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ABSTRACT

This study proposes an improved honey badger algorithm (IHBA) and a linear active disturbance rejection
controller (LADRC) for the electric red bean precision seeder control system to solve high sowing missing rates
and uneven sowing in high-density red bean precision sowing. The research details the design process of the
intelligent control system, the improvement of the honey badger algorithm, and the intelligent adjustment
method for key parameters of the LADRC controller. Simulation experiments show that the IHBA-LADRC
based control system has no overshoot, short adjustment time, minimal steady-state error, no oscillation, and
strong anti-interference ability. The system achieves an adjustment time of 0.79 seconds, almost zero static
error, and an interference recovery time of 0.22 seconds. Bench tests indicate that compared to traditional PID
electronic control sowing, the IHBA-LADRC system improves the pass index by 1.32 percentage points,
reduces the multiple index by 0.49 percentage points, and lowers the missed sowing index by 0.76 percentage
points. The overall variation coefficient decreases by 6.30 percentage points, and the variation coefficient of
qualified plant spacing drops by 5.43 percentage points. This system reduces the discrepancy between the
actual and theoretical plant spacing of red beans.
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INTRODUCTION

As an important legume crop, red bean holds a significant place in China's agricultural production. With
the advancement of agricultural modernization, red bean seeding technology is continually improving and
evolving (Ma et al, 2022). To improve the planting efficiency and yield of red beans, electric precision sowing
technology ensures that red beans are sown into the soil according to the set spacing, thereby optimizing the
allocation of seed resources and increasing crop yield (Xu et al, 2024). However, the planting distance of red
beans is usually small, and the qualified operational range is narrow, requiring higher control accuracy of the
control system. An effective control strategy for the seed discharge motor can improve the performance of the
control system (Li et al ,2024; Ma et al, 2023; Chen et al, 2022), and many scholars have conducted extensive
research in this area (Wang et al, 2024; Mangus et al, 2017; Ranta et al, 2012).

Jafari et al. (2010) studied a cereal seeder with variable speed control of a DC motor. The system uses
an incremental PID controller to perform closed-loop control. Test results show that the motor can fully adapt
to changes in travel speed and reach the set speed in about 6 seconds.
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Kamgar et al. (2013) designed an electromechanical transmission system for a conventional row seeder.
Their research focused on real-time regulation of the seeding disk's rotation speed through PID control based
on speed measurements from a vehicle speed monitoring module. Tests demonstrated that this system can
improve the seeding qualification index and reduce missed sowing and variation coefficient. Cay et al. (2018)
investigated a motor drive system for a single-grain precision seeder. The system comprises an encoder, a
brushless DC motor, and its drive module, using pulse width modulation and PID technology for motor control,
with a feedback mechanism.

Wang et al. (2022) developed a fuzzy PID control strategy for electric seeding based on GAPSO
optimization. GAPSO was used to optimize the two quantization factors, three scaling factors of the fuzzy
controller, and the initial values of the three characteristic functions of the PID, leading to improved control
system performance. Ding et al. (2021) designed a single driver for a corn variable seeder, utilizing the
incremental PID algorithm as the control algorithm for the BLDC motor, achieving PID closed-loop control of
the seeding motor.

Currently, various electric seeding control methods, both domestically and internationally, mainly use PID
control. However, the PID controller has low accuracy and poor anti-interference ability. LADRC can perform
real-time feedback compensation for internal and external disturbances in the system. It has the advantage of
not relying on an accurate mathematical model of the seeding motor and does not require explicit external
interference information for the control system of the electric red bean precision seeder. However, the controller
parameter setting is complex, necessitating the introduction of intelligent optimization algorithms. An electric
red bean precision seeding control system based on IHBA-LADRC was studied.

MATERIALS AND METHODS
System design

The control system of the electric red bean precision seeder based on IHBA-LADRC mainly consists of
the switching power supply, main controller, DC brushless motor, DC motor driver, human-computer interaction
interface, air-suction red bean seed metering device, and photoelectric monitoring seed guide tube. The overall
structure of the system is shown in Fig. 1.
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Fig. 1 - Overall system composition diagram
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The air-suction red bean seed metering device uses the vSet air-suction seed metering device from
Precision Planting Company. The seeding motor is a JGB37-520-CE DC brushless motor produced by
ASLONG Company, with a working voltage of 12 V, a no-load speed of 110 r/min, and a rated torque of 0.85Nm.
This is greater than the maximum load torque of 0.8 Nm measured by the torque meter when the seed metering
device is suctioning, fully meeting the needs of subsequent research. The encoder equipped with the seeding
motor is an SCX-Type 520 Hall encoder, a two-channel incremental magnetic encoder suitable for various
harsh working conditions, with output in two-way square waves. The main parameters of the seeding motor
are shown in Table 1.

