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Abstract: In order to ensure the continuity and endurance mileage requirements during sowing
operations, it is necessary to establish accurate modeling for the working condition of the electric
tractor sowing unit by adopting a reasonable energy management strategy and realizing accurate
energy prediction. The existing electric tractor sowing unit battery energy management strategy is
not optimal since it is mostly based on extensive rules. In this paper, according to the requirements
of the sowing conditions, a precise model of electric energy consumption in the sowing cycle was
established and an energy management strategy of sowing unit of extended-range electric tractor
with power CD-CS was proposed. Fuzzy control rules of the dynamic SOC correction factor were
established in the battery maintenance stage, and the NSGA-II algorithm was used to optimize the
fuzzy control rules to optimize the battery charging and discharging efficiency. A hardware-in-the-
loop simulation test platform was built, and the proposed CD-CS strategy was compared with the
fuzzy improvement strategy. The simulation results show that the proposed fuzzy improvement
strategy extended the battery life of the power consumption stage by 2131.9 s, which is a significant
improvement. The field practical results showed that the SOC decreased by 7.21% and the simula-
tion by 4.94% in terms of power consumption in a cycle. The power consumption variance was
within a reasonable range, which further verifies the feasibility of the strategy.
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ronment is more and more urgent for intelligent agricultural machinery equipment such
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reducing emissions by nearly 50%. In 2022, Sheng-li Zhang et al. [10] proposed a control
method of an electric tractor unit with torque distribution by considering the driving
speed and slipping in ploughing conditions, and the strategy reduced the tractor skid rate
by 14.1%, the motor energy consumption decreased by 6.8%, and traction energy effi-
ciency improved by 6.8%.

In 2017, Xu Liyou et al. [11] proposed an optimized start-stop strategy for a diesel
engine to solve the power utilization problem of extended-range electric tractors. The ex-
periment was carried out under small-area, deep-opening, and continuous transfer oper-
ation conditions, and the power consumption increased significantly while the fuel con-
sumption decreased significantly. In 2015, Fang Shuping et al. [12] proposed a fuzzy con-
trol strategy to optimize the engine fuel curve for the energy management strategy of se-
rial-connected hybrid tractors. The fuel economy of the strategy improved by 4.16% com-
pared with the power follower strategy, and 8.1% compared with the thermostat strategy.
In 2022, Wang Zhenzhen et al. [13] proposed a dynamic programming energy manage-
ment for rototiller sets of dual-motor extender electric tractors, and the relative variance
of the simulation experiment and bench test was 1.77%, which has the rationality of prac-
tical application. In 2023, Zhang Junjiang et al. [14] proposed an energy saving control
strategy based on the minimum value of Pontriagin for parallel diesel-electric hybrid trac-
tors where the equivalent fuel consumption was reduced by 10.44% under the rotary
ploughing condition and 11.20% under the ploughing condition.

Through a literature review and investigation, we found that the existing literature
has mostly focused on the ploughing condition of extended-range electric tractors as the
research object [15-18], and there have been few studies on the sowing condition and the
combination of unmanned driving and the tractor. This paper focused on an extended-
range, unmanned electric tractor sowing unit as the research object, and according to the
agronomic requirements of sowing corn, the power consumption is the main factor, and
the power following the energy management strategy was improved. An energy manage-
ment strategy of power consumption and power maintenance mode was proposed. On
this basis, a fuzzy control strategy was added to increase the mileage as the goal, and the
SOC correction factor was optimized to improve the strategy. The NSGA-II algorithm was
used to optimize the fuzzy controller with the objective function of prolonging the work-
ing time in the power consumption stage. Finally, the proposed fuzzy SOC correction fac-
tor strategy was integrated into the vehicle controller to carry out practical tests, which
were compared and analyzed with the simulation results.

