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The use of a Mamdani-type
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the performance of a boom
stabilization systems in a field
sprayer
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Fuzzy logic models are increasingly used to control simple and complex devices, as well as entire
operating systems. In this study, a fuzzy logic model was applied to assess the performance a boom
stabilization system in a field sprayer. The model was tested on a field sprayer with a trapezoid
system for stabilizing the sprayer boom with a length of 21 m. Measuring cables for registering the
displacement of the boom’s terminal segments (right and left) in the vertical and horizontal plane
were installed on the sprayer. The field sprayer was connected to a tractor. The model was based

on two linguistic variables: "absolute displacement of the boom’s terminal segments" and "boom
stability index". It was assumed that the sprayer boom was stable when the displacement of the
boom’s terminal segments did not exceed 0.25% of boom length. The study demonstrated that the
proposed model can be reliably used to assess boom stability in real time (during field operations).
The time required to achieve boom stability was more than 2.5 times shorter in the vertical than in
the horizontal plane, which can be attributed mainly to the structure of the stabilization system. The
proposed model is universal, and it can be applied to evaluate other boom stabilization systems in
field sprayers.

Ambiguous and imprecise objects, phenomena, and processes can be formally described with the use of the fuzzy
set theory'~>. This is because real-world phenomena are much easier to describe with qualitative than quantita-
tive variables. Fuzzy qualitative concepts such as a "tall" man, a "young" woman, or "low" temperature represent
a certain range of contextual values, and they can be differently interpreted. This theory was put into practice by
Mamdani*® who proposed a fuzzy inference control system. Numerous Mamdani-type fuzzy controllers have
been developed over the years, and they are widely used in technical sciences and engineering. A fuzzy control
system is based on a set of fuzzy logic rules, and it relies on precise measurements or ambiguous linguistic vari-
ables from an expert knowledge base'~>¢7.

The main advantage of fuzzy models over conventional mathematical models is that they require far less
information about the modeled system. The collected data do not have to be precise or certain. Fuzzy systems
convert quantitative input values into linguistic variables, use a set of rules to describe the analyzed phenomena,
and convert fuzzy output signals into quantitative variables. A typical fuzzy model consists of three units: fuzzi-
fication, inference, and defuzzification'>”# (Fig. 1). Inference calculations are conducted with the use of a set of
logic rules that are created based on expert knowledge (linguistic modeling) or analytical data from measurement
systems or mathematical models. The results are used to determine cause and effect relationships between fuzzy
sets of input and output values!'~*67%10,

Fuzzy controllers are widely used in various systems, objects, machines, and devices, including household
equipment, autonomous vehicles, and complex operating systems>*!!-15, Fuzzy controllers are also applied
in agriculture?®, mainly to control agricultural robots'®!?, but also to manage greenhouses'®, sort fruit and
vegetables'*-?!, monitor soil parameters®, control irrigation systems®~%*, and provide decision-making support
in planning and performing farming operations®*~3!.

Faculty of Technical Sciences, University of Warmia and Mazury in Olsztyn, 10-957 Olsztyn, Poland. *“email: zdzislaw.
kaliniewicz@uwm.edu.pl

Scientific Reports|  (2023) 13:18591 | https://doi.org/10.1038/s41598-023-46087-y nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-46087-y&domain=pdf

www.nature.com/scientificreports/

X4

l

X2

l

IF ... THEN ...

r -

Y
Fuzzification |:> Inference |:> Defuzzification :>

. \.

Linguistic expertise Measurements
Rule base

Figure 1. Fuzzy control diagram®.

The application of crop protection chemicals is one of the most important treatments in intensive agricul-
ture that is usually performed with field sprayers. This operation should involve technically sound machinery
to ensure that the applied chemicals are uniformly distributed over the field*>**. According to Reynaldo et al.**
and Kappaun et al.*, effective delivery of crop chemicals is influenced not only by the type of field sprayer, but
also by the structure and position of the sprayer boom, as well as the manner in which the boom is attached to
the sprayer frame. During field operations, the displacement of all boom segments relative to the field should
be minimal (the boom should be positioned at a height of around 0.5 m), and displacement in the horizontal
plane should also be controlled. For this reason, modern agricultural sprayers are equipped with various boom
stabilization systems to minimize displacement when the tractor moves on uneven terrain and to restore the
boom to its original, neutral position®®.

The sprayer boom is controlled with the use of specialist devices that register the movement of all boom
segments®****”. These measurements can be conducted in laboratory track simulators or in the field. Changes
in boom position are registered by cameras or sensors®**-*2. A relatively simple method for monitoring boom
displacement from a neutral position was proposed by Kaliniewicz et al.*’. The cited authors developed a system
of four measuring cables (to calculate the threshold displacement of all boom segments in the horizontal and
the vertical plane) that are wound on the spools of measuring reels and are connected to sensors that measure
the reel’s angle of rotation (Fig. 2). Each reel’s angle of rotation is measured by an encoder connected to a rapid
data acquisition system, and signals are registered with the same sampling frequency of 1 kHz. The proposed
system can also be used to measure the speed and acceleration of the boom’s terminal segments in both planes,
and to determine the resultant values of the examined parameters. To minimize the noise caused by cable vibra-
tion, the moving average is calculated from 10 successive measuring points. The registered data can be plotted
to visualize the displacement of the boom’s terminal segments (Fig. 3). However, the periods when the boom
remains in a stable position and the time needed to restore the boom’s stability cannot be clearly inferred from
the results. Therefore, the aim of the present study was to develop a fuzzy rule-based model for identifying the
stability states of a field sprayer boom.