Table 1
Motor key parameters of JGB37-520-CE

Motor parameters Values

Damping coefficient/(N-m-s/rad) 0.0036
Armature resistance/(Q) 4.3
Armature inductance/(mH) 7.1
Moment of inertia/(kg-cm?) 220
Rotational acceleration/(rad/s?) 55

The system's main controller is the STM32F103ZET6 microcontroller, which has 13 communication
ports, 144 external pins, integrates 14 timers, and 23 external interrupt controllers, fully meeting current
research and future development needs. The human-computer interaction interface uses the
DMT10600T070_01W industrial serial screen developed by Beijing Diwen Company, which offers high
reliability, good stability, and strong anti-interference ability. The simulated locomotive operating speed and
plant distance control seeding motor speed are input through the serial screen. The seeding motor driver uses
the MC-FBLD-6600 DC motor driver. The theoretical speed is used as the step input of the closed-loop control,
and the speed collected by the encoder serves as the feedback for the closed-loop system, ultimately achieving
closed-loop control of the motor speed. The control system circuit of the electric red bean precision seeder is
shown in Fig. 2.
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Fig. 2 - Control system circuit of motorized red bean precision planter

Modeling of the seed-rowing motor

To determine the relationship between the motor speed and the operating speed, it is necessary to
derive the mathematical relationship between the seeding motor and the machine's traveling speed. The study
focuses on an air-suction red bean seed metering device. Assuming there are m seed suction holes on the
seed plate, the time difference between the dropping of two adjacent red bean seeds is:

_ 60
nm 1)
where: n is the rotation speed of the seed metering device, r/min.

At
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The formula for calculating the spacing of red bean plants is:

4
Z = 277.78vAr = 07107 )
nm

where: v is the travel speed of the machine, km/h.

The number of holes in the red bean seed plate of the vSet precision seed metering device selected for
the study is 27. Substituting m=27 into the formula (2), the mathematical relationship between the seeding
motor and the machine's travel speed can be obtained as:

618.52v
n=—""" 3)
Z

To conduct simulation experiments on the seeding motor control system based on IHBA-LADRC, a
physical model of the seeding motor is first established. Compared to the transfer function, the state changes
and electrical characteristics of the motor physical model are more similar to the actual seeding motor's
changing characteristics and can better simulate the functions and properties of the brushless DC motor
(Zhang et al, 2022; Yousri et al, 2020). The voltage balance equation of the brushless DC motor is:

u,l [R o o
U, l={0 R o0fi |+
u |l o o R|i
[di, | @
L-M 0 0 C(lit e,
0 L-M 0 d—’b +e,
t
0 0 L_M_ dl' ec
L dt |

where:

U, Uy, U, is the phase voltage between windings, V; R is the winding phase resistance, Q; i, i, ic
is the three-phase phase current, A; L is the stator phase winding self-inductance, H; M is the stator
phase winding mutual inductance, H; e,, es, e. is the three opposite electromotive forces, V.

The expression for the electromagnetic torque of a platoon motor is given by.

el tei +e.i,

1, = ©)
w

where: T, is the electromagnetic torque, N-m; w is the rotational acceleration, rad/s?

The rotational acceleration expression is given by:

=21y ©)
60

where: n’ is the motor rotation speed, r/min

During motor operation, only two of the motor's three-phase windings are active at any moment. Due to
the symmetry of the windings, the two active windings have equal amplitude but opposite direction of the
reverse electromotive force and phase current. Therefore, it can be derived that:

ei, ‘el +ei =2F 1 7)
PN
E.=—d n 8

where:
E; is the stator voltage, V; I, is the stator current, A; P is the number of pole pairs of permanent
magnets; N is the total number of conductors; @,, is the main magnetic flux.
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According to Egs. (6), (7) and (8) the expression for the electromagnetic torque of the platoon motor can
be rewritten as.

