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Abstract

This study proposes a backstepping control-based attitude control system for cutting
devices to improve the performance of Korean cabbage harvesters. If the Korean cabbage
is not cut at an optimal cutting position, the quality of the cabbage deteriorates because of
head damage. However, attitude control of the harvester body has limitations in maintain-
ing an optimal cutting position. In this study, a mechanism was designed to independently
control cutting devices depending on the variety of crops during harvesting. However, the
environment of Korean cabbage fields is irregular and nonlinear, making it difficult to pre-
dict the gradient changes. Therefore, a backstepping nonlinear control method was used to
reduce the load on the hydraulic system caused by the dynamic characteristics of the har-
vester. A field test was conducted on a Korean cabbage field to validate the proposed con-
troller. A total of 60 heads were harvested for the experiment, and a score was calculated to
evaluate the cabbage cutting surface quantitatively. The proposed method yielded a cutting
performance of 86.6%. The attitude maintenance performance was validated by measuring
the change in attitude during harvesting. The root mean square errors (RMSEs) of the pitch
angle and cutting height position were 0.73° and 11.20 mm and the mean absolute errors
(MAEs) were 0.53° and 8.97 mm. The results confirmed that the cutting angle and height
were maintained within+2° and +25 mm. The proposed backstepping-based attitude con-
trol system enabled accurate harvesting of Korean cabbage, which is expected to improve
the harvest success rate.

Keywords Attitude control - Automatic cabbage harvesting - Backstepping control -
Korean cabbage harvester - Nonlinear control

Introduction

Korean cabbage (Brassica rapa L. ssp. Pekinensis) cultivation has been decreasing because
of a labor shortage caused by a decrease in the agricultural worker population in rural areas
and the aging of the population. The labor shortage is even more pronounced among cab-
bage growers because the domestic cabbage cultivation process can only be conducted
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manually by five to six humans. However, machine development for Korean cabbage cul-
tivation is insufficient and the mechanization rate is meager, especially in harvest work,
which requires the most labor (Yu et al., 2015). Therefore, it is essential to develop a cab-
bage harvester to reduce labor requirements.

Research on precision agriculture and labor force problems is being conducted to
increase the efficiency of agricultural work and minimize labor by considering spatio-tem-
poral variability and uncertainty within the agricultural system (Kim et al., 2020). This
approach improves quality and efficiency by combining sensors, information systems,
machines and information management, such as in autonomous agricultural vehicles or
robots (Lowenberg-DeBoer et al., 2020). Research on autonomous agricultural vehicles is
being conducted to improve the accuracy of side positioning required for control (Zhang
et al., 2021).

Several researchers have developed Korean cabbage harvesters to increase the mechani-
zation rate (Song et al., 2000). These include a walking-type structure in which people can
walk around and steer the harvester (El Didamony & El Shal, 2020), a tractor-attached type
in which a cutting device is installed on the side of the tractor for harvesting (Ali et al.,
2019; Lee et al., 2020; Reza et al., 2021) and a crawler combine type for harvesting (Ali
et al., 2021; Hachiya et al., 2004). In most cases, a single-row harvester has been developed
that cuts and transfers crops individually. However, during harvesting, the cutting position
varies depending on the variety of crops and cutting beyond the desired range damages the
crop. Effects such as a lack of cutting, excessive cutting and breaking of cutting have been
reported (Du et al., 2016, 2019). Inaccurate root cutting occurs when the attitude of the cut-
ting blade, reaching the Korean cabbage, is incorrect (Cao & Miao, 2020)—a significant
cause of difficulties in harvester development.

The Korean cabbage is not easy to cut because of its unique structure. The cabbage, a
head-leafy vegetable similar to Korean cabbage, is relatively easy to cut because its stem
and root are located outside the head (Cui et al., 2019). In contrast, the stems and roots
of Korean cabbages are located inside their heads—if they are cut above a certain height,
their quality deteriorates because of head damage. Therefore, Korean cabbage harvesters
should be able to accurately cut within the optimal cutting area range through attitude con-
trol based on crop characteristics.