Model for identifying the stable operation of a sprayer boom

The model for identifying a sprayer boom’s stability states was developed based on a Mamdani-type fuzzy infer-
ence system. The linguistic variable "absolute displacement of the boom’s terminal segments" |d]l (right and left
arm) was analyzed in the horizontal and vertical plane. Three linguistic spaces were assigned to the above variable:

- Admissible displacement,
- Threshold displacement,
- Excessive displacement.

The membership function of admissible displacement of the boom’s terminal segment was described with an
Z-curve (external left) presented in Fig. 4a. This function can be described with the following equation:

1< |d| < ay-d
nptlah = ¢ o (1= ) o jdl = ar-dinjd) < dr W
0 < |d| > d;

where: a, - coefficient (0 < a, < 1), |d| - absolute displacement of the boom’s terminal segment [m], d, - threshold
displacement [m].
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Figure 2. System for measuring the sprayer boom’s displacement from a state of equilibrium: (a) general view;
(b) support arms with reel spools and cable tension springs; (c) loop screws for attaching measuring cables.

The membership function of threshold displacement of the boom’s terminal segment was described with a
t-curve (triangular) presented in Fig. 4b. This function can be described with the following equation:

0 < |d|l <aydU|d| > as-d

d|—ay-d,
w(d) = 324 o 1d] > aydinldl < dp @)

ay-dj—|d|
dl3~(u3—1) < |dl >dN|dl <as-d;

where: a,, a; — coefficients (0<a,<1; 1 <a;<2).
The membership function of excessive displacement of the boom’s terminal segment was described with a
curve presented in Fig. 4c. This function can be described with the following equation:

0« |d| <4
netan = {2 14= 4. G)

The linguistic variable "boom stability index" S was applied to identify the boom’s stability states. Three lin-
guistic spaces were assigned to the above variable:

- Stable boom,
- Threshold boom stability,
-~ Unstable boom.

The membership function of a stable boom state is presented in Fig. 5a. This function can be described with
the following equation:
©) { 0<S<p
= S— 5
Hes ﬁ <~ S > p1 (4)

where: p, - function parameter (0<p, <1), S - boom stability index.
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Figure 3. Displacement of the boom’s terminal segments in two planes (speed - 8 km h™!, without an air
sleeve): A—point of contact between the tractor’s rear wheel and the obstacle, B—point of contact between

the sprayer unit’s wheel and the obstacle, C—point at which the sprayer boom was stabilized, t,—time directly
before the tractor’s rear wheel came into contact with the obstacle, ,—time interval between points at which the
tractor wheel and the sprayer wheel came into contact with the obstacle, t;—time of unstable boom operation
after the sprayer wheel came into contact with the obstacle, t,—time of stable boom operation.
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Figure 4. Membership functions: (a) admissible displacement, (b) threshold displacement, (c) excessive
displacement; a,, a,, a;—coeflicients, d—threshold displacement.
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Figure 5. Membership function of the stable boom state (a) and the result function (b): p,—parameter, S,—
coordinate on the x-axis, y,,.,,—coordinate on the y-axis.

A fuzzy implication of the stable boom state can be defined with the use of an equation for calculating the
bounding coordinate on the y-axis based on the registered displacement of the boom’s terminal segments (left
and right) at a given moment:

Msmax = min{ﬂpl(ldl)rﬂpr(ldl)}a (5)

where: y,,(|d|) - value calculated from the membership function of admissible displacement of the boom’s left
terminal segment, y,,(|d|) - value calculated from the membership function of admissible displacement of the
boom’s right terminal segment.

The resulting function is presented in Fig. 5b, and it can be described with the following equation:

0<—>S§p1

ws/(S) = fj;: < S>pNS<S, (6)
Msmax <> S > Ss

where: S, - coordinate on the x-axis, y,,, — bounding coordinate on the y-axis.
The coordinate on the x-axis can be calculated with the use of the following equation:

Ss = Usmax - (1 _Pl) +p1. (7)

The membership function of threshold boom stability is presented in Fig. 6a, and it is described with the
following equation:

0<—>S§p3USZP4
57
wi(S) = Pz—[;398>p3nsip2> (8)

pa—=S
Pap2 <—>S>pzﬁS < P4

where: p, - function parameter (p;<p,<p,), p; — function parameter (0 < p;<p,), p, — function parameter
(p2<ps<1).

A fuzzy implication of threshold boom stability was defined with the use of an equation for calculating the
bounding coordinate on the y-axis based on the product of registered displacements (absolute values) of the
boom’s terminal segments (left and right) at a given moment:
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#(S) #,(S)
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Figure 6. Membership function of threshold boom displacement (a), the result function (b), and the
membership function of unstable boom state: p,... ps—coefficients; S, S,—coordinates on the x-axis; p,,.x—
bounding coordinate on the y-axis.
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Mimax = pma(ld]) - wi-(141), 9)

where: py(|d]) - value calculated from the membership function of threshold displacement of the boom’s left
terminal segment, p;,(|d|) - value calculated from the membership function of threshold displacement of the
boom’s right terminal segment.

