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Abstract: Aiming at the problem that the consistency and stability of seeding depth are difficult to control during the complex
field operation of peanut seeders, this study proposes a control method combining the Kalman Filter algorithm based on
Maximum Likelihood Estimation (MLE-KF) and the Fuzzy PID algorithm. A system was designed to automatically adjust the
furrow opener during the operation of the peanut seeder, thereby realizing the automatic control of seeding depth. This method
maintains the peanut seeding depth within a reasonable error range suitable for growth, and effectively ensures the consistency
of peanut seeding depth. In this study, displacement sensors and ultrasonic sensors were used to directly or indirectly detect the
furrow depth. Combined with electric push rods and actuators, the furrow depth was adjusted in real time during the field
operation of the peanut seeder. For the filtering fusion algorithm, a noise parameter adaptive algorithm based on sliding
window and approximate MLE was adopted, while a Fuzzy PID control strategy was employed for the controller. Simulations
were conducted in MATLAB/Simulink, and the simulation results showed that the improved algorithm achieved a significant
improvement in seeding depth accuracy compared with the traditional Kalman Filter and PID control. Field tests were carried
out with the qualification rate as the index under different operating speeds and seeding depth conditions. For this seeding depth
control method, when the operation speed was 3 km/h and the furrow depth was set to 50.00 mm, the qualification rate of
seeding depth reached 94.80%, with a standard deviation of 3.12 mm and a coefficient of variation of 6.08%. Compared with
the traditional mechanical adjustment and passive adjustment methods, this method increased the qualification rate by 4.60%
and 3.30%, respectively, and reduced the coefficient of variation by 2.46% and 3.01%, respectively. The research on the
seeding depth control method in this study provides a new detection and control approach for the seeding depth control of

peanut seeders.
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1 Introduction

Peanut is an important oil crop and economic crop in China.
Rational and efficient peanut cultivation is of great significance for
ensuring the safety of edible oil, increasing agricultural efficiency,
and improving farmers’ production income!”. Given the limited
arable land, how to increase the per-mu yield of peanuts has become
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a key focus of current research®. The seeding depth of peanuts
exerts a significant impact on improving the emergence rate and
survival rate of seeds; therefore, controlling peanut seeding depth
has become a critical factor for increasing peanut yield and
accelerating economic growth™’l. However, there are relatively few
studies on peanut seeding depth control at present, and the seeding
depth control methods still remain at the traditional passive
profiling methods such as fixed furrow openers or parallel four-bar
linkages, which are unable to adjust the peanut seeding depth in real
time during complex field operations'®”. Consequently, it is of great
necessity and practical significance to study a seeding depth control
system that can adjust the furrow depth in real time.

At present, the peanut seeding depth control in China has
gradually transitioned from the traditional fixed furrow openers and
passive profiling methods to active profiling that
autonomous control of seeding depth. As scholars at home and

enables

abroad have deepened their research on seeding depth control, the
focus of efforts to improve the consistency of peanut seeding depth
has been placed on two aspects: measurement and execution®. In
terms of seeding depth measurement, Liang et al.”'” proposed a
seeding depth control device based on the collaboration of pressure
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sensors and ultrasonic sensors. Zhao et al.'"'? designed a seeder
furrow depth control system based on displacement sensors, where
Displacement Sensor | and Displacement Sensor Il collect signals
of the profiling wheel position and the hydraulic cylinder position
stroke, respectively, to measure the seeding depth. Igbal et al.*'¥
used ultrasonic sensors to obtain the height difference between the
seed furrow and the frame, and realized real-time control of seeding
depth through a microcontroller. Nielsen et al.'*'® employed linear
displacement sensors and ultrasonic sensors to measure the furrow
opener depth and the distance between the frame and the soil
surface, respectively. In terms of actuator control, Feng!” designed
a sliding knife-type furrow opener, and jointly controlled the
seeding depth through a profiling mechanism and a depth-limiting
wheel. Xue et al."¥ used an angle sensor to collect the angle of the
swing arm when the post-seeding roller moves against the ground,
and controlled the pre-seeding roller in real time through an electric
cylinder to adjust the seeding depth—with the average seeding
depth qualification rate reaching 93% at a speed of 3-5 km/h. Wang
et al.'"*! adopted a PLC as the main controller to control an electric
push rod for adjusting the seeding depth. Zhao et al.”" applied
adaptive Kalman filtering based on a weighted average algorithm to
filter and fuse the seeding depth data collected by laser sensors and
ultrasonic sensors, and used a threshold control algorithm to control
a servo electric cylinder for seeding depth regulation. By
summarizing the above-mentioned experience and methods of
seeding depth control, it can be concluded that the current research
on peanut seeding depth control is relatively limited compared with
that for other crops, and the seeding depth control accuracy is also
relatively low. However, due to differences in seeding depth and
planting spacing requirements, these existing methods cannot be
directly applied to peanut cultivation. Furthermore, most of the
current seeding depth control systems suffer from problems such as
and poor
performance™?. Therefore, it is of great significance to study a

insufficient data acquisition accuracy real-time
seeding depth control system that features high data acquisition
accuracy, strong real-time performance, and suitability for peanut
characteristics.