Research on attitude-control systems has been actively pursued to mitigate the risk of
accidents and damage to crops (Kise & Zhang, 2006). A header height control system was
developed for soybean harvests. This method analyzed the soil density of soybean grow-
ing plots and designed an adaptive header-height adjustment system using a linear fitting
method (Ni et al., 2021). Another study improved the accuracy of navigation control using
a correction method according to the attitude of implementation when a rice transplant was
tilted (He et al., 2020). A method was developed to measure height using a scraper and
laser sensor with water surface as the benchmark in paddy fields (Tang et al., 2018). Many
studies have been conducted to stabilize unstable systems in response to weather variables
(Kim et al., 2020; Michels et al., 2021). The crawler-type Korean cabbage harvester can
control the attitude of the body using an adjustable lift (Sun et al., 2020a, 2020b) but has
difficulty controlling the overall attitude of the cutting device. The tractor-mounted type is
also complicated because it operates separately from the cutting device. Even if controlled,
many trial-and-error attempts were required to achieve the desired cutting position through
additional manipulation. Therefore, an attitude-control system that overcomes these limita-
tions is required to solve this problem.

A recent study developed a mechanism to control the cutting devices of Korean cab-
bage harvesters (Park et al., 2021). The cutting position of the cabbage was maintained
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at a constant level to improve the harvesting success rate by attitude control of the cutting
device using Kalman filter-based sensor fusion and proportional-integral-derivative (PID)
control. Although the proposed PID control demonstrated improved performance, a more
effective control algorithm is still required to overcome the nonlinearity of the harvester’s
hydraulic actuators. In a previous study (Park et al., 2021), Korean cabbage was planted on
flat land and a test environment was created under the guise of a real-world cabbage field.
Therefore, more field experiments must be conducted on real-world farmlands because
their environments are irregular and unstructured. The mechanical specifications of the
Korean cabbage harvester and its dynamic characteristics should also be considered in the
control design.

This study proposes backstepping-based attitude control of a Korean cabbage harvester
for accurate harvesting (Fig. 1). The proposed nonlinear backstepping controller was
designed to operate the hydraulic cylinder of the attitude-control system. The objectives of
this study were to (a) confirm the performance of the Korean cabbage harvester by apply-
ing the attitude control system of the cutting device, (b) confirm the performance of the
backstepping control considering the dynamic characteristics of the attitude control system
and (c) conduct field tests to determine whether it achieves the objectives stated in (a) and
(b). This study hypothesized that the proposed attitude control system would perform simi-
larly to the previous study even in a real-world, irregular cabbage field. Field experiments
were conducted in real-world fields to confirm this hypothesis.

General Korean cabbage harvester

Structures

As shown in Fig. 2, the stems and roots of the cabbage are inside the head. Thus, cab-
bages should be cut within the optimal cutting height because the number of separated
outer leaves depends on the cutting height, as shown in Fig. 3, which affects the size of

gy | .

{ driving platform [l cabbage direction of input |

Fig. 1 Korean cabbage harvester with proposed attitude control system for cutting device
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Fig.2 Structure of Korean cab-
bage
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Fig.3 Cabbage size according to cutting height

the harvested cabbage. Furthermore, this cutting is directly related to the quality of the
cabbage; therefore, the cabbage should be cut at an optimal height. The structure of the
harvester cutting device is shown in Fig. 4a.

The harvest sequence is as follows. First, the cut cabbage is transferred from the cutting
blade to the top using a rotating belt. Second, the belt tensioner enables the cabbage to be
held on the belt to move with the belt. Finally, the transferred cabbage can be trimmed,
packed and loaded.