The resulting function is presented in Fig. 6b, and it can be described with the following equation:

0<S<psUS>py

S—ps < S>p3NS <S8y

_ p2—p3
PIS) =N ey < S =S NS <8 (10)

pa—S
Pa—p2

< S§>8,NS < py

where: §;, S, - coordinates on the x-axis, y,,,, — bounding coordinate on the y-axis.
The coordinates on the x-axis can be calculated with the use of the following equation:

Sit = Wimax - (Pz _P3) + P3s (11)

Sp = P4 — Mimax - (P4 - PZ) (12)

The membership function of the unstable boom state is presented in Fig. 6¢, and it is described with the
following equation:

1—i<—>S<p5
= P
Hn(S) { 0 <i>Szp5 , (13)

where: p; — function parameter (0<ps<1).

A fuzzy implication of the unstable boom state can be defined with the use of an equation for calculating the
bounding coordinate on the y-axis based on the registered displacement of the boom’s terminal segments (left
and right) at a given moment:

Mnmax = max{e (|d]), per (1d])}, (14)

where: p,(|d]) - value calculated from the membership function of excessive displacement of the boom’s left
terminal segment, y,,(|d|) - value calculated from the membership function of excessive displacement of the
boom’s right terminal segment.

The discussed coordinate can assume only two values for the adopted membership function of excessive
boom displacement: 0 — when the displacement of the boom’s each terminal segment does not exceed threshold
displacement, or 1 — when the displacement of at least one terminal segment is equal to or exceeds threshold
displacement.

The results of rule aggregation are presented for a scenario where the displacement of the boom’s left terminal
segment is somewhat greater than the displacement of the right terminal segment, and both displacements do
not exceed threshold displacement (Fig. 7). The bounding coordinate on the y-axis will assume the following
values: 0—for excessive displacement; the product of the membership functions of threshold displacement of the
boom’s right and left terminal segments—for threshold displacement; the membership function of admissible
displacement of the boom’s left terminal segment—for admissible displacement. The final value of the boom
stability index is calculated with the center of gravity method>**#** using the following formula:

a)
mlld)

1

dldl |d] (mm]

Figure 7. Membership functions of boom stability states (a) and the result of rule aggregation (b) for a

field sprayer boom: |d}|, |d,|—absolute values of threshold displacement of the booms left and right terminal
SegMENtSs; o Pnmaw Usmax—bounding coordinates on the y-axis for: threshold displacement, unstable boom
state, and stable boom state.
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Z?:] w(Si)

where: n — number of characteristic points on the rule aggregation curve (n=6 in the analyzed scenario),
S; - coordinate of the i-th point on the x-axis, 4’(S;) - coordinate of the i-th point on the y-axis.

§= (15)

Results and discussion

The ISO 14,131 standard* does not include any coefficients for assessing the stability of a field sprayer’s boom.
Therefore, the parameters of the model for identifying boom stability were selected on the assumption that the
distance between spray nozzles should not exceed 0.1 m or 0.5% of the boom’s total length?’. It was assumed
that the threshold displacement of each terminal segment in the vertical plane should not exceed 0.25% of the
boom’s working width. This parameter was set at 52.5 mm for the tested boom with a length of 21 m. The same
threshold displacement was used to determine the boom’s stability in the horizontal plane. The parameters of all
equations for calculating the boom’s displacement and stability states are presented in Table 1.

The displacement of the boom’s terminal segments in each stage of movement during a single test run are
presented in Figs. 8 and 9. Similar values were reported by other authors*. At the tested speed, the displacement
of the boom’s left arm was somewhat smaller than the displacement of the right arm despite the fact that the
obstacle was positioned on the left side of the sprayer unit. After the sprayer unit crossed the obstacle, boom
displacement was greater in the horizontal than the vertical plane, probably because modern stabilization systems
are designed to attenuate vibration only in the vertical plane’**>*°. However, according to many researchers®-2,
boom displacement in the horizontal plane has a more adverse effect on spray quality than vertical displacement.
When the boom is displaced from the sprayer frame in the horizontal plane, the dose applied to some plants
could be insufficient, whereas other plants could be excessively sprayed with the chemical agent®*>*.

Boom displacement was relatively small in the vertical plane, but significant in the horizontal plane when the
rear wheel of sprayer unit came into contact with the obstacle. The peak-to-peak value of the greatest displace-
ment in the boom’s right terminal segment was estimated at 45 mm in the vertical plane and 230 mm in the
horizontal plane. When the tractor crossed the obstacle, the trailer connector was lifted up and sideways, and
a small rotation of the sprayer frame was observed, mainly in the vertical axis. Immediately after crossing the
obstacle, the trailer connector returned to its initial position, and the sprayer boom was displaced once again.
The horizontal displacement of the boom’s terminal segments (not attenuated by the stabilization system) was
considerable, and it was not reduced until the wheel of the sprayer unit came into contact with the obstacle.
When the wheel came into contact with the obstacle, the left boom arm was lifted and rotated in the vertical
and horizontal axis. This sudden movement generated high peak-to-peak values of threshold displacement.
Right-side displacement was similar in both planes (approx. 160-180 mm), whereas left-side displacement was
around 240% greater in the horizontal than in the vertical plane (approx. 20 mm and 65 mm, respectively). In
both planes, terminal boom segments were not displaced far from the neutral position, but the return to the
neutral position occurred more rapidly in the vertical than in the horizontal plane. Similar observations were
made by Pochi and Vannucci*® who analyzed changes in the position of a spray boom with a working width of
12 m on uneven terrain. As previously mentioned, these differences can be attributed to the specificity of the
stabilization system which reduces boom displacement mainly in the vertical plane, whereas displacement in
the horizontal plane is only minimally attenuated?®4°>C.