Based on the planting characteristics of peanut ridge
cultivation, an active seeding depth control system was designed,
which integrates ultrasonic sensors and displacement sensors (with
MLE-KF) for seeding depth data detection, and adopts an adaptive
Fuzzy PID controller to regulate the electric actuator®=
the problems of traditional passive profiling (which is difficult to
adapt to changes in complex field working environments) and
conventional active profiling (such as insufficient data acquisition
outdated

performance), mathematical models for seeding depth detection,

1. Aiming at

accuracy, control strategies, and poor real-time

control, and execution were established®?*,

2 Design of seeding depth control system for peanut
seeder

2.1 Mechanical structure of seeding depth control system for
peanut seeder

The seeding depth control system is mounted on the 1MB-2/4
peanut film-laying seeder produced by Qingdao Wannongda Peanut
Machinery Co., Ltd. The mechanical structure of the system mainly
consists of three parts: a detection mechanism, a data processing
and control unit, and an execution mechanism (Figure 1).

The detection mechanism is composed of an ultrasonic sensor
installed on the frame and a displacement sensor fixed on the

cylinder of the electric push rod (for measuring the length of the
electric push rod). The data processing and control unit consists of a
control box with an STM32 microcontroller as its core. The
execution mechanism includes an electric push rod, a parallel four-
bar linkage, and a double-disc furrow opener.

N o ;

3 6 7 8

1. Ultrasonic sensor 2. Ridging device 3. Double-disc furrow opener 4. Control
box 5. Seed box 6. Parallel four-bar linkage 7. Electric push rod 8. Soil covering
device 9. Press wheel 10. Displacement sensor

Figure I Mechanical structure of peanut sowing depth

control system

2.2 Working principle of the seeding depth control system

Before the sowing depth control system starts working, the
sowing depth is determined according to the sowing environment,
and the preset sowing depth value is set on the human-machine
interface. During operation, the ultrasonic sensor and displacement
sensor send the collected data to the STM32 microcontroller. The
STM32 microcontroller performs filtering and fusion calculations
on the data to obtain the estimated sowing depth, and adaptively
adjusts the covariance based on historical data. The controller
compares the estimated sowing depth with the preset value to
calculate the deviation and deviation change rate, and obtains the
control quantity of the electric push rod after processing by the
fuzzy controller. Subsequently, the STM32 microcontroller controls
the telescopic movement of the electric push rod according to the
control quantity, which drives the double-disc furrow opener to
move up and down through the parallel four-bar linkage until the
sowing depth reaches the preset value. The working principle is
shown in Figure 2.
2.3 Hardware design of seeding depth system

The seeding depth control system of this peanut seeder is
centered on the STM32H743VIT6 microcontroller and mainly
consists of four modules. The seeding depth detection module is
composed of an HC-SRO04 ultrasonic sensor with temperature
compensation and a KTC-50 displacement sensor; the execution
module adopts an XTL100 electric push rod, which is controlled by
an L298N driver chip; the core control module is formed by the
microcontroller equipped with a dual-channel power supply, a reset
circuit, and a clock circuit; the human-machine interaction (HMI)
module uses an HMI touchscreen for parameter adjustment and
system status display. Since the microcontroller can only receive
TTL signals, an RS485-to-TTL module is required for RS485
communication between the sensors and the microcontroller to
realize signal conversion.
2.4 Establishment of the mathematical model for seeding
depth control

Considering that the elastic deformation of ridge-tilled soil is
less than 2%, the opener-soil system is simplified to rigid body
motion, as shown in Figure 3. A coordinate system is established
with point 4 as the origin, where the origin is the intersection of the
longitudinal symmetry plane of the frame and the suspension point.
Points 4, B, C, D, E, F, G and angle a are as shown in Figure 3.
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Figure 2 Schematic diagram of the seeding depth control system
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Ridge surfaa‘
Furrow bottom

Note: A: The upper fixed hinge point of the parallel four-bar linkage and the

frame, which is also the rear fixed point of the electric push rod. B: The lower
fixed hinge point of the parallel four-bar linkage and the frame. D: The fixed
hinge point of the parallel four-bar linkage and the furrow opener, as well as the
front fixed point of the electric push rod. E: The lowest point of the disc edge of
the double-disc furrow opener. F: The fixed point of the ultrasonic sensor on the
frame. G: The measurement point of the ultrasonic sensor on the ridge surface.
o: The included angle between the electric push rod and the frame, i.e., Z/BAD.
Figure 3  Schematic diagram for seeding depth calculation

The long side AC of the parallel four-bar linkage is 250 mm,
and the short side 4B is 150 mm. Since the peanut seeding depth is
approximately 50 mm, which falls into the category of shallow
seeding, and the double-disc furrow opener needs frequent
adjustment during the seeding depth control process, a small-sized
double-disc furrow opener with a disc diameter of 200 mm is
selected. This selection aims to avoid reduced seeding depth control
accuracy caused by an excessively large furrow opener and
facilitate adjustment. The distance from the lower fixed hinge point
D of the parallel four-bar linkage to the bottom of the double-disc
furrow opener is 220 mm.

