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Slip and tractive efficiency of an
electric tractor with a 4WID E-axle
system

SeungYun Baek?, HyeonHo Jeon?, CheolGyu Park® & YongJoo Kim%24"

This study aims to verify the performance of an electric tractor equipped with a four-wheel
independent driving (4WID) electric axle (E-axle) system through simulation analysis using a MATLAB/
Simulink model. The simulation model was validated through bench testing to ensure accuracy and
reliability. Simulations were conducted while considering both travel speed and soil conditions to
evaluate the slip and tractive efficiency of the electric tractor with the 4WID E-axle system. The results
indicate that reducing travel speed decreases slip, which in turn improves tractive efficiency and
enhances energy efficiency. The highest tractive efficiency was observed when slip was within the 10—
20% range, indicating that this slip range corresponds to the optimal operating condition. The primary
findings of this study identify the appropriate slip range and provide fundamental data for developing
slip control algorithms for the 4WID E-axle system. Future research will focus on experimental
validation and development of control algorithms based on the main results.
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Global policies aimed at reducing petroleum dependence and emissions have garnered increasing attention in
response to ongoing environmental challenges!=. In the agricultural and construction off-road vehicle fields,
substantial research has focused on replacing diesel engines with electric drive systems*=”. While electrification
of auxiliary components such as pumps, fans, and cooling systems in agricultural machinery has progressed®, the
electrification of powertrains remains in its early stages, with only a few commercial implementations available’.
Current research on electric tractor drive systems primarily falls into two categories: 1) single-motor systems
composed of a “single motor + multi-speed transmission” structure based on existing drive forms and structures,
where the diesel engine is replaced by an electric motor!'%13, and 2) dual-drive systems, such as hybrid tractors,
which utilize two power sources'*~!8. Single-motor systems encounter difficulties in achieving full electrification
due to the need for transmissions capable of handling varying loads and speeds. Additionally, high-power
agricultural machinery further demands electric systems capable of handling heavy loads, which presents
significant engineering challenges. Dual-drive (hybrid) systems are classified as either series or parallel. Series
hybrids require high-torque motor driving technology, while parallel hybrids struggle to handle the sustained
heavy loads typical of agricultural operations effectively'®. In particular, dual-drive systems require an additional
power coupling transmission to integrate two power sources, and their implementation poses significant technical
challenges due to the need for advanced control strategies and algorithmic coordination?*?!. Furthermore, the
high costs associated with technology development and production, along with the lack of efficient energy
storage systems, limit the adoption of hybrid electric tractors??. To overcome these limitations, recent research
has explored axle-based systems?*?4, which integrate motors, gear reducers, and wheel sets into each axle. Axle-
based systems can utilize commercially available electric motors with relatively small torque capacities for each
axle and eliminate the need for separate transmission systems. These systems enable high-efficiency operation
through independent control of each axle and can achieve high traction force by simultaneously driving multiple
motors. Additionally, axle-based systems allow for user-friendly automatic transmission configurations when
driving axles through electric motors®. The overall efficiency of conventional diesel tractors and single-motor
electric tractors has been reported to range from 0.27 to 0.38 and 0.47-0.70%, respectively, whereas E-axle
systems demonstrate relatively higher efficiency, ranging from 0.54 to 0.72%. Consequently, there has been
increasing interest in applying axle-based systems in agricultural machinery, including independent electric
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motor-driven systems for each wheel. Zhou and Zhou (2021) developed a compact transport platform capable of
performing various agricultural tasks, utilizing the structural and operational advantages of electric agricultural
vehicles to create a drive coordination control system?®. Xu et al. (2021) proposed a four-wheel independent
omnidirectional steering agricultural platform designed to reduce tracking errors and enhance vehicle lateral
stability?. Bak and Jakobsen (2004) introduced a robotic platform with four identical wheel modules for weed
mapping in fields, achieving four-wheel steering and driving capabilities®’. However, most systems employ
in-wheel motor (IWM) designs, which are typically applied to small agricultural machines performing tasks
such as transportation, pest control, and weed removal. The spatial constraints of housing motors and reducers
within wheels limit IWM systems’ capacity to handle heavy loads®!. This makes them unsuitable for high-power
agricultural machinery such as tractors, necessitating axle-based systems capable of handling heavy loads. Table
1 summarizes the major electric drive system types applied in agricultural machinery, outlining their main
characteristics, limitations, and representative studies.