=ﬂ=ﬂ¢ma =Co,I, )
[0} T

T

e

where: C’ is the electromagnetic torque constant
From formula (9), it can be seen that P and N of the seeding motor are constants determined by the
motor's inherent properties. The electromagnetic torque 7. of the motor is directly proportional to the main
magnetic flux @,, and the stator current I;. Therefore, the motor torque can be adjusted by changing the three-
phase stator winding current. The equations of equilibrium of motion of the motor rotor are:
dw
T, =1,-Bo+J— (10)
dt
where:
T, is the load torque, N-m; B is the damping coefficient, N-m-s/rad; J is the moment of inertia, kg-m?
When the seeding motor reaches a steady state, the armature windings of any two phases are active,
from which the armature circuit voltage loop equation can be derived.
di
a +keco—((L —M)d—”+Rsibj (11)
t

di
U,=Ri,+(L-M)
dt

where: Uy is the bus voltage, V; R, is the equivalent resistance of each stator winding, Q

When phases a and b are active, the equivalent resistance and inductance can be established as
R.,=2R, and L,=2(L-M), because the currents are in opposite directions, i,=i,=-i», so formula (11) can be
simplified.

) di »
Ud:Ralp_‘_LuE_i_kea) (12)

The phase voltage of the seeding motor is the input parameter of the control system, and the rotational
speed of the seeding motor is the output parameter.

The mathematical model of the seed-rowing motor can be derived as follows.

KU, (s)=(r, +L,s)T,(5)

LJs* +(r,J +L,B)s+(r,B+k,K,)

(s) = (13)
where: Kris the torque constant of seeding motor.

The equivalent circuit of the brushless DC motor is shown in Fig. 3.
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Fig. 3 - Equivalent circuit of the brushless DC motor

Selection of parameters to be optimized by the controller

An active disturbance rejection controller (ADRC) primarily consists of three components: a tracking
differentiator (TD), an extended state observer (ESO), and nonlinear state error feedback (NLSEF). Unlike the
PID controller, ADRC incorporates the interference signal into the system as a state variable, and then
considers interference compensation to minimize the impact of disturbance on the system.

1144



Vol. 76, No. 2 / 2025 INMATEH - Agricultural Engineering

However, ADRC has many components, and there are typically 11 parameters that need adjustment for
each component. Manual trial and error is too cumbersome (Chen, 2008). Even with optimization algorithms
for offline optimization, the complex mathematical model and the number of parameters can lead to excessive
computation and long iteration times. Therefore, the literature (Gao, 2003) proposes a LADRC, which consists
of a TD, a LESO, and a LSEF. LESO is the core control link of LADRC, capable of performing real-time
feedback compensation for internal and external disturbances. It does not rely on an accurate mathematical
model of the seeding motor, nor does it require clear external interference information for the control system
of the electric red bean precision seeder. This greatly reduces the number of parameters that need tuning.
Since the DC motor is a second-order system, the expression of the second-order uncertain linear system is:

y:f(xlaxzaa)(t))+bu (14)
where: y is the system output; xi,x, is the system parameters; w(¢) is the external disturbance; b is the

control gain; u is the system input.
The third-order LESO mathematical model can be derived from the second-order linear system state
equation:

Zy =2z, fi(z,—)
Z,=zy= B, (z,—y) +byu (15)
zy==B(z,—y)

where: 1, 2, f3 is the gain coefficient of LESO,

A PD (proportional-derivative) controller is introduced on the basis of NLSEF to linearize the nonlinear
system. Compared with the traditional PD controller, the obtained LSEF reduces the overshoot probability
caused by signal mutation. The difference between LSEF and disturbance compensation is:

€ =Vy—Z

G (16)
uy =k,(vy—z,)—k,z,

u=(u,—z,)/b

where: vy is the given value of the controlled object; e; is the error input signal; e is the error differential
signal; & is the proportional coefficient of e1; ka is the differential coefficient of ex.

From equations (8) and (9), it is evident that the performance of the LADRC control system is directly
related to the rationalization of the control gain by, the gain coefficients S, f2, f3 of LESO, and the error

proportional coefficient k, and differential coefficient ks of LSEF. Since there is currently no widely adopted
parameter tuning method for LADRC besides the trial and error method, the improved honey badger algorithm
is introduced to optimize these six parameters to improve the performance of the control system.
Improving the honey badger algorithm

HBA is a metaheuristic optimization algorithm that simulates the foraging behavior of honey badgers in
nature (Fatma et al, 2021). Honey badgers are not adept at locating hives, while honey guide birds are not
good at opening hives (Sercan et al, 2023). HBA is divided into two stages: the excavation stage and the honey
collection stage.