The ultrasonic sensor features a simple structure and strong
penetration, and is used to measure the distance from the frame to
the ridge surface. However, ultrasonic sensors may produce errors
when the temperature changes, so an ultrasonic sensor with

temperature compensation must be selected. Since the measurement
range is within 1 m (a relatively short distance) and the soil
becomes relatively soft after peanut ridges are formed, it is decided
not to use a reflector. Instead, the probe directly emits ultrasonic
waves to the ridge surface in front of the furrow opener to measure
the vertical distance between the ultrasonic sensor point /' and the
ridge surface point G in front of the furrow opener.
c-t

d“ = 7 (1)

where, c is the propagation speed of ultrasonic waves in air varying
with temperature, m/s; ¢ is the round-trip time of ultrasonic waves
from emission to reception of the reflected wave, s. The
displacement sensor measures the length of 4D, i.e., the length of
the electric push rod is L. Through calculation, the angle of £BAC
can be obtained:
2 2 2

AB*+AD* - BD ) @

a:arccos( SAB-AD

From this, the vertical distance 4 from the frame to the furrow
bottom can be calculated using the angle a, the length L of the
electric push rod, and the distance d, from the lower fixed hinge
point of the electric push rod to the furrow bottom:

d,=L-cosa+d, 3)

When calculating the furrowing depth, if only the displacement
sensor is used to calculate the distance from the frame to the furrow
bottom, large errors in the furrowing depth will occur when the
ridge surface is uneven or the frame is tilted. Therefore, an
ultrasonic sensor is used to detect the real-time distance from the
frame to the ridge surface, eliminating the cumulative error caused
by frame tilting. The furrowing depth is then calculated using the
height difference between “frame to ridge surface” and “frame to
furrow bottom”. At the current moment, this height difference is the
theoretical furrowing depth:

h=d.—d, “4)

By substituting the calculation expressions of the ultrasonic
sensor and the displacement sensor, the expression for the
theoretical furrowing depth is obtained:

AB*+AD* - BD? c-t

h=L- =3B AD b= ©)

+d, >

After Equation (5) is calculated by the microcontroller, the
obtained / is compared with the set furrowing depth hy:

If h<hy (the shallow), the
microcontroller controls the motor to rotate forward, extending the
electric push rod to increase the furrowing depth until the set
furrowing depth is met.

If i>h, (the furrowing depth is too deep), the microcontroller

furrowing depth is too

controls the motor to rotate in reverse, retracting the electric push
rod to reduce the furrowing depth until the set furrowing depth is
met.

If h=h, (the furrowing requirement is satisfied), the
microcontroller outputs no signal and the electric push rod remains
inactive.

2.5 Design of seeding depth adjustment mechanism

The seeding depth adjustment mechanism uses a parallel four-
bar linkage as the motion transmission carrier and an electric push
rod as the power source. Through the parallel four-bar linkage, the
linear telescopic motion of the electric push rod is converted into
the vertical lifting motion of the furrow opener, ensuring that the
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furrow opener blade E always enters the soil vertically.
2.5.1 Load analysis of seeding depth adjustment mechanism

Most researchers, when conducting studies on seeding depth
control, often adopt a hydraulic system for the seeding depth
adjustment mechanism, considering the large load of the parallel
four-bar linkage during field operations and high soil resistance.
However, the hydraulic system has slow adjustment speed and
relatively poor real-time performance. Therefore, this study uses an
electric push rod to address the issue of real-time performance.
Since the output force of the electric push rod is far less than that of
the hydraulic system, the load issue needs to be considered:

When the peanut seeder operates stably, only static loads need
to be considered. These mainly include the furrow opener’s soil
penetration resistance, the mechanism’s gravity, and the hinge
friction. The equation is as follows:

Fouic = Fooi + Gow * SINO + Fiigiion (6)

where, F; is soil penetration resistance of the double-disc furrow
opener, N; Fi ., is total gravity of the parallel four-bar linkage and
the furrow opener, N; Fliion 18 sliding friction force at the hinge
points, N.

When the seeding depth changes, the electric push rod drives
the parallel four-bar linkage to generate dynamic loads due to
inertia force during the adjustment process. According to Newton’s
second law, the calculation Equation is as follows:

denamic = My *Ap (7)

where, m, is total mass of the parallel four-bar linkage and the
furrow opener, kg; ap=d*x,/df* represents horizontal acceleration of
hinge point D, m/s’.