This study proposes an E-axle system that integrates a motor, reducer, and wheel into a single axle and
investigates a four-wheel independent driving (4WID) electric axle (E-axle) tractor comprising four identical
systems. Since no commercial applications of such 4WID E-axle tractors currently exist, performance evaluation
is critical. Performance evaluations of electric tractors are typically conducted in simulation environments*>33,
and the performance of key components (e.g., electric motors, inverters) is also suitably analyzed through
simulations. Simulations provide the advantage of analyzing system characteristics and limitations under
various conditions®, while minimizing time and cost associated with configuring and conducting physical
tests®>. Therefore, this study aims to evaluate the performance of an E-axle system and tractor under various
conditions using simulations. Specifically, the objectives are to: 1) develop a simulation model of an electric
tractor equipped with an E-axle system in the MATLAB/Simulink environment, 2) conduct simulation analyses
of the E-axle system under different soil and load conditions, and 3) evaluate both component-level and overall
vehicle performance based on the simulation results.

Methods

E-axle system

The power transmission system of the electric tractor with a 4WID E-axle consisted of electric motors, two types
of gear reducers (a helical gear reducer and a planetary gear reducer), and wheels, as illustrated in Fig. 1. The
primary components of the E-axle included an AC induction motor (HPEVS AC-34, Hi Performance Electric
Vehicle Systems, Ontario, CA, USA) and an inverter (Curtis 1238 series, Curtis Instruments, Inc., Mount Kisco,
NY, USA). Four identical E-axles were installed, with one mounted on each axle of the vehicle. The motor was
able to produce a maximum torque of 119.7 Nm (@550 A) and 143.9 Nm (@650 A), depending on the supplied
current. Each motor had a rated power of 25 kW, resulting in a total system power output of 100 kW when
using four identical E-axles, which was comparable to that of a mid-sized utility tractor. A helical gear reducer
(gear ratio: 4.3) and a planetary gear reducer (gear ratio: 12.05) were connected to the output shaft of each
motor to achieve the required driving torque at the wheels. The selection of these gear ratios was based on the
requirements for the driving torque and the motor output torque under field conditions. The planetary gear
reducer leveraged the knuckle arm from a conventional tractor’s front wheel assembly, which both simplified
tire installation and functioned as the final reduction stage. The 380/85R24 R-1W agricultural tires (AGRIMAX
RT 855, BKT, Mumbai, India) were installed. The use of four identical tires ensured even load distribution and
uniform driving performance across all motors. Each motor of the 4WID E-axle was powered by a lithium
iron phosphate (LiF'ePOy) battery pack with a capacity of 14.6 kWh, giving the entire system a total energy
capacity of 58.4 kWh with four battery packs. The batteries operated at a nominal voltage of 70.4 V and had
a discharge rate (C-rate) of 2 C (30 minute discharge). Given that agricultural applications often require high
instantaneous current under heavy load conditions, the selected C-rate ensured sufficient torque delivery while
preventing battery degradation. A DC-DC converter (70.4 V to 12 V) was installed on one of the batteries to
supply power to the controller. The controller’s current demand was approximately 0.4 A, negligible in terms of
overall energy consumption. The inverter converted the input DC voltage into three-phase AC voltage to drive
the AC induction motor. The batteries were charged using a charger compatible with a 220 V outlet, with the
maximum output current of the charger set to 50 A to ensure safe charging. The detailed specifications of the
electrical system are presented in Table 2.

System type Description Limitations References
. Replaces diesel engine with a single electric motor and multi-speed transmission. Requires mechanical transmission to handle variable 10-13
Single-motor system . load/speed.
Follows conventional layout. S s .
Limited scalability for high-power tractors.
Dual-drive (hybrid) | Combines electric motors and internal combustion engines in series, parallel, or ?;gmlr:; :(?r(lltlrt(l)(l)rllsl i};ower coupling transmission and 1322
system power-split configurations. P 8IC. A
High cost and storage system limitations.
In-wheel motor Motor and reducer embedded in each wheel. Limited torque due to wheel space constraints. 28-31
(IWM) system Mainly for lightweight robots (e.g., spraying, weeding). Unsuitable for heavy-duty operations.
Axle-based system Integrates motor, reducer, and wheel set within each axle. B 2327
Y Enables high traction and independent control.

Table 1. Comparison of electric drive system types applied in agricultural machinery.
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Fig. 1. Schematic of the electric tractor with 4WID E-axle system (reproduced from Baek et al. (2024)3°).

Item Specifications
Type AC induction
119.7 Nm (@550 A)
Electric motor | Max. torque (Nm)
143.9 Nm (@650 A)
Rated power (kW) 25
Capacity (kWh) 14.6
Battery Type LiFePO4

Voltage (V) / C-Rate (C) | 70.4 /2

Max. output current (A) | 50
Voltage (V) 220

Charger

Table 2. Specifications of the electrical systems of the E-axle.