The position update formula for the excavation stage is expressed as:

+ FfIx +Frlwdi|cos(2nr2)[1—cos(2nr3)] (17)

x prey

new = Xprey
where: x,, is the global optimal position of the prey; f€[1, «) represents the honey badger’s ability to obtain
food, usually set to 6; d; is the distance between the prey and the i-th honey badger; 7, r,, 3 are three different
random numbers in the range of (0,1); | is the odor intensity of the prey, determined by equation (18); w is the update
density factor, determined by Eq.(21); F'is the sign of changing the search direction, determined by Eq.(22).

S

I=r, and® (18)
S=(x;— xi+l)2 (19)
dj = Xprey =X (20)
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t
w= Cexp[— t_j (21)
3 L <0.5
B —1,else (22)

where: r4 is a random number within (0,1); S is the source intensity or prey concentration intensity; #ax is
the maximum number of iterations; C is a constant greater than 1, usually set to 2; and rs is a random
number within (0,1).

The position update equation for the nectar harvesting phase can be expressed as follows:

Xhew prey + FV()Wd (23)

where: xnew is the new position of the honey badger; xprey is the position of the prey; and r¢ is a random
number within (0,1).

The original honey badger algorithm has issues such as slow convergence and a tendency to get
trapped in local optima. To address these problems, this paper proposes an IHBA based on a multi-strategy
approach. The chaotic mapping algorithm is added in the initialization phase to enable the population to search
for the initial operators globally (Priyadarshi et al, 2023). Moreover, the human golden ratio segmentation
algorithm is added in the variation phase to make the algorithm avoid falling into the local optima
(Anandhakumar et al, 2024). The density update factor of this algorithm is expressed as:

2

. t T

w=2/1-sin|| — | —
(tmax J 5 (24)

The location update equation for the excavation phase is given by

Xnew = Xprey T FpIx Xorey T Frladi|cos(27tr2)[1 —cos(2mry )]xgnew (25)
Xgnew = xi|sin(r7 )| — 1y sin(rg )|clxb - czxi| (26)
¢, =a(ll—h)+bh (27)
¢, =ah+b(1-h) (28)

where: xgnew is the position of the individual after iteration; x; is the optimal position of the individual; a
and b are the initial values of the golden section coefficients, with a=1r and b=-11; & is the golden section

ratio, approximately 0.6183.
The characteristic parameter process of IHBA optimization of LADRC in S|muI|nk is shown in Fig. 4.
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IHBA-LADRC controller design

The system objective function used in this study is the ITAE comprehensive evaluation index. This index
integrates the product of the running time and the absolute value of the system's steady-state error as the
fitness function. A lower ITAE value indicates better control system performance. A control system designed
according to this criterion exhibits smaller transient response oscillations and offers good selectivity for
parameters. The ITAE calculation formula serves as the fitness function formula:

Jinae = [ tle(o)]de

where: t is the system running time, s; e(?) is the system steady-state error.

The ITAE index comprehensively evaluates the static and dynamic performance of the control system,
including rapidity, accuracy, and stability. This feature helps achieve ideal optimization effects on the steady-
state error and adjustment time of the seeding motor.

The input signal should be the expected speed of the seeding motor, calculated by equation (3), and the
system control object is the brushless DC motor that drives the red bean precision seeding device. IHBA
optimizes the control gain by of LADRC, the gain coefficients f1, 5, 3 of LESO, and the error proportional
coefficient &, and differential coefficient k4 of LSEF. The feedback value of the control system should be the
rotor speed of the motor. By comparing the expected speed of the metering device with the actual rotor speed,
the speed error e; can be obtained. Differentiating this error provides the error change rate e,. IHBA calculates
and evaluates the control system using the ITAE index based on the system error e;. This process yields the
optimal response curve for seeding motor control within the set number of iterations. The IHBA-optimized air-
suction electric-driven red bean precision seeder control system LADRC parameter flowchart is shown in Fig.5.
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Fig. 5 - IHBA optimized air-suction electric-driven red bean precision seeder system LADRC parameter flowchart