Limitations

The roll and pitch of general Korean cabbage harvesters are shown in Fig. 4b. Because of
uneven fields, the slope of the harvester body changes irregularly during harvesting, which
changes the cutting position of the cutting device and interferes with cutting at the optimal
height, as shown in Fig. 2. This may cause problems such as missed cutting (Fig. 5b), over-
cutting of the head caused by excessive cutting height (Fig. 5¢) and side cutting caused by
the failure of the cutting device to remain level (Fig. 5d). These problems adversely affect
the quality of cabbages during harvesting.

@ Springer



748 Precision Agriculture (2023) 24:744-763

cutting blade
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Fig. 4 Structure of general harvesters: a components and b problems of harvester body slopes

(@)

Fig.5 Different classifications of cutting: a good cut, b missed cut, ¢ overcut and d side cut

The track-laying harvester has a built-in device that controls the height. However, they
have limited body control and additional control is required to create the desired attitude.
Because of the difficulties faced by inexperienced operators, the harvest time may increase.
Thus, it is necessary to control the attitude of the cutting device of the harvester to adopt
the correct attitude throughout the harvest.

Attitude control of the cutting device

Korean cabbage grows perpendicular to the sun and sky. However, the physical environ-
ment of the fields can vary. The irregularity, relative tilt and height difference in the field
interfere with the cutting process of the harvester. The blade must be maintained at a spe-
cific position to ensure accurate cutting. Consequently, the parameters that require control
are defined as follows:

e Roll angle (¢): Level of the cutting blades
o Pitch angle (6): Angle of the cutting device
e Cutting-position height (C,): Cutting position of the cutting device

These controls operate simultaneously for optimal cutting. The attitude control mecha-
nism is shown in Fig. 6.
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cutting part

L.P = linear
potentiometer

(b)

Fig.6 Cutting device of Korean cabbage harvester with an attitude control system: a isometric and b right
side elevation

Rotation control of roll angle

The cutting device must be able to travel along the slope of the ridge regardless of the
field slope. As shown in Fig. 6, the blade of the cutting device could be operated alone.
When the guide part is grounded, the rotations along the ¢ ensure that the cutting blade
remains at the field slope level. The attitude of the cutting device is changed autono-
mously using ground traction and gravity. The advantage of this mechanism is that sta-
ble harvesting of Korean cabbage is possible because cutting is performed while the
cutting blade remains parallel to the ridge.

Rotation control of pitch angle

During harvesting, the attitude of the harvester changes in the front and rear depending
on the surface profile. This case is shown on the right side of Fig. 4b. These problems
affect the cutting angle and height, varying the cutting angle of the cutter. Therefore, it
is necessary to maintain a constant angle. Figure 6 shows the rotation of 8 by controlling
the 1-cylinder stroke (S,) to maintain the angle control reference value, requiring cali-
brating the measured S, to a 8. The calibration is expressed as a linear equation, Eq. 1:

0 =A,XSy+ By (D)

For calculating 6 with a Sy, linear equation parameters A, and B, were obtained using
the design value and calibration [A,, By] =[-0.03, 54.86], where 6, is the goal position of
the 6 and the angle between the ground and cutting device is maintained by 6,. Hence,
the cutting device is operated regardless of the angle of the drive platform body.
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Length control of cutting height

In the case shown on the right side of Fig. 4b, the exact harvesting process cannot be per-
formed by adjusting only the angle of the cutting device using the 6 control because the
cutting-point height of the cutting device changes as the angle changes. Therefore, height
control is necessary. The approach depicted in Fig. 6 was used to control the length of
the device x-axis by controlling the 2-cylinder stroke (S,) to achieve the height control
objective. It uses a height control mechanism for measuring the height between the ground
and blade because non-contact sensors, such as ultrasonic, laser and infrared, would be
obstructed by soil, dust, mud and the outer cabbage leaves. Therefore, a linear potentiome-
ter, a contact sensor capable of measuring length, was used. When driving, the guide wheel
is driven into the ground and the length of the linear potentiometer (L;) attached varies,
resulting in data corresponding to the ground height. The linear equation for determining
the C,, using the L, installed in the cutting blade is shown in Eq. 2:

C,=A XL +B,. )

For calculating C), with a L;, linear equation parameters, A. and B, were obtained using
the design value and calibration [A,, B.]=[0.33, 109.56]. C,. is a goal position of the cut-
ting blade height. This device maintains the C;,. of the C, and operates the cutting device
regardless of the angle of the drive platform body.