The force transmission ratio of the parallel four-bar linkage is
iF=cosa, where a is the angle between the electric push rod and the
vertical direction. Therefore, the equivalent load of the mechanism
can be calculated as follows:

Fslalic + denamic
Foy=——777 8
4 iF ®)

Combined with Equation (8), the output force of the electric
push rod must cover static load + dynamic load + sudden changes in

soil resistance, and its Equation is as follows:
Fpush > kF ° Feq (9)

where, ki is the safety margin.
2.5.2 Dynamic model of electric push rod-four-bar linkage

The dynamic response of the electric push rod directly
determines the real-time performance and precision of seeding
depth adjustment for the peanut seeder. By integrating the basic
model of the electric push rod with the equivalent load of the
parallel four-bar linkage, a linked dynamic model covering motor
drive, mechanical transmission, and load response is established.
The motor drive model adopts the armature voltage balance
equation of the brushed DC motor:
di

d: +K.w+ Ey (10)

where, R, is armature winding resistance, Q; i, is armature current,

U=R,,+L,

A; L, is armature winding inductance, H; L,di/d¢ represents
armature inductive voltage drop, V; K, is back electromotive force
(EMF) constant, V/rad-s™; w is motor armature angular velocity,
rad/s; E,,q is load additional electromotive force, V.

The mechanical transmission model: The motor torque is
transmitted to the parallel four-bar linkage through the speed

reduction mechanism and the lead screw. The relationship among
its rotational speed, displacement, and force is as follows: the
relationship between the motor angular velocity and the telescopic
speed of the push rod:
dL W Ly
dr 270 e

(11)

where, i,,, is the reduction ratio of the electric push rod, and Ly, is
the lead of the lead screw, m/r.

The relationship between the motor torque and the output force
of the push rod:
_ Fe Ly
2Ty

(12)

e

where, # represents the mechanical transmission efficiency, and 7,
represents the motor electromagnetic torque, N-m.

By combining Equations (10)-(12), the differential equation of
the electric push rod’s telescopic displacement L with respect to
time ¢ can be obtained:

dzL i Ra '27‘7igear dL 27Tigear'Eload _ U'Z"Tigear (13)
d?  KKgLe. dt  KKiLe. KKJLe

This equation represents a second-order linear system. Through
calculations, its damping ratio £ ~0.70 and natural frequency
w, ~10.2rad/s are obtained, which meet the requirements of no
overshoot and fast response for field operations.

2.5.3 Quantitative calculation of seeding depth adjustment and
electric push rod output

Based on the mapping relationship between 4 and L in Equation
(5), the quantitative relationships between the seeding depth
adjustment and the electric push rod output (i.e., telescopic stroke
and output force) are derived through incremental analysis, which
can be directly used for the issuance of control commands.

When the ridge height YG remains approximately unchanged
during short-term adjustment, increments are taken on both sides of
Equation (5). Under the condition that the ridge height YG remains
approximately unchanged during short-term adjustment, increments
are taken on both sides of Equation (5). To simplify the calculation
while meeting the accuracy requirement and under the condition
that AL < L, high-order small terms are ignored, and the simplified
result is obtained as follows:

VL - AB?
(BD-AB)- ————"AL

Ah ~ B> (14)
(%)

BD?

Combined with the initial state, after substituting L=L,, it is
further simplified into a linear mapping relationship:

Ah =k, -AL (15)

where, k,; is the mapping coefficient between the seeding depth and
the telescopic stroke of the electric push rod.

When a peanut seeder is operating in the field, if the actual
seeding depth decreases due to uneven ridge surfaces or changes in
soil resistance, it needs to be adjusted to the target seeding depth.
The calculation process is as follows:

Ah = hyge — hy (16)

Substitute Equation (16) into Equation (17) to calculate the
telescopic stroke of the electric push rod, and the final length of the
electric push rod is obtained through calculation:
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Ah

Liy = Lo+ (17)

hL

Meanwhile, the motor armature current corresponding to the
output force of the electric push rod is:

- Fow 27 (18)
K, - Ly,

Finally, the command voltage is obtained from the mapping
relationship between output force and voltage, which is then
converted into the PWM duty cycle D. The Equation is as follows:

D=Dy+ 2 Dy~ Dy) (19)
where, D, is the zero-action duty cycle, %; U, is the rated voltage
of the electric push rod, V; and D,,,, is the maximum duty cycle, %.
2.6 Kalman filtering algorithm based on maximum likelihood
estimation

During the field operation of the peanut seeder, the ultrasonic
sensor will inevitably produce data anomalies due to the complexity
of the operating environment and the machine’s own vibration.
Additionally, the sensor generates noise during its operation. These
factors will cause significant errors in the seeding depth data
collected by the sensor, thereby affecting the control of seeding
depth. Therefore, it is necessary to select an effective filtering and
fusion algorithm to eliminate outliers and reduce the interference
of noise.

The Kalman filter features high computational efficiency, low
complexity, and explicit noise handling. It can effectively address
noise and anomalies during sensor detection, making it highly
suitable for data filtering and fusion of the peanut seeder’s multi-
sensor system. To better adapt to the field operation environment,
the original Kalman filter algorithm was studied, and a Kalman
filter algorithm based on maximum likelihood estimation was
proposed. By adaptively estimating the key noise parameters
(measurement noise covariance R) in the Kalman filter, this
algorithm solves the problem that the traditional Kalman filter relies
on prior knowledge of noise parameters and is difficult to adapt to
complex environments.

