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Development and performance
evaluation of a PTO-based power
assist system to improve traction
force for electric tractors

Ahn Da-Vin!, Kyeongdae Kim?', Seung-Je Cho?, Kyujeong Choi?, Ji-Tae Kim? & Wongun Kim***

Electrification of agricultural machinery is crucial for meeting environmental regulations, with electric
tractors being a prime example. However, insufficient power during high-load operations, such as plow
tillage, limits the field applicability of conventional electric tractors. To address this, we propose and
evaluate a Power Take-Off (PTO)-based power-assist system to supplement the traction power. Three
powertrain configurations were modeled and compared: (i) a baseline dual-motor coupling powertrain
(DMCP), (ii) a speed-coupling DMCP with power-assist system, and (iii) a mixed-coupling DMCP

with power-assist system. The performance was evaluated under measured plow tillage conditions,
focusing on traction force, travel speed, and energy consumption, with the latter assessed using an
optimal control strategy derived via dynamic programming. Under a demanding 55 kW workload,
only the assist-equipped configurations operated within the required power envelope. The speed-
coupling configuration delivered the highest traction torque through torque amplification, despite

a slightly reduced maximum speed. This configuration also lowered energy consumption by up to
2.40% compared to the baseline DMCP. These findings confirm the proposed PTO-based power-assist
system is a practical solution for enhancing high-load operability and energy efficiency without major
powertrain modifications. Future work will focus on hardware-in-the-loop validation of the proposed
configuration.

Keywords Electric tractor, Dual motor coupling powertrain, Power assist system, Dynamic programming,
Agricultural work

The electrification of agricultural machinery has emerged as a promising strategy to comply with environmental
regulations and reduce carbon emissions from farming operations'. Electric tractors have gained attention as
representative eco-friendly solutions for the electrification of agricultural machinery. These tractors offer several
advantages, including reduced exhaust emissions, minimal noise levels, and enhanced energy efficiency, thereby
contributing significantly to sustainable farming?.

Research on electric tractors can be divided into two areas: (1) studies focusing on the configuration of electric
tractor powertrains, and (2) studies on control algorithms for electric tractors. Research on electric-tractor
powertrain configurations is primarily categorized into two distinct strands. First, studies were conducted on
single-motor structures that replace engines in conventional internal combustion tractors with electric motors.
Powertrain configurations employ two or more motors?*~°. Melo® reported a dual-motor application on a 9
kW electric tractor featuring an in-wheel motor on each rear wheel to provide tractive drive. While suitable
for traction-dominant tasks, this powertrain configuration does not account for hydraulic or PTO power
demands, thereby limiting its applicability across typical farming operations. Research on control algorithms
for electric tractors has primarily focused on strategies for enhancing energy efficiency'*!* and improving the
performance of a given architecture!®!>. However, most of this research was conducted under the assumption
that the specifications of the electric tractor system have already been determined. In conventional agricultural
operations, a single tractor is used for various tasks including plowing, rotary tilling, and transportation'*.
This poses a significant challenge because conventional electric tractors may exhibit diminished operational
efficiency or an inability to execute high-power-demanding tasks, such as plowing in heavy soil conditions,
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owing to inadequate power output. Potential solutions to address this issue include the adoption of a multi-
speed mechanical gearbox, modification of motor specifications, and an increase in the number of motors.
However, the integration of a multi-speed mechanical gearbox not only increases the structural complexity and
concomitantly reduces the energy efficiency'é, but its modification is also challenging because any alteration is
contingent upon a comprehensive overhaul of the powertrain configuration. To overcome these limitations, this
study proposes a power-assist system designed to enhance propulsion capability while minimizing modifications
to the existing powertrain configuration. Specifically, the proposed configuration supplements the baseline dual-
motor coupling powertrain (DMCP) by incorporating an auxiliary motor via a power-take-off (PTO) shaft. The
efficacy of this approach was evaluated through a comparative analysis of the baseline configuration.

The contributions of this study are summarized as follows (1) This study proposes a novel powertrain
configuration, the DMCP with power assist system, which supplements a baseline DMCP by incorporating an
auxiliary motor via a PTO shaft. (2) To facilitate comparative performance analysis, we developed simulation
models and control algorithms for both the baseline and proposed configurations. (3) The effectiveness of the
proposed system is validated through dynamic and economic performance analyses under identical plow tillage
conditions.

The novelty of this study is threefold: (1) A hardware-based approach to enhance the tractive performance
of electric tractors is proposed, which is compatible with various powertrain configurations. (2) Propose and
comparatively evaluate two novel DMCP-based powertrain configurations, defined by the distinct relationships
between motor torque and speed. (3) The proposed and baseline configurations were evaluated using an optimal
control strategy, thereby eliminating performance biases attributable to the control strategies.

Methods

Power assist system description

A power-assist system is designed to provide supplementary tractive effort, particularly under demanding
operating conditions where the native powertrain of the tractor is insufficient to meet the performance
requirements. The power-assist system proposed in this study operates by supplying additional power to the
powertrain from an assist motor coupled to a PTO shaft. The baseline of this study was a DMCP configuration.
In this configuration, the two motors serve as power sources, and their combined output is transmitted to the
powertrain!”. Compared with a single-motor equivalent, this architecture enables operation at more efficient
points under various load conditions, thereby enhancing the overall powertrain efficiency'®. Figure 1 illustrates
the proposed powertrain configuration, in which a power-assist system is integrated into a baseline DMCP. As
shown, the system enables high-load operability by coupling an assist motor to an existing PTO shaft, thereby
enhancing the capability of the tractor to perform demanding agricultural tasks.

