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Abstract: The purpose of this paper is to study how input parameters affect the dynamic charac-
teristics and electric consumption characteristics of an electric motorcycle. To achieve this goal, a
simulation model of the electric motorcycle, including dynamic models and battery models were
established based on mathematical models and using the MATLAB SIMULINK software (Parnas
Tower 14th Floor521 Teheran-street Gangnam-district Seoul 06164 Korea). The simulation model was
used to determine the velocity, propulsion torque, electric consumption characteristics with variable
electric motorcycle mass, driver mass, wheel radius, frontal area, and transmission ratio. Through
the simulation study, the paper found that when the electric motorcycle mass was increased from
60 kg to 100 kg, the maximum velocity decreased by 5.45%, the moving distance was reduced by
5.89%, and electric consumption increased by 0.11%. Following increased driver mass from 48 kg
to 88 kg, the velocity and moving distance decreased by 5.45% and 5.89%, respectively, while also
increasing electric consumption by 0.11%. When the wheel radius was changed from 0.205 m to
0.245 m, the maximum velocity increased by 11%, the moving distance increased by 11.2%, and
electric consumption increased by 0.11%. When the frontal area was increased from 0.52 m? to
0.92 m?, the velocity and moving distance decreased by 2.43% and 2.06%, respectively, while electric
consumption increased by 0.04%. When the transmission ratio was increased from 2.66 to 4.94, the
velocity and moving distance increased from 30.74 km/h to 70.7 km/h and from 303.12 m to 710.44 m,
respectively, while electric consumption increased by 0.16%. Finally, an experimental study is con-
ducted to examine the dynamics of the electric motorcycle. The experimental results have the same
trend with simulation in the same initial condition. Through combination simulation and experiment,
the researcher can optimize the dynamic and electric consumption of an electric motorcycle.

Keywords: electric motorcycle; electricity consumption; electric motorcycle dynamic; Matlab Simulink

1. Introduction

One of the major concerns of many counties in the world is environmental pollution.
The toxic emissions of the internal combustion engine are one of the main pollution sources
through using fossil fuels such as diesel and gasoline [1-3]. Furthermore, the toxic emission
from internal combustion engines such as hydrocarbons (HC), carbon monoxide (CO),
nitrogen oxides (NOx), and particulate matter (PM) directly affect human health [4,5].
Another issue is energy security; because of concerns regarding fossil fuel supply and
undesirable economic impact by fluctuating fuel price, alternative fuel, and new vehicles
have become a focus for worldwide researchers [6-8]. One promising choice is electric
vehicles (EVs), which have significant advantages such as boosting energy efficiency,
decreasing toxic emissions, and reducing noise compared with an internal combustion
engine [9-11]. One potential electric vehicle is electric motorcycles [12], which are not only
appropriate for moving a short distance over diverse terrains but also utilitarian compared with
other electric vehicles with reasonable prices, maintenance, and repair expenditure [13-17].
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Behzad Asaei et al. [18] presented the performance, fuel consumption, and emission
characteristics of a hybrid electric motorcycle integrated with a brushless DC motor on the
front wheel. Through simulating detailed design manufacturing of hybrid electric motor-
cycles on the road, they found that the acceleration time from 0 to 60 km/h was optimized
by approximately 46%, fuel consumption was decreased by 22%, and toxic emission was
decreased, such as NOx 7%, HC 22%, and CO 22%. Joerg Dieter Weigl et al. [19] developed
an electric motorcycle using a hydrogen fuel cell (H2Motive), which was evaluated at
the South African Solar Challenge. The results show that an electric motorcycle using a
hydrogen fuel cell is capable of traveling 2400 km. The electric motorcycle was based upon
a converted Motorcycle-CBR400, which can travel 1600 km at the World Advanced Vehicle
Expedition. Rabiatuladawiah Abu Hanifah et al. [20] studied the kinematics and dynamic
models of a motorcycle with two driving cycles, including the Worldwide Motorcycle
Test Cycle (WMTC) and New European Driving Cycle (NEDC). The results of the paper
concluded that: the moving distance of a developed model could be effectively determined,
and the enhanced battery control modeling can be applied for an electric motorcycle in
future research. Alireaz Farzanh et al. [21] reported a smart energy management system on
a pure electric motorcycle using the cuckoo optimization algorithm to optimize consumed
energy. The smart energy management strategy was applied on a real test road with a
third scenario, and the results found that the consumed energy was decreased by 36%
compared with the first scenario, while the consumed energy was decreased by 26.8% in
the second scenario compared with the first scenario. Alireza Farzaneh et al. [22] presented
the energy consumption on straight and curved parts of a road for an electric motorcycle
using a simulation model. They found that total energy consumption during the drive cycle
decreased from 1.3728 x 10° J to 4.1459 x 10* ] by the optimized speed with the curved
portion, which demonstrated that speed optimization by a curve has a certain potential to
decrease energy consumption while reducing the required powertrain traction force and
total power requirement during transit through the curve.