Simulation analysis
Motor model
The induction motor model was developed in the MATLAB/Simulink environment based on the direct-
quadrature (d-q) synchronous reference frame, as shown in Fig. 2. The model receives three-phase voltage
and the rotor’s electrical angular velocity as inputs, and outputs motor currents, torque, and electrical angle.
The upper section of the model implements the stator voltage equations, where the input three-phase voltage is
transformed into d-q components to calculate the stator current. The lower section represents the rotor voltage
equations, which incorporate the rotor’s electrical angular velocity to compute the motor torque. The electrical
angle of the motor is determined by integrating variables derived from both the stator and rotor models.

The induction motor model was developed based on the voltage equations of the rotor and stator in the
d-q synchronous reference frame®. The rotor voltage equations, presented in Equations (1) and (2), form the
foundation of the model.

e | TmdAg, e

0= erdr + Td - wsl)\qr (1)
mdXe

0= Rq-’igr + TTIJ — wSZAdT (2)

where R, is the rotor resistance (£2), ¢g,. and g, are the d- and q-axis rotor current (A), respectively, Ag,. and Ag,.
are the d- and g-axis rotor flux (Wb), respectively, and ws; is the angular velocity difference between the stator’s
rotating magnetic field and the rotor (rad/s).

Although the rotor voltage of an induction motor is theoretically zero, the induced voltage component in
the rotor coils during operation must be considered. The voltage equations of the stator in the d-q synchronous
reference frame are expressed in Equations (3) and (4).

Scientific Reports |

(2025) 15:28424 | https://doi.org/10.1038/s41598-025-08572-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

] ]
- _'{_ q =>—{1} q | Motor
| | I e WS ]77 ()
N t
3 phase voltage : I:‘—] | curren
| Cr— : :j" A
<< ;
1 I
1 I
|
Stat It : Motor | —" > =
ator voltage i foraue
equations-based . : - ﬁqu I\"lotor
model ) RIS : — electrical angle
“ |
fo| o  — |
RE
Rotor electrical A============= Tt HH-- a
angular velocity X r}-i :
[T :
! P;—:L |
1 ~JI 1
! 1
Rotor voltage | I—].— :
equations-based X . B TR !
model ! F | !
! 1
! 1

Fig. 2. Developed induction motor model in MATLAB/Simulink environment.
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where Vi, and V; are the d- and q-axis stator voltage (V), respectively, R is the stator resistance (), L., L+,
and L are the magnetizing, rotor, and stator inductances (H), respectively. i, and igs are the d- and q-axis
stator current (A), respectively. w. and w; are the stator and rotor angular velocity (rad/s), respectively. o is the
leakage factor of the induction motor.

In this study, rotor flux-oriented vector control was applied to the induction motor, allowing the g-axis
rotor flux component, Ay, to be considered zero. Accordingly, the final d-q axis stator voltage equations in the
synchronous reference frame are expressed in Equations (5) and (6)’.

e L2’I7L = dles -€ Lm e

Ve = (Rs + RS ) i% + oLs ;‘2’ — weoLuigs — Re 5 Nir (5)
. L2\ . di, . Lo e

Vqs = RS + Rrﬁ iqs + ULSW - (JJeO'LSidS - wrfAdT (6)

Inverter model

As shown in Fig. 3, the inverter model includes a speed controller, flux controller, current controller, flux
estimator, and coordinate transformation blocks. The speed and flux controllers generate the q-axis and d-axis
stator current references, respectively, which are sent to the current controller. The current controller outputs
d-q voltage commands, which are converted into three-phase voltages and applied to the AC induction motor.
The flux estimator computes the electrical angular velocity using stator currents obtained by transforming the
measured three-phase currents into the d-q reference frame. The estimated velocity is supplied to the abc-dq
transformation block to enable accurate transformation of the measured currents into d-q components, which
are subsequently used as feedback for the current controller.

The speed controller generates the q-axis stator current reference (i) based on the angular velocity error. The
corresponding transfer function, presented in Equation (7), consists of a proportional-integral (PI) controller,
a low-pass filter with cut-off frequency we., and a gain term that reflects the system dynamics, characterized by
the torque constant (Kr) and the total moment of inertia (J;).