Dual-motor coupling powertrain: speed-coupling type (DMCP: speed-coupling)

The dual-motor coupling powertrain configuration adopted in this study was of the speed coupling type, as
illustrated in Fig. 2. This configuration comprised two motors (a main motor and an auxiliary motor), two
clutches (C1 and C2), a brake (B1), input gears for each motor, a planetary gear set, a two-speed transmission,
a PTO gear, and a final drive. In this speed-coupling configuration, the power from the main and auxiliary
motors is combined with the planetary gear set and subsequently transmitted to a two-speed transmission. The
planetary gearset features two input members (the ring and sun gears) and one output member (the carrier). The
main motor is connected to the ring gear via its respective input gear, whereas the auxiliary motor drives the sun
gear. The powers from both inputs were merged at the carrier and transmitted to the final drive. The operating
modes of the speed-coupling configuration are distinguished by the power flow path, which is determined by
the engagement of the clutches and brake. Accordingly, the modes were defined based on the number of active
motors, selected transmission gear stage, and specific agricultural tasks, as detailed below.

1) Dual mode
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Fig. 1. Structure electric tractor with power assist system.
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Fig. 2. Dual-motor coupling powertrain: speed-coupling type.

The dual-motor mode is employed for demanding tasks such as plow tillage or transport operations, which do
not require PTO power. Gear selection is determined by the torque-speed requirements of the task; the first gear
is selected for low-speed, high-torque conditions, whereas the second gear is used for high-speed, low-torque

operations.

In both gear stages, the power from the main motor is transmitted to the planetary gear of the gearset, with

clutch CI engaged and clutches C2 and

B1 disengaged. Simultaneously, the auxiliary motor transmitted torque

to the sun gear. The combined output from the carrier was then routed through a two-speed transmission to the
wheels. As illustrated in Fig. 2, power is transmitted along different paths depending on the gear stage. In the first
gear, the power from the main motor is routed through Paths 2 and 4, whereas the auxiliary motor uses Paths
1 and 4. In the second gear, the power of the main motor follows Paths 2 and 5, and the power of the auxiliary
motor is transmitted along Paths 1 and 5.

2) PTO mode

The PTO mode is employed for agricultural tasks that require PTO power, such as rotary tillage. In this mode,
the main and auxiliary motors operate concurrently yet independently, with the transmission set to second gear.

This independent operation allows the

main motor to maintain the required PTO rotational speed, while the

auxiliary motor controls the travel speed of the tractor. Power from the main motor is delivered to the PTO shaft,
which requires clutch C1 to be disengaged, and clutches C2 and B1 to be engaged. Simultaneously, the auxiliary
motor provided tractive power by transmitting torque to the wheels. As illustrated in Fig. 2, the corresponding
power paths are line 3 for the main motor, and lines 1 and 5 for the auxiliary motor.

Table 1 summarizes the operating states of the powertrain components in each operating mode of the speed-

coupled DMCP.

DMCP with power assist system: speed—coupling type
In a speed-coupling DMCP with a power-assist system, the assist motor is mechanically coupled to the PTO
shaft and transmits power to the input gear of the main motor, as illustrated in Fig. 3. Consequently, the direct

connection between the PTO input and

assist gears mechanically couples the rotational speeds of the main and
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Clutch Brake | TransmissionRatio

Operating mode | Mainmotor | Auxiliary motor | C1 | C2 | Bl 1st gear | 2nd gear
Dual mode 1 o [ ® O |O [ ) (@)
Dual mode 2 ) [ ® O |O (@) [ ]
PTO mode ® o ONNN BN J [ J O

Table 1. Operating modes of the DMCP speed-coupling type. « indicates that the motor is on or the brake is
engaged, o indicates that the motor is off or the brake is disengaged
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Fig. 3. DMCP with power assist system: speed—coupling type.

assist motors. In contrast, the auxiliary motor, which drives the sun gear, operates independently of the main and
assist motors. The proposed powertrain configuration is a speed-coupling DMCP with a power-assist system,
as shown in Fig. 3. This configuration consists of three electric motors (main, auxiliary, and assist), two clutches
(C1 and C2), a brake (B1), input gears for each motor, a planetary gear set, a two-speed transmission, and a final
drive.

In this configuration, the combined torque from the main and assist motors is transmitted to the ring
gear, and the auxiliary motor provides torque to the sun gear. The total torque is then merged at the carrier
and transmitted to drive the wheels. The operating modes are determined by the usage of the motor and the
engagement state of the clutches and brake and are categorized as follows:

1) Dual mode

The dual-mode employs the main and auxiliary motors as power sources, operating similarly to the baseline
DMCP. The transmission gear stage is selected based on the task’s torque-speed requirements: the first gear is
employed for low-speed, high-torque demands, such as plowing, while the second gear is used for high-speed,
low-torque operations, such as transport. The power flows for both the gear stages are as follows: With clutch
C1 engaged and C2 and B1 disengaged, the power from the main motor is transmitted to the ring gear of the
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planetary gearset. Simultaneously, the auxiliary motor delivers torque to the sun gear through the auxiliary motor
input gearset, which has a gear ratio i4,,1. The resulting torque on the carrier is then transmitted through a
two-speed transmission to drive the wheels. The power flow paths for the main and auxiliary motors, illustrated
in Fig. 3, change with the selected gear. In the first gear, the power follows paths 2 and 5 from the main motor
and paths 1 and 5 from the auxiliary motor. In the second gear, these paths shift to 2 and 6 for the main motor,
and 1 and 6 for the auxiliary motor.