2. Materials and Methods
2.1. Architecture and Working Condition Modeling of Extended-Range Electric Tractor
2.1.1. Extended-Range Electric Tractor Architecture

The architecture of ARET is shown in Figure 1. Central electric drive control was
adopted, the whole machine was controlled by a central domain controller, and the system
integrated a satellite navigation automatic driving system, electric drive system, power
battery, range extender, line control movement, line control steering, network communi-
cation, and six modules of agricultural tools. As seen in Figure 1, the power battery, range
extender, drive motor, and transmission constitute the main parts of the drive system. An
independent hydraulic station was used to control the lifting of sowing tools and complete
a series of instructions for unmanned sowing operation.
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Figure 1. The ARET vehicle architecture.

This paper took corn sowing as an example, which can be applied to wheat and other
common crops. The ARET seeding unit included three rows of corn planters. The param-
eters of the whole unit are shown in Table 1, and the structure of the unit is shown in

Figure 2.
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Figure 2. Schematic diagram of the ARET unit.

Table 1. Important parameters of the ARET device.

Three row corn planter

Component Parameter Numerical Value

Complete machine quality 2060 kg

Radjius of front wheel 0.382 m

Vehicle parameters Rear wheel radius 0.552 m

Rolling resistance coefficient 0.07 (operation)

Wheelbase 1.85m
Connection height 0.6 m

Rated torque 160 Nm

Motor Rated speed 6800 r/min
Range extender Rated power 30 kW
Battery cell 32V
Battery pack Voltage 144V
Gearbox Total gear ratio 106
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2.1.2. Working Condition Modeling
Dynamic Load Dynamics Model of Seeding Unit

The establishment of a tire soil model (Figure 3) is key to the personalized modeling
of tractors, and the direct effect of the tractor wheels and soil will affect the tractor’s pass-
ing performance, traction performance, sowing efficiency, and operation straightness [19].
The wheel is regarded as a rigid structure, and only the contact deformation between the
soil and wheel was considered; the load on different soils such as stubble land and sandy
land is also different. The wheel adhesion force of the extended-range electric tractor unit
during sowing operation was determined by the analysis of the load, as shown below.

o
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resistance moment
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{22

resistance

" : Drw'e wheel
t

ddhesion dhesion
3 T77T Fn Fo J7T7777777 7)) B [TTTT ]
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The rest of the Driving wheel Driving Front wheel rolling
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Figure 3. Simplified dynamics model of the ARET seeding unit.
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2 L
where Mt is the wheel resistance moment, Nm; r is the radius of the wheel, m; f is the
rolling resistance coefficient; at is the position of the tractor centroid, m; Fx is the vertical

distance from the planter’s center of mass to the ground, m; L is the wheelbase of the front
and rear wheels, m.

Cycle Condition

Aiming at the problem of the precise modeling of the working conditions of the ex-
tended-range unmanned electric tractor unit, the working conditions can refer to the ve-
hicle cycle working conditions with equal proportion [14], or the data of the whole test
process are obtained directly through field tests of divided working conditions [13]. Due
to the great gap between the soil environmental conditions and asphalt pavement during
tractor sowing and transportation, ideal cycle conditions can be difficult to simulate soil
resistance changes during tractor field trials [19-21], so in this paper, the sowing condi-
tions were divided by test data, as shown in Figure 4a. Figure 4b shows the GUI monitor-
ing interface of the ARET driverless mode operation. By using the RTK base station to
locate the four angular latitude and longitude coordinates of the plot in advance and
measure the area, path planning can be carried out independently, and the land utilization
rate can be rationally used including the choice of head turning type to increase the energy
utilization rate.
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Figure 4. Cycle conditions of the seeding operation. (a) Velocity condition. (b) Corresponding speed
condition GUI interface: 1. Starting point of path planning (acceleration stage); 2. Uniform seeding
stage; 3. Agricultural machinery and tools lifting (excavated deceleration stage); 4. Field planning
and turning; 5. Agricultural machinery and tools lifting (excavated deceleration stage); 6. Finish the
job and return.

2.2. Key Components Design of an Extended-Range Electric Tractor
2.2.1. Driving Mode

In this paper, ARET has two energy sources, the battery and range extender, while
the drive system has three driving modes[22], namely, the pure electric drive mode, range

extender mode, and stop-charge mode. The energy flow of different driving modes is
shown in Figure 5.