Backstepping control-based hydraulic system
Backstepping control

The control algorithm is divided into linear control and nonlinear control according to the
mechanical characteristics and requirements of the control. Linear control is theoretically
easy to access and the structure of the controller is simple. However, even if the perfor-
mance is verified through analysis, the uncertainty cannot be predicted and unstable if it
moves nonlinearly. Therefore, research on a robust nonlinear control algorithm (even with
uncertainty) has been conducted (Kokotovic, 1992).

In this study, the hydraulic system for cutting device attitude control used backstepping
to contend with nonlinearity and uncertainty problems (Ahn et al., 2013; Guo et al., 2016;
Kaddissi et al., 2007). As shown in Fig. 7, The backstepping control replaces the virtual
control input (x,) with feedback to design complex nonlinear controls in stages. Based
on Lyapunov stability theory, the error (z) between the state variable (x) and x, is gradu-
ally controlled to converge to zero. This backstepping control applies the Lyapunov theory

Xd z . u
backstepping controller —

system dynamics }—x—>

i |

Lyapunov function

Fig. 7 Block diagram of backstepping control
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step-by-step so that the overall stability can be easily secured and controlled. However,
because of incorrect parameters, there is a limit to accurate control. The proposed attitude
control system changes parameters using real-time control. Therefore, the controller was
designed considering the dynamic characteristics of the attitude control system.

System dynamics model

The hydraulic system of the attitude control system is shown in Fig. 8. According to New-
ton’s second law, the dynamics of cylinders are as shown in Eq. 3:

my¥ = A,P| — ArP,

my =A,P; — ArP,. ®)
where m is the equivalent mass, x = S, and y = S, are the system displacements of the
2-cylinders and Ap and A, are the actuating areas. The cylinders used had the same actuat-
ing area because their strokes were different. P, P, and P5, P, are the pressures in the two
chambers. The dynamics of the cylinder oil flow are shown in Eq. 4:

. K ,

P = is, (01— ApSy)

, K ,

P, = H(Qz +ArS,)
796 (4)
K .

Py = s (05 — ApS,)

, K ,

P, = s, (04 +ALS,).

where K is the effective bulk modulus of the hydraulic fluid, Q; and Q5 are the supply flow
rates to the cylinder end and Q, and Q, are the supply flow rates to the rod end. The cylin-
der load resulting from operating the attitude control system is shown in Eq. 5:

@ cylinder S @ cylinder Sx
1

[
mg APD my
L

linear potentiometer
of cutting part

IMU’

....micro controller ____

=
p
o
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S
—
(5]
95
)

Fig.8 Schematic of the attitude control system
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L.Xm,Xcos@,
o= T,
1 )

m, =m,cosf..

where mygy and m, are the loads on each cylinder, m,, is the total weight of the cutting device,
L, is the difference between the S, and L,, as shown in Fig. 6b and L, is the length between
the center of weight W of the cutting device and the end of the 2-cylinders. The pressure
obtained from Eq. 4 is used as the input for Eq. 3. The state variables are defined as shown
in Eq. 6 to express these relationships as state-space expressions:

T
x=[x1 Xy X3 X4 X5 Xg X7 XS]

, . T (6)
=[Sy Sy P, P, S, S, Py Py
The state-space expressions, Eq. 7, are obtained using Egs. 3, 4 and 5:
r)'cl =X,
. L,
%2 =L(macoseC (Apx3 —ATx4)
. K
X3 =APx2 (Ql _Ale)
. K
X4 =A (Q2 +AT.x1)
X%
' @)
X5 =X¢
. 1
Yo =macosﬂc (APX7 B ATXB)
. K
X7 =Apx6 (03 — Apxs)
. K
Xg =ATX6 (Q4 +ATx5).