In the proposed model for identifying the stability states of a sprayer boom, instantaneous values of the boom
stability index S were determined in both planes, and the duration of each stability state is presented in Figs. 8
and 9. Periods of unstable boom operation were also identified. These periods coincided with the moments when
the displacement of at least one boom arm exceeded threshold values, which implies that the model correctly
identified boom instability states. For comparison, Figs. 8 and 9 also present the values of the boom stability
index in the conventional model which can be described with the following equation:

_J o< |dl >4
S_{1<—>|d|§dl‘ (16)

Parameter Value
Threshold displacement [mm)] 52.5
Coefficient a, [ -] 0.5
Coefficient a, [ -] 0.9
Coeflicient a; [ -] 1.1
Coeficient p, [-] 0.5
Coefficient p, [ -] 0.5
Coefficient p; [ -] 0.25
Coefficient p, [ -] 0.75

Table 1. Parameters of the model for identifying the stability states of a field sprayer boom.
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Figure 8. Time of boom displacement and boom stabilization in the vertical plane (speed—6 km h™', without
an air sleeve): A—point of contact between the tractor’s rear wheel and the obstacle, B—point of contact
between the sprayer unit’s wheel and the obstacle, C—point at which the sprayer boom was stabilized, t,—time
directly before the tractor’s rear wheel came into contact with the obstacle, £,—time interval between points at
which the tractor wheel and the sprayer wheel came into contact with the obstacle, t;—time of unstable boom
operation after the sprayer wheel came into contact with the obstacle, t,—time of stable boom operation.

This model can be used to identify two boom stability states. The boom is unstable when the stability index
Sequals 0, and it is stable when S equals 1. In the Mamdani model, the stability index can assume intermediate
values in the range of 0 to 1 in a continuous manner. Threshold values of S (0 and 1) denote unstable and stable
states, but the intermediate state is also possible. Therefore, the value of S describes the intermediate state relative
to threshold states (stable or unstable boom). The differences between the models are marked in green in figure
drawings. The stability index calculated in the Mamdani model has greater practical value because it can be used
in boom stabilization systems as a parameter that predicts changes in boom position. The system’s sensitivity can
be modified by changing the parameters in the model.

When the wheel came into contact with the obstacle, the boom was destabilized only in the horizontal plane.
Five short periods of boom instability were identified up to the moment when the wheel came into contact with
the obstacle (time interval £,), and these periods accounted for around 48% of the analyzed time. After the sprayer
unit crossed the obstacle, the stabilization system rapidly attenuated boom vibrations in the vertical plane, prob-
ably because both arms were propelled in the same direction during the maneuver. The boom was lifted when
the wheels came into contact with the obstacle, after which it rapidly returned to the previous position near the
boom’s center of gravity. The chronometric analysis (Table 2) revealed that the average time required to stabilize
the boom at the tested speed was 1.06 s. The threshold displacement of the boom’s terminal segments (when
§=0) was exceeded in 30% of that time. Boom stabilization time was significantly longer (by approx. 170%)
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Figure 9. Time of boom displacement and boom stabilization in the horizontal plane (speed—6 km h!,
without an air sleeve): A—point of contact between the tractor’s rear wheel and the obstacle, B—point of contact
between the sprayer unit’s wheel and the obstacle, C—point at which the sprayer boom was stabilized, t,—time
directly before the tractor’s rear wheel came into contact with the obstacle, t,—time interval between points at
which the tractor wheel and the sprayer wheel came into contact with the obstacle, t;—time of unstable boom
operation after the sprayer wheel came into contact with the obstacle, t,—time of stable boom operation.

Plane
Parameter Vertical Horizontal
Registered time of travel [s] 10
Time of stable operation ¢, [s] 9.10+0.08 |3.92+0.35
Time of semi-stable operation #, [s] 0.67+0.07 |2.90+0.49
Time of unstable operation ¢, [s] 0.23+0.08 | 3.18+0.20
Stabilization time t; [s] 1.06+0.06 |2.86+0.25

Table 2. Chronometric analysis of the sprayer boom’s stability states.

in the horizontal than in the vertical plane. The proportion of unstable operating time during that period also
increased because the amplitude of displacement of both terminal segments relative to each other was shifted,
and threshold displacement was exceeded for a longer period of time (not only for both arms, but also for the left
and right arm separately). Boom operation was more stable in the vertical than in the horizontal plane directly
before and after the rear wheel of the sprayer unit came into contact with the obstacle (sampling time of 10 s).
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During the entire test, the average time of unstable operation was determined at 0.23 s and 3.18 s, respectively,
which indicates that the stabilization system significantly reduced boom displacement in the vertical plane.
However, new solutions for stabilizing boom operation should be developed in the future to ensure that boom
vibrations are effectively damped also in the horizontal plane.