- Energy flow
— — b 0

1

Motor

- Energy flow

Motor

Inverter Inverter

Battery mm Range =) Battery

extender extender

(b) (©)

Figure 5. ARET driver mode: (a) pure electric drive mode; (b) extended-range mode; (c) parking
and charging mode.

Range

2.2.2. Traction Motor Design

The dynamic requirements of the tractor and the traction resistance were analyzed
according to the characteristics of the driverless electric tractor operating under the sow-
ing condition. During sowing, the resistance of the ditcher was taken as the main source
of resistance, and the dynamic modeling and force analysis were carried out on the re-
sistance of the ditcher [20,21]. The resistance equation including soil parameters, ditcher
structure parameters, and working characteristics parameters was established. In addi-
tion, although the prototype did not include the function of the electronically controlled
soil insertion angle according to the resistance equation [20,21], this paper simulated the
resistance obtained by the ditcher angle during soil sowing through Adams and EDEM
software to obtain the optical angle, and analyzed the resistance during 20~40° insertion,
as shown in Figure 6.
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Figure 6. Influence of the excavation angle on the trenching resistance.

Through analysis, it was found that the adjustment resistance of the suspension de-
vice decreased gradually with the increase of the ditching angle, but the resistance did not
decrease significantly after the ditching angle was 35°. The maximum resistance at the
insertion angle of 35° was 118.84 N and the average value was 85.54 N, and the maximum
resistance at the insertion angle of 40° was 115.08 N and the average value was 71.14 N;
the force fluctuation was large when the insertion angle of 40° was taken into account.
Therefore, the insertion angle of 35° was fixed. Considering the performance of connected
agricultural machinery and tools and the change in working environment, a 10%~20%
reserve should be reserved for average resistance [15]. The traction power can be calcu-
lated according to the traction resistance.

F, = (1.1~ 1.2)F, 4)
E.v
P = T'T

‘T 36m, )

where Fk is the traction resistance, N; vr is the operating speed, km/h; nr is the traction
efficiency.

According to the design tractive force index to calculate the power [22-24], we can
find the rated motor speed ne under the same working condition per experience. We can
calculate the rated torque as:

9550P
T=—— (6)

ne

Due to the complex multi-gear transmission of the electric tractor, it is not suitable
for gear shifting when the unmanned electric tractor is working. This machine adopts the
method of optimizing the reduction ratio of the unique gear ratio to close the gear-shifting.
The driving motor is installed at the input end of the transmission to realize the decelera-
tion drive. The original eight forward gear and eight reverse gear modes are fixed in the
third gear mode, and the sowing speed of the unmanned tractor is adjusted by the speed
of the motor to realize a continuously variable speed [25]. The transmission of third gear
model chooses from all levels of the original tractor shift, as seen in Table 2. The tractor
transmission ratio is designed according to the sowing condition [15] as follows:

i,=0377 2 %

Ly

where r is the driving wheel radius, m; io is the speed ratio of the main reducer.
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Table 2. Gear ratio of the original tractor.

Mode 8+8

Forward gear
39 43 43 56 71

III: —x—x—x—x—=105.980
32 20 20 12 14

v, 26,8 48 56 N _ e
37 20 20 12 14

V: g 56><7—1—54294
17 12 14

VI: § ><5—6><7—1—36014
23 12 14

VII: 2 ><5—6><7—1:22 927
32 12 14

v 28 <2071 16631
37 12 14

Reverse gear

3172573720 20 12 14
32 26 39 56 71
31 25 17

VI 2 é § 56 71
31 25 23

VII: 2><é><2 56 71
31 25 32

VIIL 22 32 26><26 56 71
31 25 37

44
Rear power output low speed: B 3.385

41
Rear power output high speed: T 2.733

x—x— =58.287
12 14
x—x—=38.663
12 14
—x—=24613
12 14

x—x—=17.854
12 14

The external characteristic curve and efficiency map of the selected motor are shown

in Figure 7.
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Figure 7. External characteristic curve and efficiency map of the motor. (a) External characteristic

curve of the motor. (b) Motor efficiency map.

