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Abstract: This study was conducted to develop a simulation model of a 120 kW class electric
all-wheel-drive (AWD) tractor and verify the model by comparing the measurement and simulation
results. The platform was developed based on the power transmission system, including batteries,
electric motors, reducers, wheels, and a charging system composed of a generator, an AC/DC converter,
and chargers on each axle. The data measurement system was installed on the platform, consisting of
an analog (current) and a digital part (rotational speed of electric motors and voltage and SOC (state
of charge) level of batteries) by a CAN (controller area network) bus. The axle torque was calculated
using the current and torque curves of the electric motor. The simulation model was developed by 1D
simulation software and used axle torque and vehicle velocity data to create the simulation conditions.
To compare the results of the simulation, a driving test using the platform was performed at a ground
speed of 10 km/h in off- and on-road conditions. The similarities between the results were analyzed
using statistical software and we found no significant difference in axle torque data. The simulation
model was considered to be highly reliable given the change rate and average value of the SOC level.
Using the simulation model, the workable time of driving operation was estimated to be about six
hours and the workable time of plow tillage was estimated to be about 2.4 h. The results showed that
the capacity of the battery is slightly low for plow tillage. However, in future studies, the electric
AWD tractor performance could be improved through battery optimization through simulation under
various conditions.

Keywords: electric AWD tractor; SOC level; simulation model; load measurement system; driving test

1. Introduction

Due to the increasing oil consumption of agricultural machinery and the seriousness of the pollution
caused by diesel engines [1,2], the field of agricultural machinery has been actively researching electric
drive type power transmission systems [3-6]. Electric tractors can reduce CO; emissions by up to
about 70% compared to engine-driven tractors [7]. Electric drive power transmission systems can be
classified into series hybrid, parallel hybrid, and electric drive [8]. In series hybrid, the engine is used
only to charge the battery. Instead of the engine, the electric motor receives energy from the battery
and drives the vehicle [9]. Parallel hybrids are equipped with an additional internal combustion
engine to distribute power optimally by driving the vehicle with an electric motor at low loads, with
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an engine at heavy loads, and simultaneously driving the vehicle at high loads [10]. The electric
drive type is a method of removing the engine for battery charging and using regenerative braking
for battery charging and driving the vehicle [11]. For automobiles, series hybrid and parallel hybrid
vehicles have been commercialized for a long time; recently, an electric drive type has also been
commercialized. However, in the field of agricultural tractors, the electric drive power transmission
method is less commercialized compared to the conventional diesel engine tractor. High-torque
driving motor technology is not yet suitable for application in series hybrid to a tractor. The energy
conversion efficiency of an electric motor varies with load, making it difficult to maintain optimum
efficiency [12]. The parallel hybrid type struggles to properly distribute power because the driving
motor must perform power generation and torque assist according to load fluctuations generated
during operation to efficiently distribute power [13]. In addition, the electric drive type requires
expensive and large-capacity batteries [14] because agricultural operations must be performed using
only a battery without an engine.

To overcome the limitations of the high-torque electric motor, electric drive technology has been
studied for electric all-wheel-drive (AWD) vehicles in which four motors are mounted on the drive
shaft [15]. Electric AWD can easily be applied using an electric motor with a small torque capacity.
A separate engine can be installed for charging the battery, which minimizes the battery capacity.
Therefore, AWD technology can replace a high-power engine with four electric motors, which can
continuously perform high-torque operations by charging the battery through the additional engine.

The simulation model for the AWD platform was verified to improve tracking performance [16],
energy efficiency, and steering performance [17]. The AWD platform controller algorithm was
developed to improve steering performance [18] and ride comfort [19]. Research on electric AWD
technology is active in the automotive field, but research on agricultural machinery such as tractors
is lacking. Most AWD platforms use one motor to divert power to each axle; research is needed
that applies four motors to a tractor. Since the electric AWD tractor directly drives the axle using a
motor, the capacities of the electric motor and the battery must be verified. In the automotive field,
actual vehicle tests were conducted to verify the design of electric drive AWD systems and component
parts. However, repeating the actual vehicle test is expensive and time-consuming [20]. To solve this,
the research trend is to verify the platform using 1D simulation programs such as Simcenter AMESim
(ver. 16, Siemens, Munich, Germany) and SimulationX (ver. 4.0, ESI ITI GmbH, Dresden, Germany).