Materials and methods

The proposed model was validated on a mobile test bench (field sprayer with an air sleeve, AGROLA Zdzistaw
Niegowski, Platkownica, Poland) connected to a Claas AXOS 330 tractor (CLAAS Group, Harsewinkel, Ger-
many). The sprayer was equipped with a 3 m? tank and a hydraulic sprayer boom with a working width of 21 m.
The boom was stabilized by a trapezoid suspension frame® with a vertically mounted vibration damper (Fig. 10).
The boom was mounted to the frame with two tension bars, including a hydraulic cylinder with adjustable
length for changing the boom’s position (in a direction parallel to the crop stand). Boom displacement in the
vertical plane was controlled with the use of a hydraulic damper. The central segment of the sprayer boom is
kept in equilibrium by the damper’s sliding arms, which delays and attenuates boom responses to changes in the
field sprayer’s movement. The bottom bar in the stabilization system was fixed with two slide bushings (on the
right and left side) to prevent excessive friction and to stabilize the central segment of the sprayer boom in the
horizontal plane. The sprayer frame was set on two wheels (tire size 270/95R42).

A system for monitoring boom displacement from an equilibrium position was mounted on the field sprayer
(Fig. 2). The monitoring system was described in detail by Kaliniewicz et al.*’. The system consists of two identical
units installed on both sides of the boom’s central segment. Each unit comprises two supports for registering the
displacement of the boom’s terminal segments, one in the horizontal plane, and the other in the vertical plane.
Displacement is measured with the use of cables. One end of the measuring cable is attached to the terminal
segment of the sprayer boom, and the other end is wound onto one of the spools of the measuring reel connected
to the motion sensor. One end of the tension cable is wound on the other spool, and the other end is attached to
a tension spring. Constant tension is maintained on the measuring cable, and the cable is wound or unwound
from the spool every time the terminal segment of the sprayer boom changes position. The reel’s angle of rotation
is converted to a digital signal by a rotation sensor. The system comprised four cables because the displacement
of the boom’s terminal segments was registered in two planes (horizontal and vertical) and on two sides of the
field sprayer (left and right).

The boom stabilization system was tested and boom displacement was registered on 6 June 2022 according to
ISO 14,131 guidelines*. A straight-line test track with an estimated length of 50 m was marked on a flat surface
paved with concrete blocks. A wooden obstacle with the shape of an isosceles trapezoid in the vertical cross-
section was installed on the test track along the path traveled by the sprayer unit’s left wheels. Obstacle dimen-
sions were described by Kaliniewicz et al.*’. The obstacle was introduced to the test track to simulate real-world
conditions and to set the sprayer boom into motion on uneven terrain. The sprayer tank was filled with water up
to two-thirds of its volume (approx. 2 m?). Tire pressure was 0.35+0.01 MPa, and wheel track width was 1.65 m
for the tractor and the sprayer unit. The spray boom was positioned 0.7 m above the ground to enable a full range
of motion during the test. The test was conducted in triplicate. Tractor speed was 6 km-h™!, and the secondary
blower system was not activated during the test because the inflatable sleeve could restrict the boom’s movement.
The test was conducted on a fair day at a temperature of around 22 + 1 °C and wind speed of around 2 m's™.

Figure 10. Stabilization system of a field sprayer boom: 1—slide bushings, 2—fixed-length bar, 3—hydraulic
cylinder with adjustable length, 4—boom displacement damper in the vertical plane.
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During the test, the sprayer unit moved along the test track, and its movement consisted of five successive
stages: (1) acceleration to the preset speed, (2) movement at the preset speed, (3) crossing the obstacle, (4) move-
ment at the preset speed along a distance of around 10 m, (5) braking. Data from motion sensors were registered
to calculate the displacement of the boom’s terminal segments in the horizontal and vertical plane with the use
of the formulas described by Kaliniewicz et al.*>. A moving average from 10 measuring points was calculated to
minimize the impact of cable vibration on the displacement of the boom’s terminal segments. The parameters of
the model presented in Sect. “Model for identifying the stable operation of a sprayer boom” were chosen based
on expert knowledge (one of the co-authors) to correlate the registered changes in boom position with each
stage of the sprayer unit's movement along the test track. The following parameters were determined based on
a chronometric analysis of the boom stability index S:

- Time of unstable boom operation ¢,,

- Time of stable boom operation ¢,

- Time of semi-stable boom operation t, (for 0<S< 1),

- Time of boom stabilization t; (from the moment the wheel came into contact with the obstacle to the moment
when the displacement of the boom’s terminal segments reached threshold displacement).

Conclusions

The proposed fuzzy logic model can be applied to assess the operation of a field sprayer’s boom and to identify
the boom’s stability states in real time. The model’s parameters can be changed to modify the sensitivity of the
measuring system. Subject to need, the model can be used to register the boom’s stability states or to control the
stabilization system.