RESULTS
Simulation experiments

The simulation experiment for the electric red bean precision seeder control system, based on the IHBA-
LADRC algorithm, uses MATLAB 2022b/Simulink as the test environment. The LADRC-based seeding motor
control system is constructed as shown in Fig. 6. Both HBA and IHBA are used to optimize six key LADRC
parameters. The experiment compares three seeding motor control strategies: IHBA-LADRC control,
empirically tuned PID control, empirically tuned LADRC control, and HBA-LADRC control. This comparison
aims to demonstrate the superiority of the IHBA-LADRC-based intelligent control system for the electric red
bean precision seeder. In the Simulink simulation, the system running time ¢ is used as the independent
variable, the seeding motor speed as the system input, and the unit step response as the output.
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Fig. 6 - Seeding motor control system based on LADRC
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Since the simulation experiment involves six optimization parameters, to avoid prolonged simulation
times, the optimization scope is narrowed to save time. Before starting the simulation experiment, the six
parameters were optimized based on previous empirical adjustments of LADRC parameters. The optimization
ranges were set as follows: boe[0.0001,1000], £:€[0.0001,1000], /-€[0.0001,1000], S3€[0.0001,1000],
k,€[0.0001,1000], £+€[0.0001,1000]. The population size for HBA and IHBA is set to 40, and the maximum
number of iterations is 100 generations. During sowing operations, various external interferences such as
machine tool oscillation and internal interference caused by inconsistent friction factors in different areas inside
the seed metering device are common. To evaluate the anti-interference capabilities of the four control
strategies, a step disturbance with an intensity of 5 default unit strengths and a disturbance time of 0.2 s was
added to the system at 5 s.

The simulation experiments were conducted on an AMD EPYC TM 7642-48C-96T CPU @ 3.0GHz system
with 256GB of RAM, running a 64-bit Windows 10 operating system. The simulation software used was
MATLAB 2022b/Simulink. Fig. 7 presents the step response curve comparison of the four control strategies,
Fig. 7 shows the fitness-iteration number change curve for the two intelligent algorithms, and Table 2
summarizes the control performance indicators for the four control strategies.

Table 2
Comparison of control performance indicators of four control strategies
Overshooting | Adjustment Steady-state Interference Disturbed
Control . - . . .
strategies volume time error/ recovery time | vibration pt_aak Adaptation
/% ts/s €ss tls value z/(r-min-')

PID 5.12 0.94 0.012 1.01 45.65

LADRC 0.37 1.58 0.002 0.45 40.92
HBA-LADRC 0.02 1.24 0.008 0.20 40.66 3.2036
IHBA-LADRC 0 0.79 0.001 0.22 40.72 1.7611

From Fig. 7 and Table 2, it is evident that the performance indicators of the electric red bean precision
seeder control system based on IHBA-LADRC demonstrate significant advantages over the other three control
strategies in terms of overshoot, adjustment time, and steady-state error. Specifically, the IHBA-LADRC system
exhibits no overshoot, an adjustment time of 0.79 s, almost no static error, a recovery time after interference
of 0.22 s, and no oscillation or static error after reaching a steady state again. Although HBA-LADRC and
LADRC significantly improve overshoot and steady-state error compared to traditional PID, their anti-
interference abilities are not as robust as the IHBA-LADRC. However, there are still certain limitations in
optimizing the adjustment time, which remains much greater than that achieved by the IHBA-LADRC algorithm.
The anti-interference capabilities of the three LADRCs are significantly better than those of PID. Although the
tr and z values of HBA-LADRC are better than those of IHBA-LADRC, the disturbed vibration peak of IHBA-
LADRC is lower. Moreover, there is almost no static difference after it returns to steady state, resulting in better

overall stability.
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Fig. 7 - Comparison of step response curves of four control strategies

As seen in Fig. 8 and Table 2, the LADRC parameters optimized using IHBA reached the optimal value at
the 72nd iteration, with a fithess of 1.7611. In contrast, the LADRC parameters optimized using HBA reached
the optimal value at the 85th iteration, with a fitness of 3.2036. IHBA-LADRC demonstrates more iterations
and a smaller fitness value, indicating a better control system compared to HBA-LADRC. This validates the
improvements made to the HBA in this study.
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Fig. 8 - Fitness-iterations curve of two intelligent algorithms

Fig. 9 shows the change curves of six key parameters of the LADRC controller optimized by the two
intelligent algorithms. As shown in Fig. 9(a), the six parameters of HBA-optimized LADRC are as follows: by
reaches the optimal value in the 72nd generation, with an optimal value of 36.7034; k, reaches the optimal
value in the 72nd generation, with an optimal value of 2.3106; k,; reaches the optimal value in the 72nd
generation, with an optimal value of 2.8586; /| reaches the optimal value in the 72nd generation, with an
optimal value of 113.5999; S, reaches the optimal value in the 72nd generation, with an optimal value of
387.4995; f5 reaches the optimal value in the 72nd generation, with the optimal value being 61.2449. As shown
in Fig. 9(b),the six parameters of IHBA-optimized LADRC are as follows: by reaches the optimal value in the
85th generation, with an optimal value of 199.3519; £, reaches the optimal value in the 85th generation, with
an optimal value of 17.8458; k; reaches the optimal value in the 85th generation, with an optimal value of
16.4955; 1 reaches the optimal value in the 85th generation, with an optimal value of 40.5441; /3, reaches the
optimal value in the 85th generation, with an optimal value of 448.2168; f; reaches the optimal value in the
85th generation, with the optimal value being 197.8834.
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(a) HBA optimized LADRC parameter change curve (b) IHBA optimized LADRC parameter change curve