A dynamic model of a hybrid vehicle in AMESim was used to develop a coupling device [21],
predict the driving performance [22], optimize the torque control strategies [23] and the design for a dual
clutch transmission [24], and predict the shock during mode shifting and riding [25]. Hybrid vehicle
models were developed using SimulationX to evaluate component and hybrid control strategies for
optimizing the engine power of the hybrid system [26], to review the dynamic characteristics of
the power coupling device [27], and to verify and calibrate the control algorithms for electric and
hybrid vehicles [20]. In previous studies, electric drive systems were simulated using programs for
specification review and performance prediction before actual vehicle development. This is because
accurate performance evaluation is difficult using only simulation models. Therefore, we aimed to
develop a prototype of an electric AWD tractor and simulation model and verified the model by
comparing the results of the simulation with those of the actual vehicle test. To verify the simulation
model, we compared the axle torque and the charging/discharging performance of the battery according
to load conditions. The rate of change for SOC (state of charge) level can be predicted through the
torque generated on the axle, and the available time for agricultural operation of the electric AWD
tractor can be estimated through the rate of change for the SOC level.

This study was basic research on the development of an electric AWD tractor, and the simulation
model was developed and verified through an actual platform. The goals of the research were to (1)
develop an electric AWD tractor based on power transmission systems; (2) develop a simulation model
that reflects the specifications of the parts of an electric AWD tractor; (3) verify the simulation model
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through comparison of measured data with simulation results by conducting a driving test; and (4)
develop a reliable simulation model that can be used to develop and supplement electric AWD tractors.

2. Materials and Methods

2.1. Concept of Electric AWD Tractor

Figure 1 depicts the composition of an electric AWD tractor and the power flow of an AWD
system. Power transmission systems of electric AWD tractors consist of batteries, electric motors,
reducers, wheels, and a charging system, composed of generators, AC/DC converters, and chargers.
The platform was developed based on power transmission systems, and the axle must be composed of
a combination of a motor and a speed reducer to cope with the high loads generated during work [15].
The capacities of the battery and generator were selected so that the motor could be supplied with
constant power by considering the electric tractor’s farming time of 6 h [28]. The four AWD systems
are driven independently, which reduces the turning radius and improves the ease of slip control [29].
The electric motor operates by being supplied with energy from a battery and a generator, and the
torque output from the motor is transmitted to the wheel through two reducers. Each control unit
is configured to communicate via CAN (controller area network). The function of the AWD was
developed by installing electric motors, reducers, and wheels with the same specifications on each axle.
The electric systems basically consisted of a plug-in hybrid electric vehicle (PHEV) system that uses
rechargeable batteries to supply electrical energy continuously.
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Figure 1. Schematic diagram of the power flow for the electric all-wheel-drive (AWD) tractor.