The displacement of the boom’s terminal segments is registered in the horizontal and the vertical plane, and
the time during which the boom is stable, semi-stable, and unstable can be accurately determined based on the
calculated values of the boom stability index. To simplify data readout, these values can be analyzed jointly to
identify a common region of stable and unstable boom operation for both planes.

In the future, the developed model can be expanded to include the sprayer unit’s speed and acceleration. The
instantaneous values of these parameters can be registered together with boom displacement. It appears that
the parameters describing the movement of the boom’s terminal segment significantly influence the quality of
spraying operations.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 11 May 2023; Accepted: 27 October 2023
Published online: 30 October 2023

References

1. Dubois, D. & Prade, H. Fundamentals of Fuzzy Sets (Springer, 2000). https://doi.org/10.1007/978-1-4615-4429-6.

2. Czabanski, R., Jezewski, M. & Leski, J. Introduction to fuzzy systems. In Theory and Applications of Ordered Fuzzy Numbers Studies
in Fuzziness and Soft Computing Vol. 356 (eds Prokopowicz, P. et al.) (Springer, 2017). https://doi.org/10.1007/978-3-319-59614-3_2.

3. Gu, X, Han, J,, Shen, Q. & Angelov, P. P. Autonomous learning for fuzzy systems: a review. Artif. Intell. Rev. 56, 7549-7595. https://
doi.org/10.1007/s10462-022-10355-6 (2023).

4. Mamdani, E. H. Applications of fuzzy algorithms for the control of a simple dynamic plant. Proc. IEE 121(12), 1585-1588. https://
doi.org/10.1049/piee.1974.0328 (1974).

5. Mamdani, E. H. Advances in the linguistic synthesis of fuzzy controllers. Int. J. Man-Mach. Stud. 8(6), 669-678. https://doi.org/
10.1016/S0020-7373(76)80028-4 (1976).

6. Sala, A., Guerra, T. M. & Babuska, R. Perspectives of fuzzy systems and control. Fuzzy Sets Syst. 156(3), 432-444. https://doi.org/
10.1016/j.£s5.2005.05.041 (2005).

7. Ficon, K. Application of Mamdani fuzzy controllers in specification of multifactorial risk. Zeszyty Naukowe Akademii Marynarki
Wojennej 3(194), 65-88 (2013).

8. Precup, R.-E. & Hellendoorn, H. A survey on industrial applications of fuzzy control. Comput. Ind. 62(3), 213-226. https://doi.
0rg/10.1016/j.compind.2010.10.001 (2011).

9. Van Broekhoven, E. & De Baets, B. Fast and accurate center of gravity defuzzification of fuzzy system outputs defined on trapezoidal
fuzzy partitions. Fuzzy Sets Syst. 157(7), 904-918. https://doi.org/10.1016/j.fs5.2005.11.005 (2006).

10. Izquierdo, S. S. & Izquierdo, L. R. Mamdani fuzzy systems for modelling and simulation: a critical assessment. J. Artif. Soc. Soc.
Simul. 21(3), 2. https://doi.org/10.18564/jasss.3660 (2018).

11. Ahmadi, M. H. E,, Royaee, S. J., Tayyebi, S. & Boozarjomehry, R. B. A new insight into implementing Mamdani fuzzy inference
system for dynamic process modeling: Application on flash separator fuzzy dynamic modeling. Eng. Appl. Artif. Intell. 90, 103485.
https://doi.org/10.1016/j.engappai.2020.103485 (2020).

12. Yin, H,, Chen, Y.-H. & Yu, D. Fuzzy dynamical system approach for a dual-parameter hybrid-order robust control design. Fuzzy
Sets Syst. 392, 136-153. https://doi.org/10.1016/j.fs5.2019.09.011 (2020).

13. Salahuddin, H. et al. Induction machine-based EV vector control model using Mamdani fuzzy logic controller. Appl. Sci. 12(9),
4647. https://doi.org/10.3390/app12094647 (2022).

14. Castano, E, Cruz, Y. J.,, Villalonga, A. & Haber, R. E. Data-driven insights on time-to-failure of electromechanical manufacturing
devices: A procedure and case study. IEEE Trans. Industr. Inform. 19(5), 7190-7200. https://doi.org/10.1109/TI1.2022.3216629
(2023).

15. He, S., Xu, X,, Xie, J., Wang, F. & Liu, Z. Adaptive control of dual-motor autonomous steering system for intelligent vehicles via
Bi-LSTM and fuzzy methods. Control. Eng. Pract. 130, 105362. https://doi.org/10.1016/j.conengprac.2022.105362 (2023).

16. Zhou, Z., Zhang, Z. & Luo, X. A fuzzy path preview algorithm for the rice transplanting robot navigation system. J. Softw. 9(4),
881-888. https://doi.org/10.4304/JSW.9.4.881-888 (2014).