2) Assist mode

The assist mode is the operating mode in which all three motors (main, auxiliary, and assist) are active. The
transmission gear is selected based on the task requirements: the first gear is employed for low-speed, high-
torque conditions, such as plowing, whereas the second gear is used for high-speed, low-torque operations,
such as transport. In both gear stages, the combined torque from the main and assist motors is transmitted to
the planetary gear of the gearset, which is achieved with engaged clutches C1 and C2 engaged and brake Bl
disengaged. Simultaneously, the auxiliary motor delivers torque to the sun gear through the auxiliary motor
input gearset, which has a gear ratio i4y.2. The resulting total torque is then output from the carrier and
transmitted through the transmission system to drive the wheels. The power flow paths for each gear stage, as
illustrated in Fig. 3, are as follows. In the first gear, the main motor used paths 2 and 5, the auxiliary motor used
paths 4 and 5, and the assist motor followed paths 3, 2, and 5. In the second gear, the power from the main motor
is transmitted along paths 2 and 6, and the auxiliary motor is transmitted along paths 4 and 6, and the assist
motor is transmitted along paths 3, 2, and 6.

3) PTO mode

The PTO mode functions similarly to the baseline DMCP and is activated by disengaging the assist motor. In
this mode, the main motor transmits power to the PTO shaft via the assist and input gears when clutch CI is
disengaged, and C2 and B1 are engaged. Simultaneously, the auxiliary motor delivered power to the drive wheels
for traction. As illustrated in Fig. 3, the power from the main motor flows in the reverse direction of line 3,
whereas the power from the auxiliary motor is routed along lines 1 and 5.

Table 2 summarizes the engagement states of each component for all operating modes.

DMCP power assist system: mixed—coupling type

In a mixed-coupling DMCP with a power-assist system, the assist motor is mechanically coupled to the PTO
shaft and delivers torque to the carrier (the output shaft of the planetary gearset) via a dedicated power-assist
gear, as illustrated in Fig. 4. This powertrain configuration consists of three motors (main, auxiliary, and assist),
two clutches (C1 and C2), one brake (B1), the aforementioned power-assist gear, the main motor input gear, a
planetary gear set, a two-speed transmission, and a final drive. In this configuration, the torques from the main
and auxiliary motors are combined within the planetary gear set and transmitted to the carrier. When the assist
motor is active, it supplies additional torque to the carrier, thereby increasing the total output torque transferred
to the drive wheels. The operating modes are categorized based on the combination of active motors and the
engagement states of the clutches and brakes, as detailed below.

1) Dual mode

The dual-mode operates identically to the corresponding mode of the baseline DMCP, employing only the main
and auxiliary motors. The transmission gear stage is selected based on a specific agricultural task: the first gear
is for low-speed, high-torque operations, such as plowing, whereas the second gear supports high-speed, low-
torque conditions, such as transport. In both gear stages, the power from the main motor is transmitted to the
ring gear of the planetary gearset, with clutch C1 engaged, and both C2 and B1 disengaged. Simultaneously, the
auxiliary motor delivered torque to the sun gear. The combined torque is then output from the carrier and routed
through the transmission to the drive wheels. As illustrated in Fig. 4, the power paths for the main and auxiliary
motors are, respectively, lines 2 and 5, and lines 1 and 5 in the first gear. In the second gear, these paths shift to
lines 2 and 6, and 1 and 6.

2) Assist mode

Clutch Brake | TransmissionRatio
Operating mode | Mainmotor | Auxiliary motor | Assistmotor | C1 | C2 | Bl 1stgear | 2nd gear
Dual mode 1 ® o ©) ® O |O [ J @)
Dual mode 2 ® o (©) ® O |O O [ ]
Assist mode 1 ° [ [ ] ® & O [ ] @)
Assist mode 2 [ ] [ [ ] ® & O @) [ ]
PTO mode [ ] [ ) O O @ |@ o O

Table 2. Operating modes of the DMCP power assist system: speed-coupling type. @ indicates that the motor
is on or the brake is engaged, O indicates that the motor is off or the brake is disengage
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Fig. 4. DMCP with power assist system: mixed-coupling type.

In the assist mode, all three motors — the main motor, auxiliary motor, and assist motor — are engaged to
provide maximum torque. The transmission gear is selected based on the operational requirements: the first
gear is employed for low-speed, high-torque tasks, whereas the second gear is used for high-speed, moderate-
torque conditions. In this mode, the torques of the three motors were combined as follows: When clutch C1 is
engaged and both C2 and Bl are disengaged, the main motor drives the ring gear of the planetary gearset, and
the auxiliary motor delivers torque to the sun gear. Concurrently, the assist motor directly contributes additional
torque to the carrier via the power-assist gear through the auxiliary motor input gearset, which has a gear ratio
lassist- 1he total combined torque from the carrier was transmitted through the transmission to drive the
wheels. The power flow paths for each gear stage, as illustrated in Fig. 4, are as follows: In the first gear, the main
motor used paths 2 and 5, the auxiliary motor used paths 1 and 5, and the assist motor followed paths 4 and 5. In
the second gear, the power from the main motor is transmitted along Paths 2 and 6, that from the auxiliary motor
is transmitted along Paths 1 and 6, and that from the assist motor is transmitted along Paths 4 and 6.

3) PTO mode

The PTO mode functions similarly to the baseline DMCP and is activated when the power-assist system is
disengaged. In this mode, the main motor transmits power to the PTO through the power-assist gear (gear
ratio: ipto) When clutch C1 is disengaged and C2 and Bl are engaged. Simultaneously, the auxiliary motor
delivered torque to the drive wheels for traction. As shown in Fig. 4, the power from the main motor flows in the
reverse direction of line 3, whereas the power from the auxiliary motor is routed along lines 1 and 5.