2.6.1 Construction of MLE-KF system model

Taking the theoretical ditching depth /4 in Equation (5) as the
core state variable, a discrete-time system model is constructed.
Considering the continuity of velocity variation when the electric
linear actuator drives the ditching device to move up and down, the
sowing depth /4 and its rate of change are adopted as state variables
to reflect the moving speed of the ditching device, thereby
constructing a two-dimensional state vector as follows:

h(k)
x(k) = { k) } (20)

The state equation is as follows:

x(k) = Ax(k— 1)+ w(k—1) 1)

1 At
Among them, A = {0 1 } is the state transition matrix; At is

the sampling period; w(k) ~ N (0, Q) is the process noise.
The measurement equation is as follows:

2(k) = Hx(k) + v(k) (22)

The measurement vector z(k) = h,,(k), i.e., the theoretical
furrowing depth calculated by Equation (5); the measurement
matrix H =[1 0]; the measurement noise v(k) ~ N(0,R), which
reflects the cumulative effect of sensor noise.

2.6.2 Adaptive noise parameter estimation based on sliding
window and approximate MLE

In the process of seeding depth control for peanut seeders,
ensuring the real-time performance of the system is of paramount
importance. The traditional Maximum Likelihood Estimation
(MLE) algorithm calculates the likelihood function using all
historical data and employs the gradient descent method for iterative
solutions, which results in a large computational load and makes it
unsuitable for embedded systems. To enhance the real-time
performance of the system, this study simplifies the traditional MLE
algorithm by adopting a fixed-length sliding window to store
historical data and using an analytical approximation method to
directly compute the covariance, thereby avoiding the complex
iterative optimization process.

Sliding Window Method: First, a sliding window with a length
of N (where N=100) is set to store the measurement residuals and
their corresponding residual covariances at the latest N time
instants. When the system starts, the initially set measurement noise
covariance R is used for the first N time instants. After N time
instants, the measurement noise covariance R is adaptively updated
using the sample variance of the first N normal sampling data, while
the process noise covariance Q is set to a fixed value. At the 4-th
time instant, after completing the prediction and update steps of the
Kalman filter, the measurement residual and residual covariance at
the current time instant are stored in the sliding window, and the
oldest data in the window is removed, ensuring that the window
always contains the latest NV sets of data™.

Approximate MLE for updating measurement noise covariance
R: Since the movement state of the peanut seeder changes slowly
during field operations, the process noise covariance Q is kept fixed
to simplify calculations. During system operation, the measurement
noise covariance R is not updated at every step; instead, a low-
frequency triggering mechanism is adopted. R is re-estimated only
every 100 sampling periods or when the mean value of
measurement residuals in the sliding window changes
significantly”®. When the conditions for updating R are met, based
on the N sets of data {d,,S;} (i=k—-N+1,k—N+2,...,k) in the
sliding window, the approximate maximum likelihood estimate of
the measurement noise covariance R is calculated using the
following analytical Equation:

k
R:% > (ddi-s+0) (23)
i=k—-N+1
where, R is the approximate maximum likelihood estimate of the
measurement noise covariance; d; is the measurement residual at i-
th time instant; S; is the residual covariance matrix at the i-th time
instant.
This method utilizes the statistical characteristics of the residual
d;, approximates the expectation with the sample mean of the N sets
of data in the sliding window, and directly obtains the analytical
solution of R. It avoids the iteration of the gradient descent method,
significantly reduces the computational load, and meets the high
real-time requirements of the STM32 microcontroller.
2.6.3 Seeding depth data fusion
Based on the optimal estimation at the previous time instant,
the current state is predicted as follows:

2(klk—1) = AR(k—1]k—1) (24)
P(klk—1)=AP(k-1lk=1)A"+Q (25)

. h
The initial state is £(0|0) = L)O } , and the initial covariance is
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P(0|0) = diag([20,10]).
The Kalman gain is calculated based on the predicted value as

follows:
Kk = % (26)
Revise the state estimation:
X(klk) = R(klk—1)+K(k)-v(k) 27)
Update the covariance matrix:
P(klk)=(1-K(k)H)P(klk—1) (28)

Finally, the fused seeding depth estimation value hk) = 2,(klk)
is output, which serves as the input for the subsequent fuzzy PID
control.

2.7 Design of adaptive fuzzy PID control system

As shown in Figure 4, the adaptive fuzzy PID consists of two
parts: a conventional PID controller and a fuzzy reasoning
regulator. The adaptive fuzzy PID controller dynamically modifies
PID parameters through fuzzy reasoning to achieve precise control
of seeding depth, addressing the issue that traditional PID has
insufficient adaptability to disturbances such as sudden changes in
field soil resistance and frame vibration. The algorithm is optimized
from four dimensions: variable fuzzification, fuzzy reasoning rules,
defuzzification methods, and parameter self-tuning, to ensure the
real-time performance and accuracy of seeding depth control during
peanut sowing operations.

