Gear Set can be used to facilitate the
electric motor to work in optimal conditions. Moreover,
it can even produce various modes of operation that can
provide additional capabilities for an electric vehicle trans-
mission. The use of ECVT mode in electric vehicles can
increase the efficiency of vehicle transmission because the
choice of transmission ratio is infinite. Increasing trans-
mission efficiency can increase the efficiency of electric
vehicles. However, to obtain maximum efficiency, a good
control strategy is needed, and the control strategy will be
discussed in further research.
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