2.2. Development of Electric AWD Tractor

The electric AWD tractor was developed by combining selected electric and mechanical components
for each axle, as shown in Figure 2. The total weight and dimensions were 7430 kg and 5500 x 2500 x
1950 mm (length X width X height), respectively. The weight and dimensions of a conventional tractor
of the same class are 7125 kg and 4855 x 2450 x 3095 mm, respectively, so the electric AWD tractor has
specifications similar to a conventional tractor. Table 1 shows the components and specifications of the
electric AWD tractor. The battery type adopted was LiFePO, because it can cope with the high power
output of the electric motor during operation and has a long life cycle [30]. To stably cope with the high
torque of the axle generated in the harsh farming environment, the battery had a capacity of 14.6 kWh,
a rated voltage of 70.4 V, and a of 2 C. It was connected to each electric motor and generator. The C-rate
was selected to ensure no damage occurred to the battery when a load higher than the rated power of
the motor occurred. The generators (GENEX ST15000, Honda, Tokyo, Japan) with a gasoline engine
and AC/DC converter were added to supply electrical energy to batteries for continuous charging
during operation. The selected rated output of the generator was 13.5 kW, considering overcharging
of the battery. The battery was charged with the current generated from the generator through the
converter and charger. The selected rated power of the converter was 15 kW, which was similar to
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the output of the generator to increase efficiency. The maximum output current of the charger was
selected as 50 A considering the safety of battery charging. The converter and charger were selected
considering the input current for charging the battery and the safety of the output of the generator.
Four electric motors were used to replace the engine of a conventional tractor to cope with the high
load during the agricultural work. Electric motors (1238-6501 AC-34, Curtis, New York, NY, USA)
were selected as an easy-to-obtain product in Korea; the maximum torque and rotational speed were
119.7 Nm and 8000 rpm, respectively. We selected the motor considering the maximum power and
the rated power to develop a 120 kW class tractor. The maximum and rated powers of each electric
motor were about 37 and 30 kW, respectively. To increase the torque generated on the axles during
tractor operation, reducers were installed on each motor output shaft. The planetary gear reducer used
an existing knuckle arm to facilitate tire mounting for the tractor, and the gear ratio was about 12.05.
The helical gear reducer was selected as 4.3 to increase the torque with the planetary gear reducer,
and the gear ratio considered the maximum torque generated during agricultural operations. For the
wheels, we selected 380/85R24 agricultural wheels (AGRIMAX RT 855, BKT, Gujarat, India), mainly
used for front wheels for a large tractor to ensure the traction and ground speed of the platform.

Batteries Generators

Reducers Electric motor

Wheel

Figure 2. Photo of the configuration of the electric AWD tractor.

Table 1. Specifications of the electric AWD tractor and charging system.

Item Specification
Length x Width x Height (mm) 5500 x 2500 x 1950
Weight (kg) 7429
Max. torque (Nm) 119.7
Electric motor Max. rotational speed (rpm) 8000
Max. power (kW) 37
Electric AWD tractor -
Capacity (kWh) 14.6
Battery Type LiFePOy
Voltage (V)/C-Rate (C) 70.4/2
Planetary gear ratio 12.05
Reducer
Helical gear ratio 4.3
Tire 380/85R24
Generator Rated power (kW) 13.5
Charging system Converter Rated power (kW) 15

Charger Max. output current (A) 50
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2.3. Simulation Model

The power transmission system and the control system of the electric AWD tractor were developed
using SimulationX (ver. 4.0, ESI ITI GmbH, Dresden, Germany). The simulation model consisted of a
mechanical model, electrical model, and control model, as shown in Figure 3. Each model reflected the
actual specifications of the components. The motor model reflected the torque and rotational speed
(T-N) curve provided by the manufacturer, and the battery model reflected the specifications of the
capacity and voltage. The output according to the rated rotational speed was input to the generator
model, and each gear ratio was input to the reducer models. The tire model was configured to be
the same as the actual driving condition of the platform through input of the slip ratio for each soil
condition [31]. By inputting the load data between the reducer and the tire model, the output power
of the electric motor was determined. The battery SOC level changed according to the power of the
electric motor during simulation.
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Figure 3. Simulation model for power transmission system of the electric AWD tractor using SimulationX
(reproduced from [7]).

2.3.1. Mechanical Model

The mechanical model consisted of an electric motor, reducers, and tire. The axle load was input
from the input torque model configured between the reducer and the tire, and the electric motor model
was configured to output the motor torque considering the input load and the gear ratio of reducers.
The motor torque is shown in Equation (1), which considers the air-gap torque, acceleration torque,
and friction torque. Under constant voltage conditions, the current of the motor that has the most
influence on the SOC is shown in Equation (2), and the torque proportional to the current is shown in
Equation (3) using the gear ratio. The tire model represents wheel-road and estimates slip values at
two speeds, and assigns coefficients of friction according to the prescribed slip characteristics [32].