Table 3 details the engagement state of each powertrain component for the various operating modes.
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Clutch | Brake | TransmissionRatio
Operating mode | Mainmotor | Auxiliary motor | Assistmotor | C1 | C2 | Bl 1stgear | 2nd gear
Dual mode 1 o [ ] (@) ® O |O [ ] (@)
Dual mode 2 o [ ] (@) ® O |O O [ ]
Assist mode 1 [ ] [ ) [ ] ® O |O [ ) (@)
Assist mode 2 [ ] [ ) [ ] ® O |O (@) [ )
PTO mode [ ] [ ) O [OZNN BEN J [ J O

Table 3. Operating modes of the DMCP power assist system: mixed-coupling type. « indicates that the motor
is on or the brake is engaged, o indicates that the motor is off or the brake is disengaged

Components Parameter Value
Rated speed, rpm 4000
Maximum speed, rpm | 6000

Main motor
Maximum torque, N'm | 72 @ 4000 rpm
Rated power, kKW 30
Rated speed, rpm 4000

Maximum speed, rpm | 6000

Auxiliary motor/Assist motor
Maximum torque, N-m | 24 @4000 rpm

Rated power, kW 10

Table 4. Parameters of motors.

Dynamic model of powertrains

A dynamic model of the tractor and its primary components was developed to analyze the performance of
the three proposed powertrain configurations. For a fair comparison, identical specifications for the tractor
and electric motors were applied across all configurations, with the only distinction being the powertrain
configuration. Furthermore, several simplifying assumptions were made: (1) terrain-related effects were
excluded by assuming zero tire slip and a level road surface; and (2) only the rotational inertias of the motors
and wheels were considered. The longitudinal dynamics of the tractor are formulated as follows.

Z Iwwrur = Tt - Zﬂoad (1)

1
> Tiwa = (16 + 3pCadv?) 1rs @
V= TrwWre (3)

Where, Z I, is the moment of inertia of the tractor, W . is the acceleration of the rear wheel, T3 is the
traction torque of the tractor, f is the rolling resistance coefficient of the tractor, G is the total gravity of the
tractor, p is the air density, Cj is the air resistance coefficient, A is the windward area, v is the travel speed of
the tractor, d is the mass conversion coefficient, m is the mass of the tractor, 7., is the radius of the rear wheel,
w rw is the rotational speed of rear wheel and Z Tioaa is the load torque of the tractor.

Each electric motor is represented by a quasistatic model based on an interpolated efficiency map'®. An
identical motor model was applied to all configurations to isolate the performance effects of the powertrain
configuration. The motor specifications summarized in Table 4 are based on a custom-developed motor for
agricultural tractor applications. The efficiency map is presented in Fig. 5.

Speed-coupling type of DMCP

The dynamic model of the speed-coupling-type DMCP is based on a configuration in which the main motor is
connected to the ring gear, the auxiliary motor is connected to the sun gear, and the carrier serves as the output.
Based on the kinematics of the planetary gear set described in Egs. (4) and (5), the motor torques are transmitted
to the carrier at a constant ratio and the carrier speed is determined by the sum of the rotational speeds of the
ring and sun gears.

k+1

TTring = (k + 1) Tsun — Lcarrier (4)
k 1
k+ 1wrz‘ng + k+ 1wsun = Wcarrier (5)
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Fig. 5. Efficiency map of motors: (a) main motor; (b) auxiliary motor/assist motor.

Where, k is characteristics parameters of planetary gearset, Ting is the torque of ring gear, Tsunr is the torque
of sun gear, Tecqrrier is the torque of the planet carrier, w ring is the rotational speed of ring gear, w sun is the
rotational speed of sun gear and w carricr is the rotational speed of the planet carrier.

Considering the kinematics of the planetary gear set, the dynamic model is expressed for each operating
mode as follows:

1) Dual mode

(Tmain - Imainwmain) imain - TTing (6)
(Tuux - auwwauz) tauz = Tsun (7)
Tcar'rie'r = min (%TT’L.TLQ7 (k + 1) Tsun) (8)
Tout = Tearrier (9)

Toutioij =T (10)

Where, Ipnqin is the moment of inertia of the main motor, W maqin is the acceleration of the main motor, ¢main
is main motor input gear ratio, Jqu. is the moment of inertia of the auxiliary motor, « 4u. is the acceleration
of auxiliary motor, .. is auxiliary motor input gear ratio, Ty is the transmission input torque, 7o is the final
reduction gear ratio and ¢; is the transmission ratio( j=1 in first gear, j=2 in second gear).

2) PTO mode
Z de)rw + I(Lumwaumiaumioij - Taumiaumioij - Z ﬂoad (11)
_ Wauzx
wre = S0 (12)
Touttot; = T (13)

where %yt is the PTO reduction ratio and Tjo,,,, is the required torque at the PTO.

Speed-coupling type of DMCP with a power assist system

In the speed-coupling powertrain configuration with a power-assist system, the main and assist motors jointly
deliver torque to the ring gear. In contrast, the auxiliary motor provides torque to the sun gear. The dynamic
behavior in both the dual-mode and PTO modes remained identical to that of the baseline DMCP, as described
by Egs. (6)-(13). The dynamic model for the assist mode is formulated as follows:

Z de)'rw + Iauzwauziauzioij = Tauziauzioij - Z ﬂoad (14)
/L' .
Wassist = E.SSZSt Wmain (15)
Ipto
(Tau:c - Lzuwwauz) iauzg = Tsun (16)
Scientific Reports | (2026) 16:1869 | https://doi.org/10.1038/s41598-025-31465-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Tca/rrier = min (mTTing, (k + 1) Tsun) (17)
Tout = Tearrier (18)
Toutioij = Tt (19)

Where, Tassist is the torque of assist motor, Jassist is the moment of inertia of assist motor, 4qssist is the gear
ratio of assist motor, W assist is the acceleration of the assist motor, w qssist is the rotational speed of the assist
motor, and Zquz, is auxiliary motor input gear ratio for assist mode.