Kigc Wee K
ng(s):<Kpsc+ X )(W) T )

where Kpsc and K. are the proportional and integral gains of the speed controller, respectively, we. is the cut-
off frequency (rad/s), Kr is the torque constant (Nm/A), and J; is the moment of inertia (kg m?).
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Fig. 3. Schematic of the inverter model and main output data.

The flux controller regulates the d-axis rotor flux of the induction motor in the synchronous reference frame.
The steady-state relationship between the rotor flux and the d-axis stator current is defined by Equation (8). The
controller is implemented using a proportional-integral (PI) regulator, where the d-axis stator current serves as
the control output. The rotor flux is calculated based on the magnetizing inductance and the measured stator
current and is used in the feedback loop to achieve flux regulation. The closed-loop transfer function describing
the dynamic response of the d-axis rotor flux to its reference input is presented in Equation (9)”

AZ?" = L’mifls (8)

where \g, is the d-axis rotor flux (Wb), L., is the magnetizing inductance (H), and 43, is the d-axis stator
current (A).

5(s) fon (Kppes + Kige)

dr

Ngi(s) 82+ B2 (1t LinKppe) s + Telm K g,

)

where K¢ and K ¢ are the proportional and integral gains of the flux controller, respectively.

The current controller is modeled based on the d-axis and q-axis stator voltage equations, as presented in
Equations (10) and (11)*”. The controller was designed to compute the reference voltages (V7' V,%") required
to achieve the desired stator current response. The reference voltages are transformed into a voltage vector in the
synchronous reference frame (V) using the rotation matrix (e’ 9¢). The voltage vector was modulated by the
pulse-width modulation (PWM) controller to produce the actual applied voltage (V7 ;). The apphed voltage is
subsequently transformed back into the d- and q-axis components using the inverse rotation (e ~7%¢), which are
used as feedback signals for current regulation.

VE = RiS, Z; Lic, + €5, (10)
. e dzqs
Vgs = Rigs + L o + weLigs + egs (11)

where R is the winding resistance (€2), L is the stator inductance (H), and e§,, eg are the electromotive-induced
force of the stator (V).

Vehicle model

Figure 4 illustrates the vehicle model developed in the MATLAB/Simulink environment to simulate the
operational load and soil conditions of the 4WID E-axle tractor. The vehicle model provides feedback on
wheel speed and angular displacement based on the motor output torque from the E-axle, and generates key
simulation results, including wheel torque, slip, tractive force, tractive efficiency, and displacement. Slip and
tractive efficiency are calculated using Equations (12) and (13), respectively. A tire model based on the Magic
formula (Pacejka and Bakker, 1992) is incorporated to accurately represent tire behavior under varying soil
and load conditions®. The model architecture consists of both custom-developed subsystems and predefined
blocks from Simscape toolboxes. Tire dynamics were modeled using the tire (Magic formula) block, which
calculates longitudinal tire force based on slip and vertical load. The vehicle body block simulates longitudinal
motion, accounting for vehicle mass and resistance forces. To measure key mechanical variables, torque sensor
blocks, force sensor blocks, and rotational motion sensor blocks from the Simscape were employed. These
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Fig. 4. Developed vehicle model of the E-axle tractor in the MATLAB/Simulink environment.

sensors provide wheel torque, longitudinal force, and angular velocity, respectively. The torque source block was
used to apply motor torque from E-axle model to each wheel. Custom subsystems were developed to compute
wheel slip, wheel speed, angular displacement, and tractive efficiency. Tractive efficiency was calculated as the
ratio of traction power to wheel driving power, based on real-time simulation data. The computed wheel speed
and angular displacement were used as feedback inputs to the E-axle model to reflect the dynamic interaction
between the wheel and the ground. These outputs enabled performance evaluation under varying soil and load
conditions. The integration of physics-based modeling and control logic allowed for realistic simulation of the
4WID E-axle tractor’s traction behavior and efficiency.

s = (M) x 100 (%) (12)
Vin
where s is the slip (%), Vi, is the theoretical travel speed (km/h), and V, is the actual travel speed (km/h).
e = (£1) x 100 (%) (13)

where T'E is the tractive efficiency (%), P; is the traction power (kW), and P, is the wheel driving power (kW).

The vehicle model is designed to apply a rearward traction load and incorporates a tire model based on the
Magic formula®. This formula estimastes the longitudinal force of the tire by analyzing the interaction between
the tire and the road surface using the coefficients B, C, D, and E, as described in Equation (14). However,
predefined coefficients for calculating the longitudinal force of a tractor tire on soil were not available. Therefore,
traction force was instead computed using the Brixius model®, as expressed in Equations (15) and (16). The
coefficients for the Brixius model were subsequently estimated by comparing the results with those obtained
from the Magic formula.