Control design

The backstepping control is then designed for the state-space model (Eq. 7) of the attitude-
control system’s hydraulic system. First, the system-tracking errors are defined by Eq. 8:

=X X ®)
The differential of the tracking error, z, is calculated in Eq. 9:

4 =X =iy )
The virtual control input for converging Eq. 9 to zero is Eq. 10:

Xog = i1q = ky2y. (Ky > 0). (10)
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The tracking error (Eq. 9) and virtual control input (Eq. 10) are substituted for the
state error in Eq. 11:

2 =Xy = Xyq "
=Zl+k1Z1. ( )

Based on the Lyapunov function (Kanellakopoulos et al., 2019), the state error
(Eq. 11) is defined by Eq. 12:

L,
Vi==z
bt (12)

T )
Vi =212 =220 —kizy.

From Eq. 12, if an error, z, converges to zero, the tracking error, z, is likely to con-
verge to zero. Therefore, the next step is to control, z, to be as close to zero as possible
(Eq. 13).

L = =2y

S . 13)
=Xy = Jyg — k2.
The virtual control input for converging Eq. 13 to zero is Eq. 14:
Xyg =X +X g+ k2 —kyzy, (k> 0). (14)

The tracking error (Eq. 13) and the virtual control input (Eq. 14) are substituted for
the state error in Eq. 15:

234 = X34 = X344

= X34+ X — Xig — k2 + oz, (15

The state error is defined below. Based on the Lyapunov function, the following state
error (Eq. 15) is defined by Eq. 16:

1,
Vo=V, + =z
co (16)
Vy=Vi+ 05 = ki - kg + b
The backstepping control inputs for following the cylinder displacement are shown
in Eq. 17:

hy (x) (xld —k < k=2 = k34Z34) + hy(x)

0, =
81(x) a7)
o () (¥sy — ksZs — keZe — 26 — kyg27g) + hy(x)
! 8(%)

where

@ Springer



754 Precision Agriculture (2023) 24:744-763

8@ =x(A,A;) 20
LiApK LA K
hl(_x) = 1P 1447
L.m,cosf. L.m,cos.
1 LAK as)
hy(x) = m (ATx1 ) (9P _ Asz)
LA;K
™ Loy cong, (170) (0r +Ars).
8@ =x5(A,A7) 20
ApK AK
]’l?’(x) = s T
m,cosf. m,cosb.
3 ApK )
hy(x) = m(ATxS) (BP —Apxé)
ArK
B W(APXS)(HT +Arxg)-

L

According to Lyapunov stability theory, Eq. 17 must be negative definite to stabilize
the system, rendered negative definite by control error. The system-tracking errors are
expressed in Eq. 20:

3 =X X
% =X — Xtk

T34 =Xyt — X~k
A _ (20
s = X5 = Xsq
Zg = Xg — Xs5q + ksZs

Zg3 = X7g + X6 — X5 — ksZs + keZ.

L

where x, is the reference value for the location and the backstepping control gain (k). The
control inputs §; and i, are entered for each hydraulic cylinder to use the designed back-
stepping control.

Field test of Korean cabbage harvester
Control parameter settings

The hydraulic parameters of the attitude control system used in this study are listed in
Table 1. These parameters are input into the designed controller. A reference signal is
introduced to tune k in Eq. 20 of the backstepping controller and compared with the PID
controller used in previous studies (Park et al., 2021). Both controllers were driven using
the maximum cylinder strokes of the attitude control system and designed according to a
trial-and-error approach. The PID control gain (r) is shown in Eq. 21.
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Table 1 Parameter list of the