Fig. 9 - Iterative diagram of two intelligent algorithms optimizing the six key parameters of the LADRC

Seed displacer speed accuracy test

To evaluate the speed accuracy of the control system for the electric air-suction red bean precision seeder,
a seed metering speed accuracy test was conducted. The test took place on March 26, 2024, in the High-
speed Precision Seeding Laboratory of Heilongjiang Bayi Agricultural University. Using the DT-2234A
photoelectric speedometer (accuracy: £0.1 r/min) developed by the Lutron Company, the actual rotation speed
of the seed metering device was collected. This was done when the theoretical plant spacing was 100 mm and
the operating speed was set at 3, 5, 7, 9 km/h. The speed of the seeding motor was recorded 30 seconds after
stabilizing, and the average speed N of the seeding device was calculated. Each set of speeds was repeated
8 times (N1~N8), and the coefficient of variation of the actual speed of the seeding device was determined.
Table 3 presents the results of the seed metering speed accuracy verification test.
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Verification experiment table of speed accuracy of seed metering device Table 3
Working sp | Theoretical s Actual speed/(r-min-) Average spe | Coefficient o
eed/(km-h) | peed/(rrmin') | Ny N2 N3 N4 Ns N6 N7 Ng ed/(r-min') | f variation/%
3 18.6 19.0 | 181 | 19.5| 182 | 194 | 18.3 | 18.0 | 19.2 18.7 3.34
5 31.0 30.1 (318|315 | 304|322 302|317 | 30.3 31.0 2.76
7 43.3 426 | 445 | 426 | 42.7 | 43.8 | 42.7 | 432 | 424 431 1.61
9 55.7 544 | 57.7 | 53.9 | 54.0 | 53.5 | 56.8 | 53.4 | 58.1 55.2 3.56

As shown in Table 3, the electric red bean precision seeder control system based on IHBA-LADRC
shows superior seed metering speed accuracy and uniformity, with seed metering speed variation coefficients
of less than 4%. At operating speed of 9 km/h, the coefficient of variation of the actual rotation speed of the
seed metering device reaches a maximum of 3.56%. At operating speed of 7 km/h, this coefficient reaches a
minimum of 1.61%. When operating at 9 km/h, N5 shows the maximum speed deviation, with a deviation rate
of 4.31%. At 7 km/h, Ns shows the minimum speed deviation, with a deviation rate of 0.23%.

Seed discharge performance static test

To further verify the superiority of the IHBA-LADRC intelligent control strategy obtained from the
simulation experiments, a bench comparison test was conducted. This test compared the performance of the
intelligent electric seeding system, the traditional PID electric seeding system, and the sprocket seeding
system. The test took place in the High-speed Precision Seeding Laboratory of Heilongjiang Bayi Agricultural
University from April 5 to April 7, 2024. The test materials included the red bean hybrid "Jihong No. 7,". This
hybrid has a moisture content of (13.1+£0.87)%, a thousand-grain weight of (202.2+0.85)g, a density of
(1.24£0.06) g-cm3, and a seed clarity of 97.96%. The seeds are ellipsoid in shape, with a sphericity of 80.1%,
and dimensions of (8.09+0.78) mm in length, (5.81£0.40) mm in width, and (5.78+0.40) mm in height. The test
was conducted on April 30, 2024, in the Seeding Equipment Laboratory of the Heilongjiang Bayi Agricultural
University. The laboratory is equipped with a JPS-12 computer vision seed metering device performance
testing device. The seeding performance test setup is shown in Fig. 10.