F = Dsin [C arctan (Bx — E (Bz — arctan(Bz)))] (14)
where F is the force exerted by the tire (N), B is the stiffness factor, C' is the shape factor, D is the peak factor
(N), and E is the curvature factor.

GTR=088(1—e "'%") (1—e ") +0.04 (15)

where GT'R is the gross traction ratio, By, is the mobility number, and s is the slip ratio.
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where C1 is the cone index (kPa), W is the total weight (N), and b;, d;, d¢, and h; are the width, overall diameter,
deflection, and section height of the tire (m), respectively.

Figures 5 (a) and (b) illustrate the Brixius model and the Magic formula under soft and hard soil conditions,
respectively. To ensure consistency between the models, the coefficients of the Magic formula were tuned to
closely match the gross traction ratio (GTR) as a function of slip. The coeflicients were determined using a trial-
and-error method to fit the GTR with respect to slip. The final values were set to B =4.3, C = 1.6, D = 0.62, and
E =1 for soft soil conditions, and B = 5.5, C = 1.4, D = 0.94, and E = 1 for hard soil conditions.

Simulation conditions

Figure 6 illustrates the overall research process of this study. The E-axle model and the vehicle model were
independently developed and subsequently integrated within the MATLAB/Simulink environment. The E-axle
model was calibrated and validated using data obtained from the E-axle test bench. In the integrated simulation,
the E-axle model receives the vehicle speed command (V) and produces the corresponding motor torque (77, ),
which is applied as input to the vehicle model. The vehicle model, in turn, provides feedback to the E-axle model
in the form of motor speed (N,,) and angular displacement (64) to the E-axle model. The final outputs of the
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simulation were the slip characteristics of the E-axle and the tractive efficiency of the tractor, which were used
to evaluate the performance of the 4WID E-axle tractor. Simulations were conducted by varying the rearward
load applied to the vehicle model and the coeflicients representing soil properties, which were derived based on
the Magic formula and the Brixius model. The rearward force was calculated based on the longitudinal force
generated by implement-soil interaction, which was determined according to the traction force corresponding
to the load factor of the motors mounted on the E-axle tractor. The load factor was set to 30-50% for low-load
operations (e.g., trailer towing) and 50-70% for high-load operations (e.g., plow tillage). The longitudinal force
was continuously applied to the rear of the vehicle throughout the simulation. The target travel speed of the E-axle
tractor was set to 7 km/h for both high-load and low-load operations using a control command. Additional
simulations were conducted at 5 km/h to evaluate the impact of reduced speed on soft soil under high-load
conditions. The load factors and travel speeds were established based on data measured in previous studies and
typical field operation conditions, and were adopted to perform simulations under conditions representative of
actual agricultural operations’®*!. All key parameters used in each model are summarized in Table 3.

Model validation

The performance evaluation of the E-axle system was conducted to validate the simulation model. The
configuration of the test bench of the E-axle is illustrated in Fig. 7. The inverter was supplied with DC power,
and a three-phase voltage was applied to the induction motor. The rotational speed of the induction motor
was controlled using a dynamometer to achieve the desired target speed. Torque control of the inverter was
performed based on a throttle voltage input generated by a voltage signal generator (PXIe-8840, National
Instruments, Austin, TX, USA). To minimize mechanical shocks to the dynamometer, a sinusoidal throttle
voltage with a frequency of 0.05 Hz was applied. Real-time measurements of the motor’s output torque and
rotational speed were obtained using a torque meter (HBM T40B, HBM, Darmstadt, Germany) and an encoder
(HMCI16, Baumer, Frauenfeld, Switzerland), respectively. The motor’s rotational speed ranged from 500 to 5000
rpm. Data including the inverter’s input current and voltage as well as the motor’s output torque and current,
were collected for different rotational speeds.

To evaluate the agreement between the simulated and experimental results, correlation analysis and an
independent samples t-test were performed using data analysis software (OriginPro 2018 SR1 v9.5.1.195,
OriginLab, Northampton, MA, USA). The t-test, based on Equation (17), was used to determine whether a
statistically significant difference existed between the two datasets.