Tiotor = Te — Ty — Tlr (1)

where Ty10r is motor torque (Nm), T, is air-gap torque (Nm), T} is acceleration torque (Nm), and T; is

motor friction torque (Nm).

27T N
Piotor = Vinliyy = W’ (2)

where Pyo10r is motor power (kW), V;, is supply voltage (V), I, is supply current (mA), T; is motor
friction torque (Nm), and Nj;oor is rotational speed of motor (rpm).

To = TinY reducer 3)
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where T, is the output torque of the reducer (Nm), Tj, is the input torque of the reducer (Nm), ¥ edycer
is the gear ratio of the reducer.

2.3.2. Electrical Model

The electrical model consisted of a generator with engine and a battery. The generator was always
driven so that it supplied 13.5 kW of output to the battery and electric motor, and the output of the
generator was determined as shown in Equation (4). The battery applied a capacity of 14.6 kWh,
and the initial SOC level was set in accordance with the test conditions. SOC level was calculated from
the current output from the motor and generator [30,33], as shown in Equation (5).

Pgenemtor = Vinlin (Pgenemtor 2 0)/ (4)
where Pgeperator is motor power (kW).

T k
50C(K) = SOC(0) ~ - f (nl(t) = S,)dt, 5)
n Jo
where SOC(0) is the battery initial SOC, I(t) is the current at time ¢, T is the sampling period, C, is the
nominal capacity of the battery, 1 is the coulombic efficiency, and S; is the self-discharging rate. For a
LiFePOy battery, n > 0.994 at room temperature and the self-discharging rate is about 5% per month.

2.3.3. Simulation Condition

The driving cycle model represents the preset vehicle velocity and vehicle acceleration.
Vehicle velocity was calculated based on motor rotational speed and tire diameter, as shown in
Equation (6) [34]. The operation strategy serial model operates the generator according to the setting
range of the SOC level of the battery. The charging range of the SOC level was set to the condition that
the generator is always driven. All models were connected via a bus system, and the models interacted
according to input conditions. The time steps of the simulation were set to 35 s and 40 s in the off-road
and the on-road condition, respectively, to match the load measurement time during the driving test.

Nmotor 60

% = X ——— X dyipe X T, 6
plat form Vreducer . 1000 tire X TC (6)

where Vg form is velocity (km/h), Niotor is the rotational speed of the motor (rpm), Y reducer is the gear
ratio of the reducer, and d;,. is the tire diameter (m).

2.4. Verification of Electric AWD Tractor

2.4.1. Load Measurement System

The load measurement system was developed and installed on an electric AWD tractor for
measuring real-time data during operation, as shown in Figure 4. The current sensors (LF-1005S, LEM
USA Inc., Milwaukee, WI, USA) and CAN logging system were installed to measure current and
rotational speed of electric motors and voltage of batteries for calculating axle torque. The current
sensors used in this study were installed between each battery and controller of the electric motor,
generating a coil magnetic field according to the current flow and recognizing the current generated by
the magnetic field detecting of the hall sensor up to 1000 mA. The SOC level was measured using the
CAN logging system connected to a battery management system (BMS). A data acquisition device
(QuantumX MX840, HBM, Darmstadt, Germany) was installed to acquire and transfer the signals from
the current sensors and the CAN logging system to the laptop computer. The accuracy classes of the
data acquisition device ranged from 0.05% to 0.1% depending on the sensor technology. Two 24-bit
analog input channels with a sampling rate of 300 Hz per channel were used to acquire the current,
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and four digital input channels with a sampling rate of 300 Hz per channel were used to measure the
CAN data. The measured signals were transmitted and saved on the laptop computer through the
signal processing program CATMAN (ver. 3.1, HBM, Darmstadt, Germany).