The primary difference between the assist and dual modes is that the torque at the ring gear (Tring) is
determined by the sum of the torques from the main and assist motors (see Eq. (14)). According to planetary
gear kinematics, the resulting carrier torque ( Tcarrier) is limited by the lower torque contributions from the
ring ( Tring) and sun gears ( Tsun) (see Eq. (17)). Therefore, to maximize the output torque ( Tearricr), the sun
gear torque ( Tsurn) must be increased. This is achieved in the assist mode by applying a dedicated gear reduction
(%auz,) to the input path of the auxiliary motor, thereby enabling a higher torque contribution from this motor
compared to the dual mode.

Mixed-coupling type of DMCP with power assist system

In the mixed-coupling powertrain configuration with a power-assist system, the main and auxiliary motors
were coupled to the planetary gear of the gearset and the sun gear, respectively. However, the assist motor is
mechanically coupled directly to the carrier, that is, the transmission input shaft, via a power-assist gear. This
arrangement allows the assist motor to contribute torque directly to the output, independent of the internal
kinematics of the planetary gearset. Consequently, the dynamic models for the dual mode and PTO modes are
identical to those of the baseline DMCP (Egs. (6)-(13)). However, the dynamic model for the assist mode was
extended as follows:

(Tmain - Iau,:cwmain) imain = Tm'ng (20)
Touwz — Iauzwauz = Tsun (21)
k+1

Tca'r'rier = min (%T7'ing7 (k + 1) Tsun) (22)
Tout = Tcarrier + (Tassist - Iassistwassist) iassist (23)
Toutioij =T (24)

Wearrier
Wassist — — (25)

lassist

Control strategy

For the dual-motor powertrain configurations evaluated in this study, the optimal power control strategy was
inherently dependent on the specific power coupling method. Therefore, to ensure an objective comparison of
the configurations, this study employed Dynamic Programming (DP). As a global optimization algorithm, DP
determines the maximum achievable performance for each configuration, eliminating biases that would arise
from using different predefined control strategies's.

The DP is a recursive optimization algorithm that determines a globally optimal control sequence by
minimizing the cost function over a defined horizon'. In this study, a dynamic programming algorithm
was used to identify the trajectory with the lowest energy consumption for each powertrain configuration
while performing various agricultural tasks. Instead of relying on heuristic rule-based strategies, dynamic
programming ensures optimality by evaluating all feasible control inputs at each time step. It then propagates
the minimum cumulative cost-to-go via backward recursion, resulting in a globally optimal sequence of control
inputs that minimizes total energy consumption based on the predicted load and velocity profiles.

In this study, the performance of each powertrain configuration was evaluated under plow tillage conditions
by determining a control strategy that minimizes the required power. The load cycle was discretized into N time
steps, where each step k was characterized by a state variable z (k) and a control variable « (k). Following the
principle of optimality, the objective function determines the optimal control by minimizing the sum of the stage
cost (denoted as L (z (k) ,u (k))) at step k and the optimal cost function from the subsequent step (denoted
as J* (z (k + 1))), as shown in Eq. (28).The stage cost function is defined as the motor power required in that
step. Given that plow tillage is a low-speed, high-torque task, the analysis was constrained to the first gear in both
dual and assist modes. Table 5 summarizes the operating modes and the corresponding constraints applied in
the dynamic programming, where modes 1 and 2 represent the dual and assist modes, respectively.

Because of the low travel speeds and high tractive loads inherent in agricultural operations, the potential
for energy recovery through regenerative braking is negligible. Therefore, regenerative braking is excluded
from the analysis?’. However, to prevent unrealistic behavior during the optimization process, such as excessive
fluctuations in the motor speed and torque, two penalty terms were introduced to the cost function. These terms
are used to calculate the virtual energy consumption, which more accurately reflects physical constraints'®2!.
The first penalty term, the coefficient k,, is designed to limit abrupt changes in the motor speed. As defined
in Eq. (30), this penalty is calculated from the sum of the absolute changes in rotational speed ( A w ) for each
motor between a given time step ¢ and the next, ¢ + 1. For this study, the variation limit ( d., ) was set to 3,000
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‘Working operation
Powertrain configurations Mode Motors
mode € [1] W main_min,k < Wmaink S W main_max,k

vai vingk < Tmain,k < Tmain_maz,k
Speed-coupling type of DCMP pratn_men.t =2 < - ’

Wauw _mink S Wauz,k < Wauzr maz,k
Taum_rnin.k S Taum,k S Tauw_'mam,k

Speed-coupling type of DCMP with power assist system Womain_min,k < W main,k < W main_mawz,k

main_min,k < Tmain,k < Tmain_maz,k
Wauxz_min,k < w aux,k < w aux_max,k
mode € [1 2] aux_min,k X Taum,k S Ta1117WLam,k

W assist_min,k < W assist,k S W assist_max,k

Tassist_min,k < Tassist,k < Tassist _maz,k

Mixed-coupling type of DCMP with power assist system

Table 5. Constrains under working operation.

rpm/s over a 1-second time step. The second penalty term, a coefficient v 8 (k)), is applied to suppress frequent
mode switching by adding a virtual energy cost for each transition. While mode shifting incurs energy losses
from actuating components, such as clutches and brakes, these were not explicitly modeled. Instead, the virtual
penalty serves to curtail the unrealistic switching behavior that might arise from marginal efficiency advantages.
The optimization effectively avoids non-physical motor behavior by incorporating these two penalty terms. The
complete cost function is formulated as shown in Egs. (32) and (33), and the actual energy consumption, which
excludes the penalty terms, was calculated using Eq. (34).