2.2.3. Power Battery Design

Due to the complex working condition of the unmanned electric tractor and the fact
that the important parts are difficult to disassemble, the lithium iron phosphate battery
was selected as the power battery, which has the characteristics of safety, high tempera-

ture resistance, large capacity, and so on.

The work by the tractor to overcome the resistance is:
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W, = (E, +fmgcosa + %CDAQVT)S (8)

where Cb is the air drag coefficient; A is the windward area, m?; p is the air density, kg/m?.
Battery power:

_1000W,
Q U, )

Therefore, the lithium iron phosphate battery should meet the following two condi-
tions: W= Wiand Q > Q. Ignoring the thermal effect and transient effects of batteries, this
paper introduced a simplified Rint battery model, and the state of battery charge is:

2 _ 2_
SOC(t) =SOC, + Yvoc VUvoc 4RsFy (10)

2R;Q;

where SOC is the SOC value at initial time; Uvoc is the open-circuit battery voltage, V; Rz
is the battery internal resistance, (); Ps is the battery output power, kW; Qs is the battery
capacity, Ah.

The battery curve is shown in Figure 8:
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Figure 8. Battery curve. (a) Battery discharge curve. (b) Battery temperature discharge curve.

2.2.4. Design of Range Extender

The engine/generator is the main functional unit of ARET, which mainly meets the
working requirements of agricultural operations and avoids emergencies such as the
shelving of remaining operations due to power depletion during operation. When the
SOC value of the battery drops to the lower limit, the range extender opens for auxiliary
charging. The design of the range extender needs to meet the power of the unmanned
tractor and the power consumption of the unmanned equipment (Po) when operating con-
tinuously for a long time. Therefore, its design value is:

- P+
e

P, (11)

where 7t is the transmission efficiency. The universal characteristic curve of the engine is
shown in Figure 9.
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2.3. Energy Management Strategies
2.3.1. Rule-Based Energy Management Strategy

Since ARET often work in an unmanned environment, in order to ensure the good
driving performance of an ARET, two stages of control were adopted based on the tradi-
tional power following strategy[26,27]: the first stage is the pure electric drive stage, and
the power consumption mode is the CD stage, where the SOC value of the battery contin-
ues to decrease from the initial value to the lower threshold of SOC; in the second stage,
the range extender starts to work. In order to avoid frequent engine starts and stops, which
may cause the SOC of the lithium battery pack to be in a low state for a long time, leading
to the phenomenon of discharge occurring in some working conditions, where the range
extender continues to open and enters the CS stage of the power maintenance mode. SOC
low and SOC nigh were set to protect the phenomenon of over-discharge or under-discharge
of the battery. The SOC of the battery was maintained close to SOCi, and the SOC correc-
tion coefficient of its maintenance stage was controlled, as seen in Figure 10., The estab-
lishment of direct switching strategies for different driving modes is shown in Figure 11
and the overall specific rules are shown in Figure 12.

[
Ty
=

(D} W tncbanting
DrePerites e

e
506

; (&8 ro— eyt i

DrvPwEnsOn " = Wode
Msoceason | Eussse ] t

50C_EnsrOn
(8 )———w{onPwineon

DrvPurExisrOf oBonr g
(&D] #{50C_Emson

50C_EndOn 4

mede_aig

Figure 11. The ARET mode switching strategy.
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2.3.2. Fuzzy Adaptive Energy Management Strategy

In order to achieve a better control effect, the fuzzy control strategy was further stud-
ied on the basis of a regular algorithm[28]. The policy model is shown in Figure 13. Be-
cause the fuzzy rules replace the clear rules when necessary, these can be adjusted to im-
prove the freedom of control. The fuzzy logic principle is shown in Figure 14. The fuzzy
controller establishes fuzzy rules for the rule-based power consumption and power
maintenance strategy SOC. Three-dimensional logical rule surfaces are shown in Figure
15. The control structure has two input variables including Pr and SOC, the fuzzy subset
is the [L, M, H] single output, the SOC correction coefficient o, and the fuzzy subset is
[VL, L, M, H, VH]. Table 3 shows specific logical rules and Figure 16 shows the member-
ship function rules established.