Fuzzification

— . Fuzzy Defuzzification
inference

process
Rolling l
timated value /<_ |
estimated value, ><\ 'PID regulator
| & SRR TR |
Laurat | ;

" Electric
push rod

Parallel
four-linkage

| Disc furrow

Figure 4 Schematic diagram of seeding depth controller structure

2.7.1 Structure of the adaptive fuzzy PID controller

The controller forms a closed-loop control system consisting of
a conventional PID module and a fuzzy reasoning regulator. The
input layer controller reads the fused seeding depth estimation value
h(k) output by MLE-EF. The control system then compares this
seeding depth estimation value with the preset seeding depth value,
and calculates the deviation e(k) and the deviation change rate
e (k).

e(k) = hy — h(k)
e(k)—e(k—1) (29)

e.(k) = At

In the fuzzy reasoning layer, the seeding depth control system
performs fuzzification on input variables e and e, to obtain fuzzy
variables £ and E.. A fuzzy rule table was established based on
expert experience and the dynamic characteristic requirements of
seeding depth control. The seeding depth controller conducts fuzzy
reasoning and defuzzification on fuzzy variables £ and E..

According to the fuzzy rule table, the rules are activated through
maximum membership degree matching, and the correction AK,,
AK;, AK, for PID parameters is output.

The PID execution layer calculates the control quantity u based
on the corrected parameters, converts it into a PWM signal to drive
the electric push rod, and drives the electric push rod to adjust the
height of the furrow opener, thereby realizing the closed-loop
control of seeding depth.

2.7.2 Design of variable fuzzification

The purpose of fuzzification is to convert the precise seeding
depth deviation and deviation change rate into fuzzy linguistic
variables. Combined with the agronomic requirements for peanut
seeding depth, the basic universe of discourse, quantitative universe
of discourse, and quantization factors of the variables are optimized.

According to the field operation test of the peanut seeder, the
maximum fluctuation range of seeding depth deviation is [-5, 5],
and the deviation change rate is [-4, 4]. Seven fuzzy subsets are set:
NB (Negative Big), NM (Negative Medium), NS (Negative Small),
Z0 (Zero), PS (Positive Small), PM (Positive Medium), and PB
(Positive Big). These fuzzy subsets are quantified into a universe of
discourse, as listed in Table 1.

Table 1 Fuzzy PID parameter settings
Basic variable e e AK, AK; AK,
Fuzzy variable E E, AK, AK; AK,
Fuzzy subset [NB NM NS ZO PS PM PB]
Quantized universe of discourse [-5, 5] [-4, 4] [-0.8, 0.8] [-0.06, 0.06] [-1.0, 1.0]

During the operation of the system, there are high requirements
for real-time performance. To facilitate implementation, an equally
divided triangular membership function is adopted, as it involves
low computational complexity and is suitable for real-time control.
This function is shown in Figure 5.

10 NB NM NS Z0 PS PM PB

051

-5 4 -3 -2 -1 0 1 2 3 4 5

Figure 5 Triangular membership function of seeding depth
deviation e

2.7.3 Design of fuzzy inference rules

Fuzzy rules were established based on field operation
requirements and expert experience through field tests and
professional analysis. The core logic is as follows:

When the seeding depth deviation is large, priority is given to
increasing K, to quickly eliminate the deviation, reducing K; to
avoid overshoot, and increasing K, to suppress disturbances.

When the deviation is moderate, moderately reduce K,
increase K; to eliminate steady-state errors, and keep K, at a
medium level.

When the deviation is small or non-existent, reduce K, to
prevent oscillation, increase K; to stabilize the seeding depth, and
adjust K, according to the deviation change rate. Based on
experimental data analysis and professional technical experience, a
fuzzy rule table was established as listed in Table 2. The fuzzy
control rules are input into Matlab, and the resulting rule cloud
diagrams of the fuzzy controller are shown in Figure 6.
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Table 2 Fuzzy control rule table
e,
¢ NB NM NS Z0 PS PM PB
NB PB/NB/PS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB Z0O/ZO/NM Z0O/ZO/PS
NM PB/NB/PS PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/Z0/ZO
NS PM/NM/ZO PM/NM/NS PN/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/NS NS/PS/ZO
Z0 PM/NM/ZO PM/NS/NS PS/NS/NS Z0/Z0/Z0 NS/PS/PS NM/PS/PS NM/ZO/PM
PS PS/ZO/NS PS/ZO/NS Z0/Z0/Z0 NS/PS/PS NS/PS/PS NM/PM/PM NM/PM/PM
PM PS/PS/ZO Z0/Z0/Z0 NS/PS/PS NM/PM/PS NM/PM/PM NM/PB/PB NB/PS/PB
PB ZO/PB/ZO ZO/PM/ZO NM/PM/PS NM/PM/PM NM/NB/PM NB/PS/PB NB/PB/PB

a. K, fuzzy rules

b. K, fuzzy rules

c. K, fuzzy rules

Figure 6 Cloud diagrams of K,,, K, and K, fuzzy rules

2.7.4 Defuzzification and parameter self-tuning

To make full use of information from all fuzzy subsets and
avoid correction errors caused by a single subset, the center of
gravity method is adopted for the defuzzification process of the
peanut seeding depth controller. Taking AK; as an example, its
defuzzification equation is as follows:

Z Hr( U, ) U,
o, = — (30)

Z /JR(UAKI)

Uak;

where, 1x(U,,) is the membership function of the fuzzy set of AK;
on the universe of discourse .