z(k+1)=f(zx(k),u(k)) (26)
J'n(z(N))=0 (27)
J* (= (k) = min [L (2 (k) ,u (k) + J" (z (k+1))] (28)

Tmain aux Taua: aux Tassi.s assis
P’req (k) = P’main (k) + Paum (k) + Paissit (k) - @ + “ + e : (29)

Nmain Nauz Nassist

dy,Aw’

b — 1—a-2Y  Aw < d,At
P = 0, Aw > d, At

Aw = |UJm,ain (tk + 1) — Wmain (tk)| + |Waum (tk + 1) — Wauzx (tk) + |wassist (tk+1) — Wassist (tk)H (31)

Preq (k) = kp_m'gn(l)r eq)P?"eq + 79(]“) (32)
Lix(kyutky) = Prea(k) (33)
N
T = Preq(k) (34)
k=0

Where, z (k) is the state variable, J*n (z (k)) is the optimal cost function with penalty term of k' step,
L (z (k) ,u(k)) is the cost function with a penalty term of ki step, k, is the penalty coeflicient of motor
speed, o is the small coefficient for penalty coefficient, A w is the changing amount of motor speed, d., is the
maximum changing rate of motor speed, A ¢ is the time step, Py.cq (k) is the energy consumption of motors
with penalty, v 6 (k) is the mode switching penalty term, and .J is the total cost function.

Power assist system performance analysis

Load data acquisition

To evaluate the performance of each powertrain configuration, an analysis was conducted using experimental
data from the plow tillage operations. The experiments were performed under two representative workload
conditions, using 46 kW and 55 kW tractors, respectively. The 46 KW tractor was equipped with a four-cylinder
diesel engine delivering a maximum torque of 262 N-m at 1800 rpm and a rated power of 46 kW at 2300 rpm.
The 55 kW tractor utilized a 55.4 kW engine with a maximum torque of 280 N-m at 1600 rpm.

Detailed specifications of the tractors and implements are summarized in Tables 6 and 7, respectively.
During the field tests, each tractor was equipped with a six-row moldboard plow; the 46 kW tractor used the
implement denoted as moldboard plow A in Table 7, whereas the 55 kW tractor used moldboard plow B. For the
55 kW tractor, a slightly wider variant (2100 mm overall width) was used, while all other geometric parameters
were identical between A and B. The maximum tillage depth in both plots was 200 mm. Figure 6 depicts the
experimental tractors and the test field during plow tillage.

To acquire agricultural workload data, real-time measurements of wheel torque and speed were collected. This
was accomplished using torque meters mounted on all four wheels and geartooth speed sensors (CYGTS211B;
ChenYang Technologies GmbH & Co. KG, Germany). To eliminate the influence of terrain variability, the
slip between the wheels and the ground was not considered. From these measurements, the key performance
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Specification
Item Tractor #1 Tractor #2
Length (mm) 3,695 3920
Width (mm) 1,850 1940
Height (mm) 2,560 2710
Dimension
Weight (kg) 2,615 2865
Wheelbase (mm) 2,155 2190
Minimum ground clearance (mm) 420 440
Main part Stages 4 stages 4 stage
Transmission | Subpart Stages 3 stages 4 stage
Type Power shuttle Power shuttle
Front (%) 459 424
Weight distribution
Rear (%) 54.1 57.6
Front 11.2-20 8PR 11.2-24
Tire
Rear 14.9-30 8PR 16.9-30
Type 4 cylinder diesel | 4 cylinder diesel
Engine Rated power (kW) | 46 @ 2,300 rpm | 55.4 @ 2,200 rpm

Max torque (N-m)

262 @ 1,800 rpm

280 @ 1,60 rpm

Table 6. Specifications of the agricultural tractors used in this study.

Item Specification
Type Moldboard plow A | Moldboard plow B
Number of furrows 3 3
Length (mm) | 1,930 1,930
Dimension | Width (mm) | 1,800 2,100
Height (mm) | 1,235 1,235
Required power (kW) 40-52 52-60
Weight (kg) 370 380
é\:[nar):)mum tillage depth 200 200

Table 7. Specifications of plows used in this study.

metrics, tractive force, and travel speed were determined. The total tractor-traction force ( F}) was calculated
by first determining the force at each wheel from the measured torque (Eq. (35)) and summing these individual
forces (see Eq. (36)). The tractor travel speed was derived from the measured wheel speed (see Eq. (37)).

Tw
F, =% (35)
Tw
Tw
F, = (36)
Tw
2T W Tw
_ 37
v 60 (37)

Where, F, is wheel traction force, T, is wheel torque, 7., is wheel radius, F} is tractor total traction force,
Ffry is traction force of the front right wheel, FY;., is traction force of the front left wheel, Fi.-., is traction
force of the rear right wheel, Fl.1,, is traction force of the rear left wheel and w ., is wheel speed.

Plow tillage operations were conducted while maintaining a constant tillage depth. The 46 kW and 55 kW
tractors were operated in M2 and M1 gears with target travel speeds of 4.6 km/h and 3.8 km/h, respectively. The
resulting workload profile for the 46 kW tractor is presented in Fig. 7, and the profile for the 55 kW tractor is
shown in Fig. 8. During the 46 kW tractor plowing test, the travel speed ranged from 2.62 to 4.56 km/h, with
a mean of 3.90 km/h. The observed speed reductions were attributed to plow load and slip. The traction force
reached a maximum of 23.60 kN and a mean of 9.69 kN. For the 55 kW tractor, the travel speed ranged from
3.26 to 3.80 km/h, with a mean of 3.89 km/h. The traction force exhibited a maximum of 27.92 kN and a mean
0f 19.93 kN. In both cases, the maximum traction force was observed as the tractor accelerated from a standstill
toward the target speed.
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@ (b)

(c) (d

Fig. 6. Experimental tractors and test field during plow tillage: (a) 46 kW tractor; (b) 55 kW tractor; (c) test
field for 46 kW tractor; (d) test field for 55 kW tractor.
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Fig. 7. Workload data during plow tillage with a 46 kW tractor: travel speed and traction force.
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Fig. 8. Workload data during plow tillage with a 55 kW tractor: travel speed and traction force.