Finally, through a brief summary of previous research in the electric motorcycle field,
we found that almost all prior research focused on building a simulation model and analysis
of energy consumption. Very few studies examined the dynamic and effective performance
of electric motorcycles through key parameters, but not the actual motorcycle particularly.
This paper investigates in detail the effect of key parameters, including operational and
structural parameters, on the effective performance area of an electric motorcycle.

2. Simulation Study
2.1. Simulation Study of Electric Motorcycle

The free-body diagram of an electric motorcycle is described in Figure 1, which was
the basis to simulate the electric motorcycle dynamic.
Newton'’s second law in terms of an object’s acceleration can be described by:

P dv

=m—— =ma
dt

Appling Newton’s second law to the motion of an electric motorcycle, which is

described by:
2

a=x
where: Fy is the propulsion force, Fys is the slope resistance force, F;y = MgCs, Fyy is

the wind resistance force, F,, ;= %A fuCgp(vw + vE M)z, Fyris the rolling resistance force,
Frf = gMC;; cosa.
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Figure 1. The model of the electric motorcycle.

A DC motor was used for the motivation of an electric motorcycle, which was installed
on the rear wheel, as shown in Figure 1. When the electric motorcycle operates, the DC
motor uses electricity from a Li-ion battery as an energy source to create propulsion torque;
the propulsion torque can be calculated as follows:

Tp = FyfRw )

where T, is the propulsion torque, Ry, is the wheel radius.
Ty =9Tw ®)
By combining Equations (2) and (3). The propulsion torque can be re-sated as follows:
Fyr.Ry = 7T 4)

Figure 2 shows the continuous-time electromechanical equations of a separately
excited DC motor circuit.

T, 0,w

I B

Figure 2. The armature equivalent circuit of the DC motor.

From Figure 2, the electromechanical equations related to excited DC motor circuit

was described by:
di .
% + iR, + E. = Kyu )

dw
]Ttm‘FBlwm:Te_Tm (6)

L,
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The electrical variable DC motor is the armature current, and the mechanical variable is
speed. The back emf (E.) is proportional to speed, the produced torque (T.) is proportional
to armature current:

Ec = Kpwm @)

Te = Kyl ®)

By combining Equations (5)—(8), we can obtain Equations (9) and (10), which are the
electrical behavior and mechanical behavior, respectively, of the DC motor [23,24].

La% + iR, + Kywy, = Kgu )
dw, .
]7 ~+ Biwy + Ty = Kypig (10)
By combining Equations (4)—(10), the propulsion force can be calculated as follows:
1 KbKu KbLa diu dwm KaKh
Fr=— — =4 _ — (B 11
P Rl R TR @t S UVTR, ) b

2.2. Electric Motorcycle Performance

The total power is used to help a driver and electric motorcycle overcome air resistance,
slope, and rolling friction.

Protar = Poir + Pslope + Pfriction

Here, P,;, is the consumed power to overcome the air resistance. It can be calculated
as the equation below:

Poiy = 5 VEM (12)

The consumed power to overcome the slope resistance (Psjop) can be calculated as the
equation below:
Pslope = MgCsvpm (13)

The consumed power required to overcome the rolling friction (Ppiction) can be calcu-
lated as the equation below:

Pfriction = gMGC;y cos avgm (14)

2.3. Battery Models

The electric motorcycle was equipped with a Li-Ion battery, which was used as the
power supply for the DC motor. The Li-Ion battery discharges to transfer energy to the
DC motor during electric motorcycle operation. When the Li-lon battery discharges, the
battery voltage can be written as follows [25]:

KQ KQ .
Q—i(t) Q—i(t)

The transmission ratio of gearbox is presented in the Table 1.

V, = Eg — (i) — Ri + Ael=Bi()) _ (15)
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Table 1. Transmission ratio of gearbox.