- Data flow

Data acquisition

Figure 4. Load measurement system and data flow of electric AWD tractor.
2.4.2. Test Procedure

We conducted driving tests to measure data for calculating axle torque on a test track (Latitude:
35°56’08.5” N, Longitude: 126°55’33.1” E) in Iksan-si, Jeollabuk-do province, Republic of Korea.
Driving tests were conducted at a ground speed of 10 km/h considering the working speed of a tractor,
which is the standard used in the tractor design [35] under off-road (field) and on-road (asphalt)
conditions, as shown in Figure 5. The driving test was conducted with the generator always running
during all operations and the generator’s gasoline fuel tank was filled with 30 L. The driving test was
conducted through a wireless controller that controlled the speed of the four motors. The platform
traveled approximately 45 m for 25 s in off-road conditions and 80 m for 35 s in on-road conditions
at 10 km/h. Data measurement was performed in off-road and on-road conditions for 35 s and 40s,
respectively, and the measurement time included a stop section of about 10 s before and after the
driving test.

(b)

Figure 5. Photos of driving operation of electric AWD tractor under (a) off-road and (b) on-road conditions.

Figure 6 shows the overall test procedure as a flow chart. The current and rotational speed of
electric motors and voltage of batteries measured during the test were converted into torque using
the current-torque characteristic curve. The current-torque characteristic curve was provided by the
motor manufacturer, and the output torque of the motor was calculated according to voltage, motor
rotation speed, and current. The calculated torque was converted to axle torque by applying gear
ratios of 4.3 and 12.05. The calculated torque and velocity of the vehicle were used as input conditions
for the simulation. The measured data and simulation results of the axle torque and SOC level of the
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battery were compared through simulation, and the similarities between the two results were verified
using t-test calculated with IBM SPSS Statistics software (SPSS 25, IBM Corp., Armonk, NY, USA).

Comparisons

‘ Statistics analysis (t-test)

Measured data Simulation conditions Simulation results
Tire specification

MCltlrrem > Velocity Setting Simulation | Conducting | Axle torque
otor rpm Current-torque curve o conditions model simulations SOC level
Voltage » Axle torque

SOC level

*S0C = State of charge

Figure 6. Flow chart of the test procedure for development and verification of electric AWD tractor.

3. Results

3.1. Axle Torque

The axles of the electric AWD tractors had the same size of wheels and same weight distribution
ratio, so the output torque of the motors did not vary significantly from axle to axle. However, when
the steering of the vehicle adopts skid steering [16], a difference occurs in the output torque of the
motors located on the left and right sides, so the simulation model was verified using data from each
axle. Figure 7 provides a comparison of the measured and simulated results of the averaged axle
torque at a ground speed of 10 km/h in off-road conditions. The axle torque was considerably affected
by the ground speed in off-road conditions. In addition, the axle torque has been shown to vary not
only by soil irregularities, but also by steering for straight driving. The axle torque peaked as the
electric motor accelerated, and then changed due to repeated deceleration and acceleration for steering.
The maximum and average measured torques of the left axle were 6847.4 and 3771.8 Nm, respectively,
and 6345.5 and 2580.1 Nm, respectively, for the right axle. The simulation results showed similar trends
in all sections, but the largest differences for each axle were 1425.2 and 1850.2 Nm in the sections where
the platform starts to operate and where the maximum torque occurred, respectively.

Measured ——Simulation result

Measured ——Simulation result

7,500 7,500

— 6,000 6,000
£ &

Z 4,500 £ 4,500
g ()
-]

T 3,000 T 3,000
o o
= =

1,500 1,500

0 0

0 10 20 30 0 10 20 30
Time (sec) Time (sec)
(a) (b)

Figure 7. Comparison of averaged axle torque of (a) left and (b) right sides of the tractor for measured
and simulated results at a ground speed of 10 km/h in off-road conditions.

Figure 8 provides a comparison of the measured and simulated results of the averaged axle
torque at a ground speed of 10 km/h in on-road conditions. The axle torque has been shown to vary
with steering for straight driving. The driving test performed in the on-road condition had a small
load fluctuation compared to the off-road condition because the soil had little influence on asphalt
driving. The maximum and average measured torques of the left axle were 1905.9 and 689.1 Nm,
and 1644.9 and 161.7 Nm for the right axle, respectively. The minimum torques of the left and right
axles were —625.0 and —732.1 Nm, respectively, by decelerating the electric AWD tractor for steering.
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The simulation results showed similar trends in all sections, but the highest differences for the left and
right axle were 572.9 and 581.3 Nm, respectively, in the section where the maximum torque occurred.