Item Value
Number of poles 4
Stator resistance (m$2) 11.24
Rotor resistance (m§2) 4.86
Mutual inductance (mH) 1.2
Stator leakage inductance (mH) 0.009
Rotor leakage inductance (mH) 0.009
Leakage coefficient 0.0126
Induction motor model
Rated d-axis current (A) 50.7
Max. torque (Nm) 143.9
Max. stator voltage (V) 41.6
Max. stator current (A) 650
Base mechanical speed (rpm) 3000
E-axle model
Rotor moment of inertia (kg m?) 0.01
Viscous damping coefficient (N m s/rad) 0.03
Motor-inverter system efficiency 0.70
Efficiency
Reducers efficiency 0.94
Proportional gain 0.16
Speed controller Integral gain 0.79
Anti-windup gain 6.37
Proportional gain 0
Current controller Integral gain 0.49
Anti-windup gain 17.45
Proportional gain 0.73
Flux estimator
Integral gain 0.46
Soft soil, Magic formula coefficients (B, C, D, E) | 4.3,1.6,0.62, 1
Tire model
Hard soil, Magic formula coefficients (B, C, D, E) | 5.5,1.4,0.94, 1
Vehicle model
Low-load 0.3-0.5
Vehicle body
High-load 0.5-0.7

Table 3. Key parameters used in the E-axle and vehicle models, including motor and reducer efficiency.
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X - X,
1 1 (17)

SpA/ nl T g

ts =

where t; is the calculated T statistic, X; and X are the sample means of the groups, s, is the pooled standard
deviation of the groups, and 11 and n are the sample sizes of the groups.

Results

Validation results

Figure 8 presents the measured and simulated data used to validate the motor-inverter model of the E-axle
system. The motor’s maximum torque under full-load conditions was compared across a range of rotational
speeds from 0 to 5000 rpm. The average efficiency of the motor-inverter system was 70.0% over the entire speed
range, with a peak efficiency of 79.1% observed at 3000 rpm. Correlation analysis yielded a Pearson correlation
coefficient of 0.99, indicating a very strong linear relationship between the measured and simulated values. The
correlation was statistically significant, with a p-value less than 0.001. Furthermore, the independent samples
t-test produced a t-statistic of 0.1 and a p-value of 0.92, indicating no statistically significant difference between
the two datasets. These findings support the conclusion that the simulation model provides results that are
statistically consistent with the measured data from the test bench.

Simulation results

Slip

Figure 9 presents the simulation results for slip of the 4WID E-axle under varying load and soil conditions,
derived from motor rotational speed and vehicle speed data. As shown in Fig. 9a, for the front E-axle, the
maximum slip occurs under high-load soft soil conditions at 55.8%, followed by 48.6% (high-load hard soil),
23.0% (low-load hard soil), and 21.8% (low-load soft soil). Under high-load conditions, the maximum slip
is approximately 14.7% higher in soft soil than in hard soil, while the difference is negligible under low-load
conditions. The average slip values are 36.8% (high-load hard soil), 34.5% (high-load soft soil), 17.0% (low-load
soft soil), and 16.9% (low-load hard soil). In contrast, Fig. 9b shows that for the rear E-axle, the maximum slip
reaches 60.8%, followed by 51.3% (high-load hard soil), 24.2% (low-load soft soil), and 24.2% (low-load hard
soil). On average, the rear E-axle exhibits 7.2% higher slip than the front E-axle under high-load conditions and
8.4% higher under low-load conditions. The average slip values for the rear E-axle are 39.9% (high-load soft soil),
38.0% (high-load hard soil), 17.6% (low-load soft soil), and 17.5% (low-load hard soil). These results indicate
that slip increases with higher loads and softer soil conditions, particularly at the rear E-axle. The rear E-axle
exhibits greater slip due to the rear-applied resistive force implemented in the simulation model. The drawbar
load is applied through the rear axle, which increases tractive demand and vertical loading on the rear wheels.
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Fig. 8. Validation for the motor-inverter model using measured data and total efficiency based on rotational
speed.
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Fig. 9. Simulation results of slip according to load and soil conditions: a front and b rear E-axle.

The elevated traction load enhances soil deformation and reduces tractive efficiency, resulting in a higher slip
ratio at the rear E-axle compared to the front wheels. A summary of the simulation results is provided in Table 4.

Tractive efficiency

The performance of the E-axle was evaluated in terms of tractive efficiency under simulated conditions. Tractive
efficiency is defined as the proportion of wheel drive force converted into traction power during agricultural
operations, and serves as a key parameter for assessing traction performance. Figure 10 presents the tractive
efficiency of the E-axle tractor under varying load and soil conditions. The average tractive efficiency was 90.1%
for low-load hard soil, 89.1% for high-load hard soil, 85.8% for low-load soft soil, and 72.9% for high-load
soft soil. Tractive efficiency was 18% higher under high-load hard soil conditions compared to high-load soft
soil conditions and 5% higher in hard soil conditions under low-load conditions. Notably, the average tractive
efficiency under high-load soft soil conditions decreased by approximately 19.1% compared to low-load hard soil
conditions. The maximum tractive efficiency, as summarized in Table 5, is 90.9% for low-load hard soil, 89.4%
for high-load hard soil, 86.8% for low-load soft soil, and 80.3% for high-load soft soil. These results indicate that
tractive efficiency decreases as soil hardness decreases, likely due to increased energy losses caused by slip.