Speed Levels Transmission Ratio Value (y)
Speed_1 2.66
Speed_2 3
Speed_3 3.43
Speed_4 4.12
Speed_5 494

3. Results and Discussion
3.1. Model Validation

The experiment was conducted on an electric motorcycle with a motor power of
3600 W. The rider to drive the motorcycle had a mass of 78 kg. The experiment was
conducted under initial conditions including: a rider mass of Mp = 78 kg, a motorcycle
mass of Mgy = 90 kg, a wind speed V;, = 0 km/h, and a slope ratio of G = 0%. The
electric motorcycle was run within 60 s. Figure 3a compares the simulation velocity and
experiment velocity. The same trends can be observed in the experimental and simulation.
The velocity increased when the transmission ratio increased; the maximum difference of
velocity of 7.475 was notified at 28.9 s. Figure 3b shows that the moving distance increased
with the increase in transmission ratio. We can see that the simulation and experiment
have the same trend when increasing the transmission ratio. The maximum difference
between simulation and experiment is 2.27%. The velocity and moving distance are an
average of experimental values and are thus acceptable. Based on the comparison between
experiments and simulation results, the confidence of the simulation is confirmed, and this
simulation model can be used for further study. The experimental system was installed on
the motorcycle and includes a photo sensor to detect motion and a computer to collect data
through the LabVIEW program, as shown in Figure 4.

600

50

40 A

30

20+

Velocity [km/h]

104

Initial condition:
Simulation speed_1 v,=0 m/s
o T T T T 500 4 | =~ Experiment speed_1 My=78 kg
Simulation speed_3 Mg, =90 kg
400 L=~ Experiment speed_3 gfgqus gim?
E
Z= N ~
8 300+
8
Initial b
— Simulation speed_1 v,=0 m/s a 200 4
— = Experiment speed_1 M_=78 kg
— Simulation speed_3 M, =90 kg
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D=1.225 kg/m’
0 T T T T T 0 T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
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Figure 3. Compare to the (a) velocity, (b) distance when changing the transmission ratio.

3.2. Effect of Electric Motorcycle Mass

In order to generate data for this research, the simulation was conducted under the
initial condition of a 78 kg driver mass, 0.215 m wheel radius, 2.66 transmission ratio, 0
km/h wind speed, and 0% slope ratio, while the electric motorcycle mass was changed
from 60 kg to 100 kg. Figure 5a,b show that the velocity and moving distance decreases
from 73.73 km/h to 69.71 km /h (5.45%) and from 743.68 m to 699.82 m (5.89%), respectively,
when the electric motorcycle mass was increased from 60 kg to 100 kg. This is explained by
the increased electric motorcycle mass, which led to an increased rolling resistance force.
The wind resistance force and slope resistance force are constant, so the total resistance
force is increased, and this led to the velocity and moving distance decrease.



Sustainability 2021, 13, 7285

6 of 13

Figure 4. The experimental system setup on EM.
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Figure 5. Impact of electric motorcycle mass to (a) velocity, (b) distance, (c) battery voltage, (d) propulsion torque.
Figure 5¢ shows the effect of the electric motorcycle mass on electricity consumption.

The electric consumption increased by 0.11% when the electric motorcycle mass was ad-
justed from 60 kg to 100 kg. Furthermore, the propulsion torque increased from 35.612 N.m
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80

to 36.267 N.m, as shown in Figure 5d. This can be explained by the increased electric
motorcycle mass leading to an increase in rolling resistance force. This caused the total
resistance force to increase, so the load to the motor increased. This explains the increase in
electricity consumption and propulsion torque.

3.3. Effect of Driver Mass

To generate data for this research, the diver mass was increased from 48 kg to 88 kg,
while the other input parameters were kept constant, including 90 kg electric motorcycle
mass, 0.215 m wheel radius, 0% slope ratio, 2.66 transmission ratio, and 0 km/h wind
speed. Figure 6a,b presents the effect of driver mass on the velocity and moving distance.
Here, the driver mass rose from 48 kg to 88 kg, and the velocity and moving distance
decreased from 73.73 km/h to 69.71 km/h (5.45%) and from 743.68 m to 699.82 m (5.89%),
respectively. The increased driver mass led to an increased rolling resistance force requiring
increased motor load. The wind resistance force and slope resistance are constant, so the
total resistance force increased, thereby it reduced the velocity and moving distance.

800 N L
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70 R,=0.215m _
7004 W o M,= 58 kg
Y /: —— M,=68 kg
60 - v, = 0 km, - M=
6009 = 1.225 kgim? w13
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S R,=0.215m £ 5004 Ye3.43
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= g e ¥
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E —— M,=68kg D= 1.225 kgim® b
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20 200
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71.8 3
= 3524
716 T T T T T 35.0 T T
0 10 20 30 40 50 60 48 68 88
Time [s] Driver mass [kg]
(c) (d)

Figure 6. Impact of driver mass to (a) velocity, (b) distance, (c) battery voltage, (d) propulsion torque.