Measured ——Simulation result Measured ——Simulation result
2,000 2,000
1,500 1,500
g 1,000 E 1,000
=2 = b
] 500 [} 500
-] 3
g s,
8 (=}
0 1 20 30 40 = 0 10 30 40
-500 -500
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Time (sec) Time (sec)
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Figure 8. Comparison of averaged tractor axle torque of (a) left and (b) right sides for measured and
simulated results at ground speed of 10 km/h in on-road conditions.

The simulated axle torque was smaller than the measured value in most sections. This is because
the simulation analysis was performed in different conditions compared to the actual vehicle test.
For example, the inertia models connected to the motor and reducer model were set to a default value
because it is difficult to measure the exact value during a driving test. As the input value of the inertia
model decreases, it is judged that the simulated torque of the electric motor is lower than the measured
value because a lower force was required. However, it is possible to obtain more similar results by
selecting the proper value of the inertia model using the inertial measurement unit (IMU). Table 2
lists the axle torque differences between the measured and simulated results based on the operation
conditions. The average torques of the left and right motors were about 1800 and 1900 Nm higher in
the off-road than on-road conditions, respectively. The maximum average torques of the motors were
similar on the right and left sides, but the average value was about 700 Nm higher on the left side
on the off-road condition. This difference was caused by the load according to the difference in the
rotational speed of the left and right sides by the skid steering. The results of the t-test showed that the
p-value was higher than 0.05 under all conditions, indicating no significant differences between the
measured and simulated results of axle torque. Therefore, the simulation model was able to evaluate
the axle torque of the electric AWD tractor during operation.

Table 2. Comparison of axle torque between measured and simulated results based on the operation

conditions at 10 km/h.
. . . Measured Axle Simulated Axle
Field Conditions Electric Motor Torque (Nm) Torque (Nm) p-Value
Off-rond Left 2490.8 + 2005.3 ! 2497 4 + 1865.5 0.846
roa Right 1702.6 + 1596.4 1705.3 + 1402.5 0.941
Orrond Left 689.1 + 601.1 687.8 + 484.9 0.934
n-roa Right 161.7 + 413.0 166.3 + 310.1 0.696

Note: ! Average + standard deviation.

3.2. SOC Level of Battery

The measured and simulated SOC levels were compared when the vehicle was traveling at
10 km/h. Figure 9 depicts the results in off-road conditions. The initial and final SOC levels of the
battery connected to the left motor were measured at 96.30% and 96.10%, respectively, and 80.00% and
79.90% for the right motor, respectively. Simulation analysis showed that the initial and final SOC
levels of the battery connected to the left motor were 96.30% and 96.11%, respectively, and 80.00% and
79.90% for the right motor, respectively. The rate of change of the SOC level during operations by
driving the left motor for measured and simulated results were about 0.20% and 0.18%, respectively,
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with a 0.02% difference between results. The rate of change of the SOC level by the right driving motor
for measured and simulated results was similar, with a 0.10% difference between results.

Measured —Simulation result Measured  ——Simulation result

96.5 80.2
_. 9.4 — 504
E 96.3 E
b 2 80.0
g 2 —
(%] 96.1 vy 79.9

96.0 79.8

0 10 20 30 0 10 20 30
Time (sec) Time (sec)
(a) (b)

Figure 9. Comparison of averaged SOC level of (a) left battery and (b) right battery for measured and
simulated results at a ground speed of 10 km/h under off-road conditions.

Figure 10 depicts the measured and simulated results of the averaged SOC level at a ground speed
of 10 km/h under on-road conditions. The initial and final SOC levels of the battery connected to the left
motor were measured at 97.20% and 97.00%, respectively; for the battery connected to the right motor,
the measurements were 80.00% and 79.90%, respectively. Simulation analysis showed that the initial
and final SOC levels of the battery connected to the left motor were 97.20% and 96.99%, respectively.
For the battery connected to the right motor, these values were 80.00% and 79.89, respectively. The rate
of change in the SOC level during operations by driving the left motor for the measured and simulated
results were about 0.20% and 0.21%, respectively, a 0.01% difference between results. The results for
the right driving motor showed a similar difference of 0.10%.