Performance by different travel speeds

Figure 11a presents the simulation results for E-axle slip under different travel speed conditions. Since plow
tillage operations are typically performed at speeds between 5 and 7 km/h, the simulation was conducted at
a reduced travel speed of 5 km/h to assess its impact on performance. At 5 km/h, the front E-axle exhibited
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Item Condition Maximum slip (%) | Average slip (%)
High-load (hard soil) | 48.6 36.8
High-load (soft soil) | 55.8 34.5
Front E-axle
Low-load (hard soil) | 23.0 16.9
Low-load (soft soil) 21.8 17.0
High-load (hard soil) | 51.3 38.0
High-load (soft soil) | 60.8 39.9
Rear E-axle
Low-load (hard soil) | 24.2 17.5
Low-load (soft soil) 24.2 17.6

Table 4. Slip of the front and rear E-axles under different load and soil conditions.
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Fig. 10. Simulation results of tractive efficiency for the 4WID E-axle tractor according to load and soil

conditions.
Item Maximum tractive efficiency (%) | Average tractive efficiency (%)
High-load (hard soil) | 89.4 89.1
High-load (soft soil) | 80.3 72.9
Low-load (hard soil) | 90.9 90.1
Low-load (soft soil) 86.8 85.8

Table 5. Tractive efficiency of the 4WID E-axle tractor under different load and soil conditions.

maximum and average slip values of 36.0% and 18.9%, respectively, while the rear E-axle recorded 9.3% and
8.9%, respectively. In comparison, at 7 km/h, the corresponding values increased to 55.8% and 34.5% for the
front E-axle, and 60.8% and 39.9% for the rear E-axle, as summarized in Table 6. These results suggest that
reducing travel speed under high-load and soft soil conditions effectively minimizes slip and improves E-axle
performance. Figure 11b illustrates the effect of travel speed on tractive efficiency. The average tractive efficiency

of the E-axle tractor is 85.1% at 5 km/h and 72.9% at 7 km/h, as shown in Table 7.

Discussion
Figure 12 illustrates the average slip values of the front and rear E-axles and the tractive efficiency of the

4WID E-axle tractor under different travel speeds. The simulation was conducted under high-load and soft
soil conditions, representative of plow tillage operations. When the travel speed was reduced, the average slip
decreased by 45% for the front E-axle and 78% for the rear E-axle. In contrast, the tractive efficiency increased by
approximately 12.2%p as the travel speed was reduced, due to the minimized losses resulting from the reduction
of slip. The observed improvement in tractive efficiency is estimated to result in a battery energy saving of
approximately 14.3%, assuming an equivalent field task and workload. With a total battery capacity of 58.4 kWh
(consisting of four 14.6 kWh battery packs), this corresponds to a reduction of approximately 8.35 kWh in energy
consumption. The resulting energy savings can contribute to extended operating duration or increased field
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Fig. 11. Comparison of simulation results according to travel speed: a slip and b tractive efficiency.

Item Travel speed | Maximum slip (%) | Average slip (%)
5km/h 36.0 18.9
Front E-axle
7 km/h 55.8 34.5
5km/h 9.3 8.9
Rear E-axle
7 km/h 60.8 39.9

Table 6. Simulation results for slip of the front and rear E-axle according to travel speed.

Travel speed | Average tractive efficiency (%)
5km/h 85.1
7 km/h 72.9

Table 7. Average tractive efficiency of the 4WID E-axle tractor according to travel speed condition.
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Fig. 12. Comparison of front and rear E-axle average slip and tractive efficiency of the 4WID E-axle tractor

under different travel speeds.
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Fig. 13. Slip-tractive efficiency relationship and control strategy: a Tractive efficiency as a function of slip
under different load, soil, and speed conditions for the 4WID E-axle tractor and b proposed slip control
algorithm of the E-axle.

coverage under the same energy constraints. These findings suggest that appropriate reductions in travel speed
can enhance tractive efficiency and contribute to more effective energy management in agricultural operations.