Figure 6¢c shows the effect of driver mass on electricity consumption. Electricity
consumption increased by 0.11% when the driver mass was changed from 48 kg to 88 kg.
Besides that, the propulsion torque increased from 35.621 N.m to 36.267 N.m with the same
initial condition. This could be explained by the increase in rolling resistance force leading
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to an increased motor load; hence the energy demand for the motor also increases. This is
why the velocity and moving distance decreased.

3.4. Effect of Wheel Radius

One of the structural parameters that directly affects the electric motorcycle dynamic
is the wheel radius. To understand its effects on the dynamic and power consumption of
an electric motorcycle, the simulation was conducted under the initial condition of a 90 kg
electric motorcycle mass, 78 kg driver mass, 0 km/h wind speed, 2.66 transmission ratio,
and 0% slope ratio, while the wheel radius was varied. Figure 7a,b show that the velocity
and moving distance increased from 68.62 km/h to 76.2 km/h (11%) and from 689.47 m
to 766.75 m (11.2%), respectively, when the wheel radius was increased from 0.205 m to
0.245 m. This can be explained by increasing the wheel radius, which led to an increase in
the rotational inertial. Furthermore, power consumption was increased by 0.11%, and the
propulsion torque increased from 35.769 N.m to 36.51 N.m. The increased wheel radius led
to an increase in rotational inertial, so the energy demand for the motor increased. This is
why electric consumption is increased.

800
80 4 Initial condition:
700 4 —R,=0.205m M,,= 90 kg
—R,=0.215m M,=78 kg
600 —R,=0225m v,= Okm/h
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D= 1.225 kgim® i
20 A G=0% 200
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100
0 T T T T T 0 T T T T T
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Time [s] Time [s]
(a) (b)
726
%66 36511
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72.4 —
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S 722 3
o i
o o .
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G=0% s °2°1
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0 10 20 30 40 50 60 0.200 0.205 0.210 0.215 0.220 0.225 0.230 0.235 0.240 0.245 0.250
Time [s] Wheel radius [m]
(c) (d)

Figure 7. Impact of wheel radius to (a) velocity, (b) distance, (c) battery voltage, (d) propulsion torque.

3.5. Effect of Frontal Area

The frontal area directly affects the dynamic and electric consumption characteristics
of an electric motorcycle. The effect of the frontal area on the velocity, moving distance,
power consumption, and propulsion torque are presented in Figure 8a—d. The frontal area
was varied from 0.52 m? to 0.92 m?, while other parameters were kept constant (M, = 78 kg,
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Mrpm =90 kg, vy =0 km/h, G = 0%, ¥ =2.66). As shown in Figure 8a,b, the velocity and
moving distance decreased when the frontal area increased. This is because the increased
frontal area led to an increase in the wind resistance force. While the rolling resistance and
slope resistance force are constant, so the total resistance force was increased. This explains
why the velocity and moving distance decreased. As a result, when the frontal area rose
from 0.52 m? to 0.92 m?, the velocity and moving distance decreased from 72.01 km/h to
70.3 km/h (2.43%) and from 721.47 m to 706.9 m (2.06%), respectively.

80 800
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1 —— Frontal area= 0.62 m”
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60 | 600 + ~—— Frontal area= 0.82 m’
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E 50 5 Initial condition: E 500
< —— Frontal area= 0.52 mZ M, =90 kg ‘8‘
> 40 Frontal areai 0.62 m M= 78 kg S 400+ Initial condition:
5 —— Frontal area= 0.72 m v = Okm/h (U M, = 90 kg
o I —— Frontal area= 0.82 m’ DW— 1,225 kg k7] 200 M= 78 kg
© E I = : =1 a q 2
2 Frontal area= 0.92 m G=0%% o v,= Okm/h
20 Y=3.43 i D= 1.225 kg/m®
200 G=0%
10 100 TEas
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Time [s] Time [s]
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[ @ 36.088
S 722 g 36.087
S 2 36.086
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e 72.0 4 —— Frontal area= 0.62 m* M,= 78 kg %
S —— Frontal area= 0.72 m* v,= Okm/h ) Q. 36.080 -
—— Frontal area= 0.82 m* D= 1.225 kg/m S
—— Frontal area= 0.92 m* G=0% o
71.8 Y=3.43 3 36.075 4
< 36
71.6 T T T T T 36.070 - T T
0 10 20 30 40 50 60 05 0.7 0.8 0.9
Time [s] Frontal area [m?]
(©) (d)

Figure 8. Impact of frontal area to (a) velocity, (b) distance, (c) battery voltage, (d) propulsion torque.