Figure 13. Improved strategy model of fuzzy control.
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Figure 16. Membership function of fuzzy control.

The fuzzy controller uses the gravity center method to solve the fuzzy, and the fuzzy
output uiis:
ui Hu (ui )
u = (12)
Z l"lu (ui )
i=1

Since the membership function is determined according to experience, considering
the economic requirements, the energy consumption was taken as the fitness function to
optimize the vertex coordinates of the membership function. The fuzzy controller was
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optimized by the NSGA-II algorithm. The principle of the NSGA-II algorithm is shown in
Figure 17, and the optimization results are shown in Figure 18.

min ] = [u(t)*i(t))]

st. SOC, <SOC(t)<50C, (13)
P <P(t)<P

e_min e_max

Ijbm_f < I)ess (t) < Pbat_c

where P. is the engine power, kW; Pes is the battery power, KW; Purand Peat_c indicate the
battery charging and discharging power, kW, respectively.
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Figure 18. Fuzzy control after optimization.

3. Results and Discussion
3.1. Hardware-In-The-Loop Test and Simulation Model

In the simulation test, the overall model was built in Cruise software and the strategy
model was built in Simulink for co-simulation, as shown in Figure 19. The built AVL-
Cruise vehicle simulation model was transferred to Simulink by generating CMC files
through the CMC function, and corresponding interfaces were defined in the Simulink
model. Then, through the real-time workspace RTW (Real Time Workshop) function of
MATLAB/Simulink, the C code was generated for the vehicle model and downloaded to
the simulator. On the other hand, C code was generated by VS for the good decision
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control strategy built in MATLAB/Simulink, and the compiled executable file was down-
loaded. Finally, the signal interaction between the controller and the controlled object was
carried out through the CAN bus interface [28-30], as shown in Figure 20.

Cruise Vehicle model Simulink Control strategy

.g;c m—m]_— ® :
B £ || Feedback | = I
NE o I ——

]

f=t]
i

Control -

signal -

Figure 20. Hardware-in-the-loop test diagram: 1. Auxiliary machine; 2. Power; 3.CAN card; 4.VCU;
5. Wiring harness; 6. Testing machine.

3.2. Data Analysis

Based on the speed condition of the field experiment in the stubble field, the test was
carried out, and the cycle was carried out 20 times. The proposed CD-CS strategy and the
optimized fuzzy strategy were compared and analyzed, and the analysis results are pre-
sented in Figure 21.
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Figure 21. Comparison curve of the test results.

Since all the strategies proposed are based on the power consumption stage, the
range extender works as the auxiliary power source to improve the power utilization rate.
It can be seen from Figure 22 that both strategies could maintain the SOC close to 50% in
the power maintenance stage. Compared with the original strategy, the fuzzy strategy
proposed had a better maintenance effect, with the fuzzy strategy maintaining close to
49.9% and the CD-CS strategy maintaining near 49.5%. Compared with the CD-CS strat-
egy, the SOC fluctuation of the fuzzy control strategy was smoother, and the proposed
fuzzy SOC correction factor strategy extended the battery life of the power consumption
phase by 2131.9 s, which had a superior effect. At the end of the power consumption stage,
the proposed CD-CS strategy had an obvious upward trend in the way that the SOC cor-
rection factor was determined by the tabular-looking method, while the fuzzy strategy
output the SOC correction factor by the fuzzy control, achieving an adaptive adjustment
effect. The SOC curve was smooth from the power consumption stage to the power
maintenance stage. It was found that the motor torque, current, and other parameters in-
creased obviously when the ditcher of the extended-range electric tractor unit was put
into soil. In addition, in terms of fuel consumption, the analysis of the truncated cycle
segment curve showed that the proposed fuzzy strategy was more stable than the CD-CS
strategy.
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Figure 22. Test process diagram.