. Parameters Specification
attitude control system

Cutting device, L, 480 [mm)]
Cutting device, L, 320 [mm]
Cylinder diameter, D 40 [mm]
Rod diameter, d 22 [mm]
Cylinder stroke, S, 120 [mm]
Cylinder stroke, S, 800 [mm]
1-Cylinder, Q, 2.41 [lpm]
1-Cylinder, Q, 1.68 [Ipm]
2-Cylinder, Q5 1.45 [lpm]
2-Cylinder, Q, 1.01 [Ipm]
Effective bulk modulus, K 1.37 x 10° [Pa]
Weight of cutting device, m, 250 [kg]
Goal position, 6, 35 [deg]
Goal position, Cy,. 250 [mm]

ro = [rp1s ris | =130, 0.8, 0.5]

21
= [ 72> rn] =13.0, 0.0, 0.5],

-
k is shown in Eq. 22,

ko = [ky, Ky, k4] = [30, 30, 10]

22
ke = |ks, ke, kog| =110, 1, 1]. @2)

The reference signal was entered as a sine wave at a frequency of 1 Hz. For verification,
the reference signal is input to the 6, and C,,, in the hydraulic proportional control valve.
The results are shown in Fig. 9. Furthermore, Fig. 10 shows the relative errors between
the reference signal and actual 6 and C,. When calculating the root mean square errors
(RMSESs) of the 6, the differences between the backstepping and PID controls were 0.61°
and 3.09° and those of the cutting height had differences of 1.09 and 2.77 mm (Chai &
Draxler, 2014). The relative error of the backstepping controller is smaller than that of the

---reference ---reference
50 |—backstepping control — 50 —backstepping control
b - -PID control = - -PID control
i} S
= =
L S
[*) ©
c
S c
§ g
o =
10 ; L . O
0 5 10 15 20
Time (s)
(a)

Fig.9 Backstepping controller and PID controller reference tracking performance: a pitch angle (6) and b
cutting height (C,)
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30 . J—backstepping control ~ 30 —backstepping control
< - -PID control X - -PID control
< 20t ] S 20 ) ,
E 10 ) el = 100" ! hfes
) -’ ?“ﬁ‘ '\..n‘\ bl' o
o Vi 5 / o
> 0 v p = 0
® 5 4 kS i )
-10 % wf ke 210
= 'l\':‘ \\" '|' = w0 \\ /
20 4 ¥ ©-20 W, W
T ()
&30 30 . . .

0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
(a) (b)

Fig. 10 Relative errors in backstepping and PID controller: a pitch angle (§) and b cutting height (C;,)

PID controller, indicating that the overall follow accuracy of this backstepping control is
high and the backstepping controller is faster and more accurate than the PID controllers.

Experimental design

The experiment was conducted in a field (Fig. 11). The harvest sequence is shown in
Fig. 12. Sixty cabbages were harvested, their cutting surfaces were qualitatively evaluated
and the results were scored by referring to Fig. 5. The scoring criteria were as follows:

Three points for a good cut (Fig. 5a)

Two points for cabbages that required some trimming (less than O mm, roots were cut,
Fig. 5b)

3. One point for over-cutting (cutting height greater than 50 mm, roots not cut, minor head
damage)

N =

* %

5| ridge row [k

)2

e mlhlng vin “,

Fig. 11 Field test environment

@ Springer



Precision Agriculture (2023) 24:744-763 757

(@

Fig. 12 Sequence of Korean cabbage harvester with attitude control system applied: a controlling attitude
of cutting device, b entering and cutting the Korean cabbage, ¢ transfer and d completion

4. Zero points for those that had to be discarded (roots not cut, head damage, Fig. 5b, c).

Next, one ridge row was measured to determine whether the reference position was fol-
lowed accurately. Cabbages were harvested in the ridge row of E, as shown in Fig. 11. The
measurement method used a linear potentiometer attached to the 2-cylinder, as shown in
Fig. 6b, to measure the ridge height (H,) of the field. The linear equation for determining
the H,, using S, is shown in Eq. 23:

H,=A,%5,+B, 23)