Figure 8c,d presents the effect of frontal area on electric consumption and propulsion
torque. It can be observed that when the frontal area rose from 0.52 m? to 0.92 m?, the elec-
tricity consumption increased by 0.04%, and propulsion torque increased from 36.08 N.m
to 36.09 N.m. This observation can be explained by the increased wind resistance force
leading to greater motor torque; thus, the battery voltage decreases with the increasing
frontal area, as shown in Figure 8c.

3.6. Effect of Transmission Ratio

Figure 9 shows the simulation results for the velocity, moving distance, power con-
sumption, and propulsion torque as functions of transmission ratio. The simulation
conditions included: driver mass of 78 kg, electric motorcycle mass of 90 kg, wheel radius
of 0.215 m, wind speed 0 km/h, and a slope of 0%.
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Figure 9. Impact of transmission ratio to (a) velocity, (b) distance, (c) battery voltage, (d) propulsion torque.

Figure 9a,b show the effect of transmission ratio on the velocity and moving distance.
When the increasing transmission ratio, the velocity and moving distance decreases. The
maximum velocity and moving distance at a transmission ratio of 2.66 were 70.7 km/h
and 710.44 m, while the maximum velocity and moving distance at a transmission ratio
of 4.94 were 30.74 km/h and 303.12 m, respectively. This can be explained by its relation-
ship with the propulsion force; the increase in propulsion force led to an increase in the
velocity of an electric motorcycle. Figure 9c presents the effect of the transmission ratio on
electricity consumption. By increasing of transmission ratio from 2.66 to 4.94, the electricity
consumption increased by 0.16%. The increased transmission ratio led to an increase in
required propulsion torque, and velocity led to an increased load on the motor, so the
energy demand for the motor is high, thereby increasing electricity consumption.

4. Conclusions

The operation of an electric motorcycle was modeled and simulated based on the
dynamic DC motor and battery model resolved by a written program in MATLAB-Simulink.
The effect of input parameters, such as electric motorcycle mass, driver mass, wheel
radius, frontal area, and transmission ratio on electric motorcycle dynamics and electric
consumption, were investigated. The study results showed that the dynamic performance
and electricity consumption of an electric motorcycle could be optimized by adjusting
input parameters.

The study results are summarized below:

1. When the electric motorcycle mass was increased from 60 kg to 100 kg, the maximum
velocity decreased from 73.73 km/h to 69.71 km/h (5.45%), the moving distance was
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reduced from 743.68 m to 699.82 m (5.89%), and electricity consumption increased by
0.11%, respectively;

Following an increased driver mass from 48 kg to 88 kg, the velocity and moving
distance decreased from 73.73 km/h to 69.71 km/h (5.45%) and from 743.68 m to
699.82 m (5.89%), respectively, while electricity consumption increased by 0.11%;
When the wheel radius was changed from 0.205 m to 0.245m, the maximum velocity
increased from 68.62 km/h to 76.2 km/h (11%), the moving distance increased from
689.47 m to 766.75 m (11.2%), and electricity consumption increased by 0.11%;
When the frontal area was increased from 0.52 m? to 0.92 m?2, the velocity and moving
distance decreased from 72.01 km/h to 70.3 km/h (2.43%), and from 721.47 m to 706.9
(2.06%), respectively, electricity consumption increased;

When the transmission ratio was increased from 2.66 to 4.94, the velocity and moving
distance increased from 30.74 km/h to 70.7 km/h, and from 303.12 m to 710.44 m,
respectively, the electric consumption increased by 0.16%.
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Nomenclature

M Total mass including driver and electric motorcycle mass (kg)
Cs Slope resistance coefficient (Cs = sin(«)),
Ay, Frontal area (m?)

Cy Aerodynamic drag coefficient

0 Air density, kg/ m>

Vw Velocity of wind, km/h

vepm  Electric motorcycle velocity, km/h

g Gravitational of Earth, m/s?

Cir Rolling resistance coefficient

X Moving distance (m)

a The acceleration (m/s?)

Ry Wheel radius (m)

0% Transmission ratio

T The motor torque (N.m)

Ly The motor inductance (H)

I The motor current (A)

t The time (s)

R, The motor electrical resistance

Ky The back-emf constant

wy  The motor shaft angular velocity

K, The amplification coefficient of motor
u The input voltage

] The inertia moment of motor (N.m)
B The friction coefficient of motor

Vi The battery voltage (V)
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Ep The battery constant voltage (V)

K The polarization constant (V/Ah)

Q  The battery capacity (Ah)

R The internal resistance

A The exponential zone amplitude (V)
E. Theback EMF

T, The produced torque
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