In the seeding depth controller, the real-time self-tuning
Equation for its PID parameters is as follows:

K, =K, +AK,
K, =K +AK, (31)
K,=K,+AK,

Through the pre-experiment of peanut seeding depth in a flat
field, the target seeding depth was set to 50 mm. After multiple
adjustments, the initial reference values K, =2.5, K/ =1.6, and
K, = 0.2 were obtained.

3 Results

3.1 Simulation verification and analysis based on Matlab

To verify the advantages of the seeding depth control method
based on the MLE algorithm and fuzzy PID control, a comparative
simulation model of peanut seeding depth control was developed
and built in Matlab-R2024b/Simulink, which was compared with
the traditional Kalman filtering algorithm and traditional PID
algorithm.

To obtain the measured seeding depth / calculated from the
sensor data during peanut seeding, a sensor module is built in
Simulink. Considering error factors such as field temperature
variation and mechanical vibration of the seeder, the module adopts
a multi-sensor fusion modeling method. Sine signals are used to

simulate temperature interference on the ultrasonic sensor,
combined sine signals and white noise to simulate mechanical
vibration interference of the peanut seeder, and ramp signals to
simulate the extension length of the electric push rod measured by
the displacement sensor. As shown in Figure 7, the real-time
seeding depth /4 is calculated and output according to the physical

relationship between sensor parameters and seeding depth.

L_meas ‘ alpha

calc_angle

T ‘ c
sound_speed

Figure 7 Simulation of simulink sensor module

In Simulink, the basic structure of the ordinary Kalman filter is
first built, and then the MLE algorithm is introduced through the
Matlab Function to optimize the noise covariance. The real-time
seeding depth % output by the sensor module is processed by the
ordinary Kalman filter and the Kalman filter based on the MLE
algorithm respectively to obtain the seeding depth prediction value.

As can be seen from the figure, the Kalman filter based on the
MLE algorithm can adaptively adjust the noise covariance. When
the seeding depth changes drastically or the noise interference is
large, its estimation curve is closer to the actual seeding depth, and
both the smoothing effect and tracking accuracy are better than
those of the ordinary Kalman filter.

To achieve precise control of seeding depth, a fuzzy PID
controller is designed. The deviation is obtained by calculating the
difference between the seeding depth estimation value (after
Kalman filtering) and the seeding depth set value, and the deviation
change rate is calculated. Both the deviation and its change rate are
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input into the fuzzy controller, which outputs the control quantity of
the electric push rod.

By comparing the output value of the fuzzy PID with that of the
traditional PID (as shown in Figure 8 and Figure 9), it can be found
that the output curve of the traditional PID controller has obvious
periodic fluctuations. In contrast, the output curve of the fuzzy PID
controller is much smoother, with a stable rising process and no
obvious oscillation.
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Figure 8 Comparison diagram of signal filtering
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Figure 9 Comparison diagram of seeding depth control quantities

3.2 Field experiments

To verify the adaptability of the peanut seeding depth control
system (integrating MLE-KF data fusion and fuzzy PID control)
designed in this study under complex field operation conditions, as
well as its seeding depth control accuracy, stability, and real-time
performance at different seeding depths and operation speeds, field
experiments were conducted using the 1MB-2/4 peanut film-laying

= Set sowing depth 40 mm
¢ Set sowing depth 50 mm

—— MLE-KF and PID control adjustment

seeder produced by Qingdao Wannongda Peanut Machinery Co.,
Ltd.

The experiments used “Silihong” peanut seeds and were carried
out in September 2025 at the Teaching Experimental Base of
Qingdao Agricultural University, Laixi City, Shandong Province,
China. The test plot area was approximately 600 m’ and rotary
tillage was performed in advance to ensure uniform soil bulk
density in the plot, avoiding test deviations caused by excessively
hard or soft local soil®". The field experiments are shown in
Figure 10.

Figure 10 Field experiment

To obtain more accurate field test data, the traditional control
method was retained for the left and right outermost furrowing
devices of the two-ridge, four-row seeder, while the two inner
furrow openers were optimized. Based on GB/T 6973-2005 Test
Methods for Single Seeders (Precision Seeders), gradient control
tests were set up to measure the seeding depth qualification rate and
depth variation coefficient.

3.2.1 Test method

To isolate the optimization effects of the MLE-KF filter and
fuzzy PID, three control groups were set up in accordance with
Shandong’s peanut seeding standards. The control scheme with the
MLE-KF + fuzzy PID algorithm served as the experimental group,
the traditional passive profiling control scheme as Control Group 1,
and the mechanical adjustment control scheme as Control Group 2.