Scientific Reports |

(2023) 13:18501 | https://doi.org/10.1038/s41598-023-46087-y nature portfolio


https://doi.org/10.1007/978-1-4615-4429-6
https://doi.org/10.1007/978-3-319-59614-3_2
https://doi.org/10.1007/s10462-022-10355-6
https://doi.org/10.1007/s10462-022-10355-6
https://doi.org/10.1049/piee.1974.0328
https://doi.org/10.1049/piee.1974.0328
https://doi.org/10.1016/S0020-7373(76)80028-4
https://doi.org/10.1016/S0020-7373(76)80028-4
https://doi.org/10.1016/j.fss.2005.05.041
https://doi.org/10.1016/j.fss.2005.05.041
https://doi.org/10.1016/j.compind.2010.10.001
https://doi.org/10.1016/j.compind.2010.10.001
https://doi.org/10.1016/j.fss.2005.11.005
https://doi.org/10.18564/jasss.3660
https://doi.org/10.1016/j.engappai.2020.103485
https://doi.org/10.1016/j.fss.2019.09.011
https://doi.org/10.3390/app12094647
https://doi.org/10.1109/TII.2022.3216629
https://doi.org/10.1016/j.conengprac.2022.105362
https://doi.org/10.4304/JSW.9.4.881-888

www.nature.com/scientificreports/

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kafiev, I, Romanov, P. & Romanova, I. Control system of a robotic irrigation machine based on the Mamdani fuzzy algorithm. J.
Phys. Conf. Ser. 2096, 012014. https://doi.org/10.1088/1742-6596/2096/1/012014 (2021).

Wang, L. & Zhang, H. An adaptive fuzzy hierarchical control for maintaining solar greenhouse temperature. Comput. Electron.
Agric. 155, 251-256. https://doi.org/10.1016/j.compag.2018.10.023 (2018).

Iraji, M. S. & Tosinia, A. Classification tomatoes on machine vision with fuzzy the Mamdani inference, adaptive neuro fuzzy infer-
ence system based (anfis-sugeno). Aust. J. Basic Appl. Sci. 5(11), 846-853 (2011).

Alavi, N. Date grading using rule-based fuzzy inference system. J. Agric. Technol. 8(4), 1243-1254 (2012).

Hamza, R. & Chtourou, M. Design of fuzzy inference system for apple ripeness estimation using gradient method. IET Image
Process. 14, 561-569. https://doi.org/10.1049/iet-ipr.2018.6524 (2020).

Velandia, J. B., Quintana, J. S. C. & Vanegas, S. C. A. Environment humidity and temperature prediction in agriculture using Mam-
dani inference systems. Int. J. Electr. Comput. Eng. 11(4), 3502-3509. https://doi.org/10.11591/ijece.v11i4.pp3502-3509 (2021).
Ibrahim, E. S., Konditi, D. & Musyoki, S. Smart irrigation system using a fuzzy logic method. Int. J. Eng. Res. Technol. 11(9),
1417-1436 (2018).

Hajji, S. et al. Using a Mamdani fuzzy inference system model (MFISM) for ranking groundwater quality in an agri-environmental
context: Case of the Hammamet-Nabeul shallow aquifer (Tunisia). Water 13(18), 2507. https://doi.org/10.3390/w13182507 (2021).
Xie, J. et al. Smart fuzzy irrigation system for litchi orchards. Comput. Electron. Agric. 201, 107287. https://doi.org/10.1016/j.
compag.2022.107287 (2022).

Abbaspour-Gilandeh, Y. & Sedghi, R. Predicting soil fragmentation during tillage operation using fuzzy logic approach. J. Ter-
ramechanics 57, 61-69. https://doi.org/10.1016/j.jterra.2014.12.002 (2015).

Papageorgiou, E. 1., Kokkinos, K. & Dikopoulou, Z. Fuzzy sets in agriculture. In Fuzzy Logic in Its 50th Year. Studies in Fuzziness
and Soft Computing Vol. 341 (eds Kahraman, C. et al.) (Springer, 2016). https://doi.org/10.1007/978-3-319-31093-0_10.
Pourjafar, M. & Mazloomzadeh, M. Application of fuzzy logic in agricultural systems: A review. IRA Int. J. Appl. Sci. 8, 73-82
(2017).

Kuanr, M., Rath, B. K. & Mohanty, S. N. Crop recommender system for the farmers using Mamdani fuzzy inference model. Int. J.
Eng. Technol. 7(4.15), 277-280. https://doi.org/10.14419/ijet.v7i4.15.23006 (2018).

Chilwal, B. & Mishra, P. K. A Survey of fuzzy logic inference system and other computing techniques for agricultural diseases. In
International Conference on Intelligent Computing and Smart Communication 2019. Algorithms for Intelligent Systems (eds Singh
Tomar, G. et al.) (Springer, 2020). https://doi.org/10.1007/978-981-15-0633-8_1.

Nithiya, S. & Annapurani, K. Optimised fertiliser suggestion in smart agriculture system based on fuzzy inference rule. Acta Agric.
Scand. B Soil Plant Sci. 71(3), 191-201. https://doi.org/10.1080/09064710.2021.1872695 (2021).

Bayat, A., ftmeg, M. & Bolat, A. Modal analysis of field sprayer boom design for different materials. Sci. Pap. Ser. A. Agron. 61(1),
434-437 (2018).

Yan, J. et al. Analysis of dynamic behavior of spray boom under step excitation. Appl. Sci. 11(21), 10129. https://doi.org/10.3390/
app112110129 (2021).