Fig. 10 - Seeding performance experiment device

Red beans are planted at densities where the distance between plants is determined to be 100~150
mm according to the indicators. After preliminary testing and calibration, it was found that seeds can be planted
evenly when the operating speed is below 10 km/h and the wind pressure in the seed suction room is between
-1~-1.5 kPa. To minimize variables and reduce the number of test groups in the comparison test, the fan's
negative pressure was fixed at -1.5 kPa, and the seeding height was set at 50 mm. Three different groups of
sowing at plant spacings of 100 and 150 mm were selected at four different operating speeds of 3, 5, 7, and 9
km/h. These were used to compare the performance of chain-driven and electric-driven red bean precision
sowing operations, following GB/T 6973-2005 "Test Method for Single-Seed (Precision) Seeder"(Yi et al, 2025;
Sun et al, 2024; Wang et al, 2024). The qualified index, multiple index, missing index, and coefficient of
variation were used as evaluation indices. Additionally, the coefficient of variation for qualified spacing was
introduced to determine the stability of the electric seeding control system designed in this study.
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The coefficient of variation for qualified spacing measures the variation in spacing among qualified seeds,
excluding reseeding and missed seeding caused by seed arranging device defects and external interference.
This metric helps to determine the uniformity of sowing qualified red bean seeds, thereby validating the
superiority of the designed control system. Ideal spacing uniformity is crucial for subsequent field management
activities such as fertilization and spraying. In each bench test, 30 consecutive spacing samples were selected
from the seed bed after the stable operation of the electronic control system. Each test group was repeated
three times, resulting in 90 spacing samples for analysis and calculation of operational indexes. The results of
the bench test are shown in Table 4.

Table 4
Bench experiment results

W0|:k|ng . Seeding operation speed Seeding operation speed Seet.:llng ?peratlon s!oeed
dis- Operational (chain drive)/(km-h1) (PID electric drive)/(km-h") (intelligent electric
tance / indicators drive)/(km-h-1)
mm 3 5 7 9 3 5 7 9 3 5 7 9
Qualified index | 92.22 | 93.33 | 93.33 | 90.56 | 94.45 | 93.89 | 95.56 | 94.45 | 94.45 | 96.11 | 97.22 | 94.45
Multiple index | 1.11 | 222 | 222 | 3.33 | 222 | 222 | 111 | 222 | 222 | 111 | 0.56 | 2.22
100 Missing index | 6.67 | 445 | 445 | 6.11 | 3.33 | 3.89 | 3.33 | 3.33 | 3.33 | 278 | 2.78 | 3.33

Ccv 26.56 | 27.89 | 26.96 | 29.39 | 23.89 | 24.00 | 22.94 | 26.18 | 20.21 | 16.95 | 13.63 | 20.05

CV of spacing | 19.91 | 19.08 | 18.24 | 20.73 | 15.45 | 1513 | 15.95 | 19.26 | 9.62 | 1213 | 7.83 | 12.07

Qualified index | 94.45 | 95.56 | 95.56 | 93.34 | 96.11 | 95.56 | 95.56 | 95.00 | 96.67 | 97.78 | 97.78 | 96.67

Multiple index | 2.22 | 111 | 111 | 222 | 111 | 222 | 222 | 141 | 111 | 1141 | 111 | 1.1

150 Missing index | 3.33 | 3.33 | 3.33 | 444 | 278 | 222 | 222 | 3.89 | 222 | 111 | 111 | 2.22

cv 23.04 | 21.56 | 22.73 | 26.04 | 20.88 | 21.59 | 20.11 | 22.49 | 16.84 | 13.90 | 12.46 | 17.67

CV of spacing | 15.87 | 16.18 | 17.07 | 19.39 | 14.98 | 13.86 | 12.53 | 15.30 | 9.56 | 8.46 | 7.91 | 11.52

As seen in Table 4, the IHBA-LADRC-based electric red bean precision seeder control system
significantly improves various sowing operation indicators compared to the traditional sprocket seeding system
and the traditional PID electric seeding system. At four different operating speeds, when the theoretical plant
spacing of red beans is 100 mm, the average passing index of the intelligent electric-driven sowing system is
3.20 percentage points higher than that of the sprocket sowing system. The average multiple index is reduced
by 0.69 percentage points, and the average missing index is reduced by 2.36 percentage points. Additionally,
the average coefficient of variation decreased by 9.99 percentage points, and the average coefficient of
variation for qualified plant spacing decreased by 9.08 percentage points. Compared to the traditional PID
electric seeding system, the intelligent electric seeding system's average qualified index increased by 0.97
percentage points, the average reseeding index decreased by 0.41 percentage points, and the average missed
sowing index decreased by 0.41 percentage points. The average variation coefficient decreased by 6.54
percentage points, and the average variation coefficient for qualified plant spacing decreased by 6.04
percentage points.