Tests were conducted for three seeding depths (40 mm, 50 mm,
60 mm) and three operation speeds (3 km/h, 4 km/h, 5 km/h)
respectively. According to the agronomic requirements for shallow
peanut seeding, the allowable error for qualified seeding depth is
+5 mm.

The ground surface height was calibrated, and soil was scraped
to expose the peanut seeds to measure the distance between the
seeds and the ground surface. Five experimental subgroups were set
up for measurement, with the seeder traveling one round trip in each
subgroup. The test data are shown in Figure 11.

—— MLE-KF and PID control adjustment

4 Set sowing depth 60 mm 561 Ili/?ssilve .reglulation —— Passive regulation
651 4 o daa, tama — Mechanical | — Mechanical
“‘AA“ 4 AAf‘AA+‘* 4 ; “A 4 :‘A 4“’1“ 55

601‘A‘“‘ﬂA‘ ‘A“AA‘

Sowing depth/mm
Sowing depth/mm

Sowing depth/mm

0 50 100

20 40

a. Active adjustment method
with different seeding
depths set at 3 km/h

b. Three seeding depth adjustment methods
when the seeding depth is set to 50 mm
and the speed is 4 km/h

Figure 11 Field data diagrams

c. Three adjustment methods when the
seeding depth is set to 50 mm
and the speed is 5 km/h
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3.2.2  Calculation of test results

Based on the data obtained from the tests, the average seeding
depth, seeding depth qualification rate, standard deviation, and
coefficient of wvariation were calculated for the traditional
mechanical adjustment, passive adjustment, and active adjustment
under different operation speeds and different set depths. The
calculation Equations are as follows:

h= 32)
(33)
(34)
S
CV = = x100% (35)

where, h represents the average seeding depth, m; P represents the
seeding depth qualification rate, %; S represents the seeding depth
standard deviation, m; and CV represents the seeding depth
coefficient of variation, %.
3.2.3 Analysis of field test results

From the field test data (Table 3), the active control method
shows significant advantages in peanut seeding depth control.
Whether combining different operating speeds (3-5 km/h) with
different seeding depths (40-60 mm), the active control method
demonstrates the following strengths: The average seeding depth is
closer to the preset value. The seeding depth qualification rate is
higher. The standard deviation and coefficient of variation of
seeding depth are smaller, indicating lower data dispersion and
better stability.

Table 3 Field test results

Seeding  Seeding
depth depth
standard coefficient

Seeding Average

Operating - Seeding depth seeding depth

speed/ depth/

km-h™ mm r(;:)e]:g(())(]i dgﬁl/ qua:;f:/:;t)ion deviation/ of vagiation/
mm %
Mechanical 46.38 89.5 5.14 11.08
40 Passive  47.22 90.7 438 9.28
Active 40.73 93.2 3.05 7.47
Mechanical 46.14 90.2 4.68 8.54
3 50 Passive  46.63 91.5 4.24 9.09
Active 50.11 94.8 3.12 6.08
Mechanical 54.32 88.4 4.95 9.11
60 Passive 55.35 89.2 3.49 6.31
Active 58.62 93.6 3.48 5.94
Mechanical 46.35 85.6 5.49 11.36
4 50 Passive  46.71 86.4 5.12 10.96
Active 48.64 91.6 3.56 7.32
Mechanical 40.25 80.8 7.62 18.93
5 50 Passive  41.23 81.6 6.37 15.45
Active 45.62 86.4 5.84 12.80

Although the seeding depth control effect of all methods
decreases as the operating speed increases, the active control
method is less affected. It can still maintain good performance
during high-speed operations and adapt well to different seeding
depth requirements. Overall, its performance is far superior to that
of mechanical control and passive control.

4 Conclusions

1) By building a system that uses ultrasonic sensors and
displacement sensors to collect data collaboratively, this study
obtains real-time seeding depth through height difference.
Combined with the MLE-KF algorithm, it realizes adaptive filtering
of measurement noise covariance, which effectively solves the
problem that traditional Kalman filtering relies on prior knowledge
of noise and is difficult to adapt to complex field environments.

2) This research takes the 1 MB-2/4 peanut film-laying seeder
as the carrier, establishes a dynamic mathematical model of “frame
height - push rod length - seeding depth”, and uses an electric push
rod to drive the parallel four-bar linkage to adjust the up and down
movement of the furrow opener.

3) In the field test at the test base in Laixi City, Shandong
Province, compared with traditional mechanical adjustment and
passive profiling adjustment, the MLE-KF+fuzzy PID active control
method in this study shows significant advantages. Under the
working condition of an operation speed of 3 km/h and a set seeding
depth of 50 mm, the seeding depth qualification rate reaches 94.8%.
Even when the operation speed is increased to 5 km/h, the seeding
depth qualification rate of active control can still maintain 86.4%. It
is less affected by speed than traditional methods, meets the
agronomic requirements of shallow peanut seeding, and has
stronger stability and adaptability.
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