Figure 13a illustrates the relationship between tractive efficiency and slip for the E-axle tractor. Under
high-load conditions at 7 km/h, excessive slip made it difficult to establish a clear correlation between tractive
efficiency and slip. Therefore, data collected under low-load conditions at 7 km/h and high-load conditions at 5
km/h were analyzed to clarify this relationship. Tractive efficiency increases as slip increases within an effective
operating range, but begins to decrease once slip becomes excessive. Additionally, slip values exceeding 30%
were considered unreliable due to the rapid transition of the wheels into an idling state*. The average tractive
efficiency across all slip ranges was 90.1% for low-load hard soil, 85.8% for low-load soft soil at 7 km/h, and
85.1% for high-load soft soil at 5 km/h. Within the 10-20% slip range, the average tractive efficiency was 90.6%
in low-load hard soil at 7 km/h, 86.3% in low-load soft soil at 7 km/h, and 85.7% in high-load soft soil at 5 km/h.
These results indicate that tractive efficiency was highest under low-load hard soil conditions and was lowest
under high-load soft soil conditions. However, regardless of load or soil conditions, the E-axle tractor achieved
peak tractive efficiency within the 10-20% slip range. Previous studies on agricultural tractors reported that
slip varied depending on operating conditions and environments. However, the slip range in which tractive
efficiency reached its maximum remained relatively consistent. A review of these studies identified an optimal
slip range of 8-16%, which closely aligns with the findings of this study**-*. Outside the optimal slip range, the
average tractive efficiency dropped to 87.2% (low-load hard soil, 7 km/h), 82.6% (low-load soft soil, 7 km/h),
and 80.6% (high-load soft soil, 5 km/h), indicating a 4-6% improvement when operating within the optimal slip
range.

A slip-target control approach is proposed to maintain optimal tractive efficiency by dynamically adjusting
wheel speed based on real-time slip estimation, as illustrated in Fig. 13b. The optimal slip range, identified
from simulation results, is defined as 10-20% and serves as the threshold for control. Slip is estimated using
GPS-derived travel speed and motor rotational speed. When the estimated slip exceeds 20%, the control logic
reduces the wheel speed to suppress excessive slip. Once the slip returns to the target range, the original speed
command is restored. This adaptive slip-based control scheme can be independently applied to each wheel via
four inverters.

Conclusion

This study aimed to develop a simulation model of the 4WID E-axle electric tractor and to evaluate its slip and
tractive efficiency under various operating conditions. The simulation model was developed in the MATLAB/
Simulink environment and validated through bench testing and system analysis. The simulation results provided
quantitative insights into the slip and tractive efficiency of the 4WID tractor across different soil types, load
levels, and travel speeds. The key findings of this study are summarized as follows:

« Soil-specific Magic formula coefficients were derived using the Brixius model, enabling realistic slip analysis
under both soft and hard soil conditions.

« Consistent with conventional tractor dynamics, the rear wheels exhibited greater slip than the front wheels.
Slip increased significantly under soft soil and high-load conditions, resulting in reduced tractive efficiency.
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In particular, tractive efficiency under high-load soft soil conditions decreased by approximately 19.1% com-
pared to low-load hard soil conditions.

 Reducing travel speed within an appropriate range improved tire-soil contact, which led to a reduction in
slip and an increase in tractive efficiency. Specifically, under high-load soft soil conditions, tractive efficiency
increased by approximately 12.2%p when the travel speed was reduced from 7 km/h to 5 km/h.

o The relationship between slip and tractive efficiency of the 4WID E-axle tractor was analyzed. The results
confirmed that optimal tractive efficiency was achieved when slip was maintained within the 10-20% range.

These findings demonstrate the effectiveness of the simulation model and provide valuable insights for the
development of traction control strategies for electric tractors. The practical implications and potential
applications are outlined below:

o The soil-dependent Magic formula coefficients derived in this study can be utilized in future simulation-based
vehicle dynamics analyses that incorporate varying soil conditions.

« The observed improvements in tractive performance at lower travel speeds support the development of speed-
based traction control strategies for agricultural machinery.

« Identification of the optimal slip range (10-20%) lays a foundation for developing slip control algorithms for
4WID agricultural machines, ultimately contributing to the design of electric tractors with enhanced energy
efficiency and traction performance.

However, the primary limitation of this study is that the evaluation was conducted solely in a simulation
environment. While the E-axle model itself was validated, full-vehicle testing was not performed. Therefore,
future work will involve real-world field testing to validate the complete vehicle model, as well as the development
of adaptive slip control algorithms based on the results presented in this study. These efforts will further advance
the technological foundation for the electrification of agricultural machinery.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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