Agricultural work performance analysis

The objective of this study was to analyze agricultural work performance based on two primary factors: the
application of a power-assist system and the structural differences between powertrain configurations. The
performance evaluation is conducted using the previously acquired plowing load data and is divided into a
dynamic performance analysis, which evaluates the operational capability, and an economic performance
analysis, which evaluates the energy consumption.

In the dynamic performance analysis, the achievable travel speed and maximum tractive force for each
powertrain configuration were calculated to assess the operational capability relative to the measured agricultural
workload. To this end, the evaluation verified whether the operating points of the measured workload fell within
the powertrain power envelope (F-V curve). This envelope, which consists of a constant traction force region
and constant traction power region, is calculated using Eqs. (38)-(42).

Vimax Vmax P,
F(V) =/ Fiox +/ 7‘7‘” (38)
0 Vi

max

k+1

k Tringmaxa (k + 1)Tsunmax) (39)

Tcarriermax = min(

Transmission input torque:
(1) Speed-coupling type of DMCP and speed-coupling type of DMCP with power assist system

Tout = Tearriermax (40)
(2) Mixed-coupling type of DMCP with power assist system

Tout = Tcarrim'max + Tassi.stmaxlassist

S,

iy = —2000 (41)
T"‘U)

Prrox = Vimax Ftimax (42)

where F (V) is the power envelope of the powertrain configuration, V4,,,., is the maximum travel speed at the
maximum traction force, Vinqz is the maximum travel speed of the tractor, and P;,, 4, is the maximum power
of the tractor.

For economic performance analysis, a dynamic programming simulation was conducted for each powertrain
configuration using the acquired workload data. The energy consumption of each configuration was compared
under identical load conditions by applying the control strategy. The parameters used in the simulations are
listed in Table 8. The auxiliary-motor input gear ratio and the assist gear ratio were determined as follows:
Parameterization of the power-assist drivetrain. In the speed-coupling configuration, the auxiliary-motor input
gear engages fquz1 in dual mode and équc2 in assist mode. For dual mode, %quz1is identical to the baseline
auxiliary input ratio Zqus used in the speed-coupling DMCP; in assist mode, iquz2 is set to 1.4187, following
planetary kinematics, to increase the effective sun-side torque and thereby maximize the torque transmitted
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DMCP DMCP with power assist system
Parameter Symbol | Speed-coupling type | Speed-coupling type | Mixed-coupling type
11 4.03
Transmission gear ratio
i 1.963
Final reduction gear ratio i0 37.4414
lg)e(if ratio k 3.256
Main motor input gear ratio imain | 1
lauz 1 -
Auxiliary motor input gear ratio tauzy - 1
lauwy | - 1.4187
PTO gear ratio ipto 4.44
Assist gear ratio lassist | - 0.2252
Rear wheel radius, m T 0.594
Moment of inertia of main motor, kg-m? Imain |0.04
Moment of inertia of auxiliary motor, kgm? | Iy 0.0066
Moment of inertia of assist motor, kg-m? ITyssist | 0.0066
The rolling resistance coefficient of tractor f 0.05
The total gravity of the tractor, N el 40,967
The air density, kg/m? p 1.225
The air resistance coefficient Cq 1
The windward area, m? A 471
Battery capacity Ah Q 115.2

Table 8. Main parameters of the tractor.

to the ring. The assist gear ratio (44ssist) is chosen as the reciprocal of the PTO ratio, 0.2252, so that the assist
motor can continuously deliver torque up to the maximum shaft-speed region while its power is merged with
that of the main motor. In the mixed-coupling configuration, the assist gear ratio is set to 1.0 to enable torque
delivery up to the carrier’s maximum shaft-speed region.

Results and discussion

Dynamic performance analysis

Figure 9 illustrates the workload operating points for each powertrain configuration plotted against their
respective power envelopes (F-V curves). Under the 46 kW workload, all three configurations operated within
their power envelopes, confirming their capability to perform the required plow tillage task. In contrast, under
the more demanding 55 kW workload, only the configurations equipped with a power-assist system remained
within the feasible power domain. The baseline DMCP configuration failed to provide sufficient tractive effort,
particularly during peak load conditions, which impeded stable operation. A comparison of the maximum
tractive forces revealed a clear hierarchy among the configurations. The baseline DMCP achieved the lowest
value at 24.36 kN, whereas both power-assisted configurations yielded significantly higher forces. Specifically,
the speed-coupling configuration reached 31.87 kN, and the mixed-coupling configuration reached 30.43
kN, with the speed-coupling configuration outperforming the mixed-coupling configuration. This difference
is attributed to the torque contribution point of the assist motor, which determines the resulting maximum
traction torque, even when the other powertrain parameters are identical. Table 9 summarizes the maximum
tractive force and corresponding travel speed at that torque for each powertrain configuration. In the mixed-
coupling configuration, the torque of the assist motor is directly applied to the transmission input shaft (i.e., the
carrier of the planetary gearset). By contrast, the speed-coupling configuration delivers the torque of the assist
motor to the ring gear. Owing to the planetary gear kinematics, this latter arrangement introduces a torque
multiplication effect by a factor of ~4—, resulting in a higher maximum traction torque compared with the
mixed-coupling type. However, this torque amplification results in a tradeoff. In the assist mode of a speed-
coupling configuration, the ring gear torque is the sum of the main and assist motor torques. Consequently, the
torque of the sun gear must be increased proportionally to satisfy the kinematic constraints of the planetary gear.
As the torque required from the sun gear (driven by the auxiliary motor) increases, the maximum allowable
rotational speed decreases. This results in the speed-coupling configuration having a lower maximum travel
speed in assist mode than in the mixed-coupling configuration.