For calculating H,, with S, linear equation parameters A, and B;, were obtained using the
design value and calibration [4,, B,]=[-0.71, 596.03]. H, is the height between the
ground and cutting blade in the same manner as C,. However, this differs from C,, depicted
in Fig. 6b. C,, is the height measured by the guide wheel and contributes to maintaining
the distance between the ground and the cutting blade as much as the C,.. However, the
purpose of H, is to measure the height between the cabbage ridge and cutting blade, with
the harvester placed in a flat field during calibration (Eq. 21). H, measures the height of
the cabbage ridge. H,, is used to measure the ridge height and C), is used to measure the gap
between the field and the cutting blade.

Result and evaluation

The results are shown in Fig. 13 and the scoring results are presented in Table 2. Good cut
was observed for 38 cabbage heads, some trimming was needed for 18 heads and over-cut-
ting and missed cuts were observed in only four heads. There were no cabbages with zero
product value. The average harvest performance score was 2.57 out of 3.00, or 85.7%. The
evaluation of cabbage harvesters is typically divided into good cuts, missed and insufficient
cuts, over and excessive cuts and harvest loss (Du et al., 2019; Hong et al., 2001). Table 3
summarized the results and quantified cutting rates for each case in Table 2 using based on
this evaluation method. After harvesting, the remaining soil or outer leaves are removed
and grooming is repeated. Therefore, good cutting and trimming can be considered suc-
cessful. The experimental results show that 93.3% of cabbages are good without damage.
Attitude control for harvesting the one ridge row of the field was verified. Maintenance
performance was verified by measuring the changes in attitude during harvesting. The
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Fig. 13 Korean cabbage cutting surface

7

8

9

a2 Caesad ol IR R B
A 3 2 2 2 2 3 3 3 3 2
B 3 2 3 3 3 3 3 3 1 2
C 2 3 2 3 1 1 3 3 3 3
D 2 2 2 3 3 3 3 3 2 2
E 3 3 2 3 2 3 3 2 1 2
F 3 3 3 1 3 3 3 3 3 3
Average 2.57 out of 3.00
Table 3 Harvesting quality in field test
Ridge row A B C D E F Total
Harvest cabbage (head) 10 10 10 10 10 10 60
Qualified cutting rate
Good cutting (%) 50.0 70.0 60.0 50.0 60.0 90.0 63.3
Needed some trimming (%) 50.0 20.0 20.0 50.0 40.0 0.0 30.0
Over-cutting or missed cutting (%) 0.0 10.0 20.0 0.0 0.0 10.0 6.7
Needed to be discarded (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

results are shown in Fig. 14. The harvester can be viewed as driving while maintaining
the height of the measured ridge using a linear potentiometer. For robust verification, it
confirmed that the reference position was followed, as graphed in Fig. 15. The result is
shown in Fig. 15a, which demonstrates a tracking accuracy of approximately +2.0° with
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400

[ cutting height

_____ ridge height

100
0

Distance (m)

Fig. 14 Harvesting Korean cabbage using the attitude control system

5
Pitch angle (deg)

0
Cutting height (mm)

---goal position ---goal position
—backstepping control 100 —backstepping control
35 o, "
0 VIRRAT -
25 -100
0 1 2 3 5 6 0 1 2 3 4 5 6
Distance (m) Distance (m)
(a) (b)

Fig. 15 Verification of goal position following: a pitch angle (@) control and b cutting height (C},) control

Table 4 Statistics of deviation of

Position error

goal position

Pitch angle, 0 (deg) Cutting height, C;, (mm)

RMSE MAE RMSE MAE

0.73 0.53 11.20 8.97

the cutting angle of the cutting device. The shown in Fig. 15b demonstrates a tracking
accuracy of approximately +25.0 mm with C,, of the cutting device. The harvesting success
rate was increased by maintaining the cutting angle and height.