3.3. Field Experiment

In order to verify the rationality and accuracy of the proposed fuzzy control strategy
and whether it could meet the agronomic requirements in a real sowing environment,
corn sowing experiments were carried out in the experimental field based on the proto-
type developed by the research group, and the experimental environment was a wheat
stubble field. The test steps are as follows:

(1) Before the test, measure the size of the plot and estimate the seeding area;

(2) Input the geographical information of the four points of the plot by the map point
acquisition device, and generate a sowing area map. The real-time information is
then read and input into the database through the CAN card connected to the com-
puter, and the navigation detection interface is opened to monitor the navigation
state;

(3) According to the measured map, use the planning path interface to input the opera-
tion width and vehicle overall parameters, divide the sowing area, and plan the path;

(4) Enter the unmanned mode and input the specified starting point for the test. Save the
data after seeding and enter the CANmc monitoring interface to read the data. The
specific process is shown in Figure 22, and Figure 23 shows the test photo of the trac-
tor unit.

Figure 23. Test process and prototype demonstration: 1. Battery pack; 2. Motor; 3. Hydraulic station;
4. Range extender; 5. Laser radar; 6. Integrated inertial navigation.

The extracted test data and simulation data were compared and analyzed, as shown
in Figure 24. The time in the figure corresponds to the first cycle of the test data. As can be
seen from the motor speed curve, there was little difference between the simulation test
speed and the actual test speed, and the average error was 52.6 r/min, which was within
the acceptable range. As can be seen from the motor torque curve, its average error was
4.5 Nm. The torque curve was not in good agreement with the simulation test results, and
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the actual torque will be larger due to the influence of landform changes and other factors
in the actual operation. As can be seen from the voltage and current curve, the voltage
curve and the simulation data had a high coincidence, the current curve was poor due to
the influence of actual unmanned driving and other components and electrical equipment
as well as the complexity and variability of soil, which led to the deviation between the
results and the expected results, but was within the acceptable range.

A comprehensive comparison between the actual test and the simulation test results
showed that the simulation and the actual curves were in good alignment. The simulation
model could be well-applied to the whole vehicle test. In terms of the power consumption
in a cycle, the SOC decreased by 7.21% in the field test and 4.94% in the simulation. The
power consumption error was within a reasonable range, which further verifies the feasi-
bility of the energy management model of the sowing unit of an unmanned electric tractor
with the fuzzy strategy.
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Figure 24. Data analysis.

4. Conclusions

From the above research and analysis, the conclusions of this paper can be summa-
rized by the following three points.

(1) According to the sowing agronomic requirements of the unmanned agricultural ma-
chinery group, the whole machine model of the extended-range unmanned electric
tractor was established to analyze the influence curve of the furrow angle on the
whole machine resistance under the seeding condition, and transmission gear sealing
and a constant speed ratio were adopted to realize the continuously variable speed.

(2) According to the requirements of sowing agronomy, electric energy consumption is
the main, fuel consumption is the auxiliary, and the purpose is to extend the battery
life under the mode of pure electric drive. For improved power following the energy
management strategy, a power consumption and power maintenance mode energy
management strategy was proposed by adding a fuzzy control strategy with the aim
at increasing mileage, optimizing the SOC correction factor to improve this strategy.
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The NSGA-II algorithm was used to optimize the fuzzy controller with the objective
function of prolonging the working time in the power consumption stage. The sim-
ulation results of the proposed fuzzy strategy showed that prolonging the battery life
of the battery consumption stage was 2131.9 s, which is a superior improvement.

(3) By using the fuzzy strategy, the comparison between the actual test and simulation
results showed that the SOC decreased by 7.21% in terms of power consumption in
a cycle, while the simulation power consumption decreased by 4.94%. The power
consumption error was within a reasonable range, which further verifies the feasibil-
ity of the established energy management model of the extended-range unmanned
electric tractor seeding unit with a fuzzy strategy.
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