Economic performance analysis

For the economic performance evaluation, two distinct plow tillage load conditions were considered,
corresponding to 46 kW and 55 kW tractors. Under the 46 kW condition, the energy consumption of three
powertrain configurations was compared: the baseline DMCP, speed-coupling DMCP with a power-assist
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Fig. 9. Working points of different powertrain configurations under plow tillage operations.

Powertrain configurations

Dynamic performance

Maximum traction torque Maximum travel speed at maximum traction torque

Speed-coupling type of DMCP

k+1
k

e 1 27 k 1
Tmainioil 001 60w (mw main PES aum)

i
pto T

kt1 . co) d0i 2m v ;
Speed-coupling type of DMCP with power assist system 3 (Tm‘“” + Taesiot as”“) tot L 2row (%Hw main + mw au:):)

101

27 T

Mixed-coupling type of DMCP with power assist system (%Tmain + Tassistlassist) 2071 ﬁ 50 (kiﬂw main + %Hw u.u:x_')

Table 9. Dynamic performance of powertrain configurations.

system, and mixed-coupling DMCP with a power-assist system. For the 55 kW condition, however, the
comparison was limited to the two power-assist-equipped configurations because the baseline DMCP was
unable to perform the task under this high workload. The energy consumption results summarized in Table 10
were calculated as the cumulative motor energy output (Eq. (34)) without accounting for the differences in
mechanical efficiency arising from configuration variations. Under the 46 kW workload, the speed-coupling and
mixed-coupling DMCP with power-assist systems achieved energy reductions of 2.40% and 1.78%, respectively,
compared to the baseline DMCP. This improvement is attributed to the ability of the three-motor configuration
to operate at more efficient points by flexibly distributing the required load across the motors. Under the 55 kW
workload, the speed-coupling DMCP with a power-assist system consumed 0.41% less energy than its mixed-
coupling counterpart. Figure 10 shows the motor operating points under the 46 kW workload, while the results
for the 55 kW condition are provided in Supplementary Fig. S1. For the speed-coupling DMCP with a power-
assist system, the main motor operates at a lower torque level than the baseline DMCP because the assist motor
compensates for the required torque difference. This load redistribution enables motors to operate in more
efficient regions, thereby enhancing the overall system efficiency. Furthermore, the power-assist gear introduces
a higher effective gear ratio for the power path of the auxiliary motor, which reduces the torque required from
the auxiliary motor compared to the baseline configuration. In the mixed-coupling configuration, the dual mode
was primarily selected during the 10-40 s interval. This behavior is explained by the penalty-based constraints
within the DP algorithm, which identify the dual mode as a more energy-efficient option during a specific
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Energy consumption under plow
tillage operation, kWh
Powertrain 46 kW workload | 55 kW workload
Speed-coupling type of DMCP 0.1794
Speed-coupling type of DMCP with power assist system | 0.1751 0.5778
Mixed-coupling type of DMCP with power assist system | 0.1762 0.5802

Table 10. Energy consumption of powertrain configurations under different agricultural work conditions.
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Fig. 10. Motor operating curves of different powertrain configurations under plow tillage operation of 46 kW
workload: a Main motor speed; b) Main motor torque; (c) Auxiliary motor speed; (d) Auxiliary motor torque;

(e) Assist motor speed; (f) Assist motor torque.
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period. Outside this interval, the assist mode was predominantly used, resulting in the concurrent operation
of all three motors and, consequently, a lower total energy consumption than the baseline DMCP. In summary,
the powertrain configurations equipped with a power-assist system demonstrated superior energy efficiency
compared with the baseline DMCP. This validates the proposed power-assist architecture as a viable solution for
optimizing the energy consumption of agricultural tractors.

Conclusion

This study proposes a PTO-based power-assisted system for electric tractors to enhance their traction
performance and high-load operability. Three powertrain configurations were comparatively analyzed: (1) a
baseline DMCP, (2) a speed-coupling DMCP with a power-assist system, and (3) a mixed-coupling DMCP with
a power-assist system.

The dynamic performance analysis showed that, while all configurations could perform the task under a
46 kW workload, only those equipped with a power-assist system operated within the feasible power envelope
under the more demanding 55 kW workload. Notably, the speed-coupling configuration with the power-assisted
system achieved the highest maximum traction torque, which was attributed to its torque amplification effect.
However, its maximum travel speed was reduced owing to kinematic constraints.

In the economic performance analysis evaluated using Dynamic Programming, the power-assist-equipped
configurations consumed up to 2.40% less energy than the baseline DMCP. The speed-coupling type demonstrated
the highest efficiency, which was attributed to the ability of the three-motor system to distribute the required
load flexibly and operate each motor closer to its optimal efficiency point.

In conclusion, the proposed PTO-based power-assist system offers a practical and scalable solution for
improving both the tractive capability and energy efficiency of electric tractors without major structural
modifications. These findings provide valuable design guidelines for future electric-tractor powertrains. Future
work will focus on hardware-in-the-loop validation and the implementation of real-time control strategies to
assess their practical feasibility.
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able request.
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