Table 4 summarizes the statistics of the deviation in the position of the cutting device,
as shown in Fig. 15. The RMSEs of the error # and C;, were 0.73° and 11.20 mm and the
mean absolute errors (MAEs) were 0.53° and 8.97 mm (Chai & Draxler, 2014). These find-
ings suggest that an attitude control system using backstepping control to stabilize attitude
changes prevents relatively large positioning errors at the goal position. The experimental
results demonstrated that when the harvester’s body is sloping, the attitude control system
can improve the position and cutting accuracy of the cutting device of the harvester.

Discussion
The factors that caused cabbage damage during harvesting were analyzed. These experi-

ments and previous studies have confirmed that a cabbage-harvester cutting device with
an attitude control system can significantly reduce harvest failure. However, some of the
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harvested cabbages were damaged. As shown in Table 3, four incidents out of the 60
were of over or missed cutting. Two factors can cause this type of damage.

First, generally in Korea, cultivation methods using mulch vinyl are used to suppress
weeds, maintain moisture and prevent manure or soil loss (Fig. 16). The vinyl caught by
the guide wheel hinders the measurements and as shown in Fig. 16a, the guide wheel is
grounded on the vinyl rather than on the ground. Consequently, an error occurred in the
height measurements. In some parts, harvested cabbages were damaged by old vinyl,
causing inaccurate measurements. In some cases, the harvested cabbage and vinyl were
cut together and additional trimming was conducted. From a design perspective, the
vinyl catching can be solved if the guide wheel is designed by minimizing sharp parts or
corners and if the guide tension is adjusted and pressed to reduce the space between the
vinyl mulch and the ground. From a control perspective, it will be possible to cope with
the vinyl-catching situation by flexibly adjusting C;,. in Table 1.

Second, as shown in Fig. 6b, there is a problem caused by the gap between the guide
wheel measuring the ground’s height and the cutting blade’s central axis. From a design
perspective, the guide wheel was constructed with a gap to prevent breakage by con-
tacting the blade. Furthermore, the guide wheel was produced in a long-stretched form
to measure the height of the ground nearby, avoiding the outer leaves of the cabbage
as much as possible. However, with this 320 mm gap, errors may occur in the cut and
measured heights. As shown in Fig. 14, the harvester is driven while maintaining a con-
stant height from the ground, but the attitude maintenance performance is poor in parts
with frequent slope changes. This problem can be solved by verifying the ground height
of the cutting blade using previous data. If past data are to be used, the velocity must
be calculated to determine the time difference between the guide wheel and the cut-
ting blade. Therefore, the velocity of the harvester is measured. The time difference was
calculated by dividing the velocity by 320 mm. Accordingly, it is possible to improve
harvest performance by controlling the attitude using the correct ground height data of
the cutting position.

5
D

4 mde wheel Ak‘._;
.2

Fig. 16 Problems caused by mulching vinyl during harvesting
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Conclusions

This study proposed a backstepping control-based system to control the attitude of a
Korean cabbage harvester’s cutting device by improving harvesting performance. The per-
formance of the proposed controller was verified experimentally in a domestic cabbage
field. Sixty cabbages were harvested, with an average cutting quality of 86.6% (a score
of 2.57 out of 3.00), indicating cutting performance. This performance was similar to or
higher than previous studies conducted on test beds, even in irregular cabbage fields. The
attitude maintenance performance based on the reference position was also verified. The
RMSE and MAE were calculated to confirm the attitude maintenance performance of the
cutting device, with RMSEs of 0.73° and 11.20 mm in 8 and cutting height and MAEs of
0.53° and 8.97 mm. The experimental results demonstrated that, as shown in Fig. 3, the
cutting can be conducted within a range of 0-50 mm when the harvester body tilts; the atti-
tude control system can improve the position and cutting accuracy of the cutting device of
the harvester. In the future, robust backstepping controllers should be designed to increase
the stability of Korean cabbage harvesters. This study is expected to facilitate the future
mechanization of cabbage harvesters.
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