= Measured —Simulation result Measured ~—Simulation result
974 80.2
97.3
) < 80.1
E 97.2 §
2 L 80.0 V\/\
L 3 ——
(%] 97.0 wn 799
96.9 798
0 10 20 30 40 0 10 20 30 40
Time (sec) Time (sec)
(a) (b)

Figure 10. Comparison of averaged SOC level of (a) left battery and (b) right battery for measured and
simulated results at a ground speed of 10 km/h under on-road conditions.

The SOC level is changed by the motor output, but we found that the SOC level of the battery
connected to each motor did not change dramatically by continuously supplying power to the battery
and motor by always driving the generator during driving operation. Table 3 provides a comparison
of the SOC level between the measured and simulated results based on the operation conditions.
The t-test results showed that there was no significant difference between measured and simulated
results of the SOC level for the all battery except right battery at a ground speed of 10 km/h in off-road
conditions. The p-value was less than 0.05 only for the right battery under off-road conditions, and there
were no significant differences except for this one condition. The final variation in SOC (SOCy,) was
calculated using the initial and final values of the battery SOC level [3], and the SOCf, was compared
through measurement and simulation analysis results. Similarity was not verified in the one item
in the t-test, but the difference in SOCy, showed a similar trend. According to the low resolution
power of the measurement system, the results of measurement and simulation did not match in all
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sections. Due to the low resolution power, the SOC level measured through the measurement system
can be checked only up to 0.1% change. Otherwise, the simulation results of the SOC level are different
from the measurement results because the reduction rate appears in real time. The SOC level is
expected to be more accurate compared with the higher resolution power of the measurement system.
Besides, the SOC fo and the average and standard deviation values of the two results showed slight
differences. Therefore, the simulation model was able to evaluate the SOC level of the electric AWD
tractor during operation according to the axle torque.

Table 3. Comparison of SOC level and final variation in SOC (SOC fo) between measured and simulated
result based on the operation conditions at 10 km/h.

t-Test

SOCs, (%)
Field Conditions Battery SOC Level (%)
Measured Simulated p-Value Measured  Simulated
Oft-road Left  9620+0.08' 96.23+0.06 0.400 0202 0.18
roa Right ~ 79.95+005 79.96+003  2x1079* 0.10 0.10
Orrond Left 97.12+0.06  97.12 +0.06 0.719 0.20 0.21
n-roa Right  79.95+0.05  79.95+0.03 0.326 0.10 0.11

Note: * Significant difference at p < 0.05; 1 Average + standard deviation; 250C o = SOCiitiat = SOC final-

4. Discussion

The axle torque of the AWD tractor showed similar trends in all sections except when the platform
started to operate or maximum torque was reached. The measured torque data tended to be similar to
the simulation data, but the measured values were higher in most sections. The selection of motors
and reducers for electric-powered AWD tractors needs to account for these differences, especially in
the development and complementary phases. The SOC level rate of change values were similar, with a
maximum error of 0.02%, but the form of decline in the graph was different given the resolution of the
measurement system. The decrease rate of SOC level showed slight changes due to the continuously
operated generator during driving operation. The decrease rate per minute of SOC level was about
0.3% in off-road and on-road conditions. The SOC level was not significantly different between off-road
and on-road as regenerative braking occurred in on-road driving conditions [11,36]. In addition, as the
driving test was conducted for a short period of time, the SOC level of the battery was determined to
have little influence on the output torque of the motor according to the field conditions, because it
mainly used the current supplied from the generator. However, the electric AWD tractor cannot be
operated only with the current supplied from the generator if the working time is prolonged.