When the theoretical plant spacing of red beans is 150 mm, the average qualified index of the intelligent
electric seeding system is 2.50 percentage points higher than that of the sprocket seeding system. The average
reseeding index is reduced by 0.56 percentage points, the average missed sowing index is reduced by 1.94
percentage points, and the average variation coefficient is reduced by 8.12 percentage points. The average
variation coefficient for qualified plant spacing decreased by 7.77 percentage points. Compared to the
traditional PID electric-driven sowing system, the average qualified index of the intelligent electric-driven
sowing system increased by 1.67 percentage points, the average multiple index decreased by 0.56 percentage
points, the average missed sowing index decreased by 1.11 percentage points, the average variation
coefficient decreased by 6.05 percentage points, and the average qualified plant spacing variation coefficient
decreased by 4.81 percentage points.

The data above demonstrates that compared to the chain-driven seeding system, the intelligent electric
seeding system shows an overall improvement of 2.85 percentage points in the qualified index, a reduction of
0.63 percentage points in the multiple index, and a reduction of 2.15 percentage points in the missed seeding
index across different plant spacings and operating speeds.
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Additionally, the overall coefficient of variation decreased by 9.06 percentage points, and the coefficient
of variation for qualified plant spacing decreased by 8.43 percentage points. Compared to the traditional PID
electric seeding system, the intelligent electric seeding system exhibits an overall improvement of 1.32
percentage points in the qualified index, a reduction of 0.49 percentage points in the multiple index, and a
reduction of 0.76 percentage points in the missed seeding index across different plant spacings and operating
speeds. The overall coefficient of variation decreased by 6.30 percentage points, and the coefficient of variation
for qualified plant spacing decreased by 5.43 percentage points.

Compared to the sprocket-driven seeding system and the PID electric-driven seeding system, the
intelligent electric seeding system significantly reduces the missed seeding rate and coefficient of variation in
the red bean seeding process. It also improves the uniformity of the spacing of qualified red bean plants, as
evidenced by the significantly reduced variation coefficient of qualified plant spacing. This improvement
ensures that the actual planting of red beans is less variable than the theoretical plant spacing, resulting in
evenly aligned seeds between ridges and consistent plant numbers. This uniformity facilitates follow-up field
management for farmers.

CONCLUSIONS

(1) To address the high sowing missing rate and uneven sowing due to small theoretical plant spacing,
narrow qualified range, and internal and external interference during precision sowing of red beans in high-
density planting, an electric red bean precision seeder control system based on IHBA-LADRC was studied.
The design process of the intelligent control system, the improvement of the honey badger algorithm, and the
intelligent tuning method of key parameters in the LADRC controller are explained. This system addresses the
issues of long adjustment time, large overshoot, significant steady-state error, and poor anti-interference ability
in general electric seeding systems.

(2) The simulation experiment results demonstrate that the control system of the electric red bean
precision seeder based on IHBA-LADRC exhibits no overshoot, short adjustment time, minimal steady-state
error, no oscillation, and strong anti-interference ability. Among the four algorithms tested, the dynamic
response characteristics are optimal. The IHBA algorithm enables the optimal intelligent control strategy in the
electric seeder control system. The system reaches steady state with an adjustment time of 0.79 s, shows
nearly zero steady-state error, recovers from disturbances within 0.22 s, and maintains stability without
oscillations after returning to steady state.

(3) Bench test results show that under four different operating speeds and three different theoretical plant
spacings, the electric red bean precision seeder control system based on IHBA-LADRC outperforms the
sprocket seeding system in various seeding performance indicators. The overall qualified index increased by
2.85 percentage points, the reseeding index decreased by 0.63 percentage points, the missed seeding index
decreased by 2.15 percentage points, the coefficient of variation decreased by 9.06 percentage points, and
the variation coefficient of qualified plant spacing decreased by 8.43 percentage points. Compared to
traditional PID electronically controlled sowing, the IHBA-LADRC system also showed improvements: the
overall qualified index increased by 1.32 percentage points, the reseeding index decreased by 0.49 percentage
points, the missed sowing index decreased by 0.76 percentage points, the overall coefficient of variation
decreased by 6.30 percentage points, and the variation coefficient of qualified plant spacing decreased by 5.43
percentage points. The IHBA-LADRC-based control system for the electric red bean precision seeder ensures
that the actual plant spacing closely matches the theoretical set value. This high level of operational accuracy
provides a foundation for implementing precise intercropping between different rows in future applications,
thereby further improving land utilization efficiency.
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