We determined that the reduction rate of the SOC battery level changes according to current
consumption by increasing the output torque of the motor during long working hours. The SOC level
reduction rate is expected to be greater in off-road than on-road conditions when the driving test is
conducted without regenerative braking. The workable time of the electric AWD tractor was estimated
to be about 6 h based on the axle torque generated during driving operation. The platform can travel
for about 6 h at a speed of 10 km/h, and estimated driving range is calculated as approximately
60 km according to the reduction rate of the SOC level and workable time. Estimated driving range is
expected to be longer due to battery charging by regenerative braking in the actual driving environment.
Since the tractor was designed based on the results of research on driving operation [37-39], available
time for work was predicted through torque comparison by plow tillage using the existing research.
The torque data were compared with off-road driving data because it is difficult to compare the average
value given the negative value generated by regenerative braking during driving operation under
on-road conditions. Tillage is the agricultural preparation of soil by mechanical agitation of various
types, such as digging, stirring, and overturning [40], and it is the harshest operation, accounting
for over 60% of engine power [41]. The average axle torques of the driving operation and plow
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tillage were reported to be 1452.1 and 3680.3 Nm, respectively [15]. The estimated torque of each
axle for plow tillage was 3221.5 Nm and the workable time was predicted to be 2.4 h, as summarized
in Table 4. The average torque generated on the axle during plow tillage is about 2.5 times higher
than the averaged torque during driving operation [7], and the workable time for plow tillage using
electric AWD tractors is estimated to be about 40% lower than workable time for driving operation.
The average working time of the tractor is six hours in Korea, and it can be assumed that the morning
and afternoon work are performed for three hours each. The battery performance of the electric
AWD tractor developed in this study was lower than three hours; however, the working time can be
extended by increasing the capacity of the battery and by fast charging during the break in the middle
of the workday.

Table 4. Estimated torque and workable time for electric AWD tractor according to torque ratio
of operations.

Agricultural Operation = Torque Ratio  Estimated Torque (Nm)  Estimated Time (Hours)
Plow tillage 251 3221.52 24

Note: ! Ratio of axle torque during driving operation; 2 Averaged torque applying torque ratio to driving data.

The electric AWD tractor was developed considering the load generated during operation,
the required output, and the workable time. The developed system has the advantage of being
applicable to various fields including construction machinery, depending on the selection of electric
motor and reducer according to the output and torque, and the capacity of the battery and generator
considering the usage time and discharge rate. The platform has the required output according to the
combination of the electric motor and the reducer, and the usage time and the size of the platform are
determined by selecting the proper capacity of the battery and the generator. The developed simulation
model consists of all components including electric motors, reducers, batteries, and generators, and it is
also possible to simulate and analyze the AWD platforms with different outputs and sizes by modifying
each performance map and specifications. However, the simulation model can be utilized through
partial modification of the simulation model in the case of a similar AWD platform, and it is judged
that there are limitations in the simulation and analysis of the AWD platforms with different systems.
In future studies, simulations and field tests including tillage should be performed and verified under
a variety of conditions to optimize the electric-powered tractor components.

5. Conclusions

In this study, an electric AWD tractor was developed based on a power transmission system.
A simulation model reflecting the specifications of this electric AWD tractor was developed and
verified using measured data from driving tests conducted under off-road and on-road conditions.
The measured data were converted to torque using equations and were used for simulation conditions.
A comparison of the simulation analysis results with the measured data showed that the torque
generated on the axle was similar in value and shape, and we found no significant differences in the
statistical analysis results. Although the SOC level showed a significant difference in the statistical
analysis results, the rate of change per minute, and the SOCp,, the simulation results were considered
to be reliable. The axle torque is closely related to the SOC level because it is proportional to the current
supplied from the battery to the electric motor. As the measured data for both factors matched the
simulation results, we determined that the operating time of the platform can be estimated through
simulation. The workable time of the electric AWD tractor was estimated through simulation models
and existing research data. As a result of simulation, the workable time for plow tillage using the
electric AWD tractor was estimated to be about 2.4 h. The results are less than the target hours (three
hours) of work. In future studies, performance could be improved through battery optimization
through a simulation.
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