Reynaldo, E. E, Machado, T. M., Taubinger, L. & de Quadros, D. Vertical and horizontal oscillation of three models of self-propelled
boom sprayers. Rev. Bras. Eng. Agric. Ambient 20(10), 941-945. https://doi.org/10.1590/1807-1929/agriambi.v20n10p941-945
(2016).

Kappaun, R., de Meira Junior, A. D. & Walber, M. Parameters for modeling passive suspensions of spray bars. Engenharia Agricola
41(3), 368-378. https://doi.org/10.1590/1809-4430-Eng.Agric.v41n3p368-378/2021 (2021).

Lipinski, A. J., Sobotka, S. M. & Lipinski, S. A survey of stabilisation systems of field spraying machine toolbars. Agric. Eng. 8(133),
181-187 (2011).

Lardoux, Y., Sinfort, C., Enfilt, P, Miralles, A. & Sevila, F. Test method for boom suspension influence on spray distribution, part
II: Validation and use of a spray distribution model. Biosyst. Eng. 96(2), 161-168. https://doi.org/10.1016/j.biosystemseng.2006.
10.003 (2007).

Langenakens, J. J., Clijmans, L., Ramon, H. & De Baerdemaeker, J. The effects of vertical sprayer boom movements on the uniform-
ity of spray distribution. J. Agric. Eng. Res. 74(3), 281-291. https://doi.org/10.1006/jaer.1999.0464 (1999).

Ooms, D., Ruter, R., Lebeau, F. & Destain, M.-F. Impact of the horizontal movements of a sprayer boom on the longitudinal spray
distribution in field conditions. Crop Prot. 22(6), 813-820. https://doi.org/10.1016/S0261-2194(03)00045-0 (2003).

Lardousx, Y., Sinfort, C., Enfilt, P. & Sevila, E. Test method for boom suspension influence on spray distribution, part I: Experimental
study of pesticide application under a moving boom. Biosyst. Eng. 96(1), 29-39. https://doi.org/10.1016/j.biosystemseng.2006.08.
014 (2007).

Herbst, A., Osteroth, H.-J. & Stendel, H. A novel method for testing automatic systems for controlling the spray boom height.
Biosyst. Eng. 174, 115-125. https://doi.org/10.1016/j.biosystemseng.2018.06.003 (2018).

Qiu, W. et al. Analysis of factors influencing vibration suppression of spray boom-air suspension for medium and small-scale
high-clearance sprayers. Sensors 21(20), 6753. https://doi.org/10.3390/s21206753 (2021).

Kaliniewicz, Z., Lipiniski, A., Markowski, P, Szczyglak, P. & Lipinski, S. A system for measuring boom displacement in a field
sprayer unit. Measurement 222, 113594 https://doi.org/10.1016/j.measurement.2023.113594 (2023).

Yuan, X.-H., Liu, Z.-L. & Lee, E. S. Center-of-gravity fuzzy systems based on normal fuzzy implications. Comput. Math. Appl.
61(9), 2879-2898. https://doi.org/10.1016/j.camwa.2011.03.074 (2011).

Kruse, R., Mostaghim, S., Borgelt, C., Braune, C. & Steinbrecher, M. Fuzzy control. In Computational Intelligence. Texts in Computer
Science (eds Kruse, R. et al.) (Springer, 2022). https://doi.org/10.1007/978-3-030-42227-1_20.

ISO 14131:2005. Agricultural sprayers - Boom steadiness — Test methods. International Organization for Standardizations, Geneva,
Switzerland.

Regulation of the Minister of Agriculture and Rural Development of 31 December 2013 on the technical condition of equipment
for applying crop protection agents. Journal of Laws of the Republic of Poland No. 1742. https://dziennikustaw.gov.pl/D201300017
4201.pdf.

Pochi, D. & Vannucci, D. A system with potentiometric transducers to record spray boom movements under operating conditions.
Biosyst. Eng. 82(4), 393-406. https://doi.org/10.1006/bioe.2002.0090 (2002).

Deprez, K., Anthonis, J. & Ramon, H. System for vertical boom corrections on hilly fields. J. Sound Vib. 266(3), 613-624. https://
doi.org/10.1016/S0022-460X(03)00588-1 (2003).

Tahmasebi, M., Rahman, R., Mailah, M. & Gohari, M. Sprayer boom active suspension using intelligent active force control. Int.
J. Mech. Mechatron. Eng. 6(8), 1533-1537. https://doi.org/10.5281/zenodo.1332344 (2012).

Anthonis, J. & Ramon, H. Design of an active suspension to suppress the horizontal vibrations of a spray boom. J. Sound Vib.
266(3), 573-583. https://doi.org/10.1016/S0022-460X(03)00585-6 (2003).

Anthonis, J., Audenaert, J. & Ramon, H. Design optimisation for the vertical suspension of a crop sprayer boom. Biosyst. Eng.
90(2), 153-160. https://doi.org/10.1016/j.biosystemseng.2004.08.011 (2005).

Jeon, H. Y., Womac, A. R. & Gunn, J. Sprayer boom dynamic effects on application uniformity. Trans. ASAE 47(3), 647-658. https://
doi.org/10.13031/2013.16094 (2004).

Balsari, P, Marucco, P. & Tamagnone, M. A test bench for the classification of boom sprayers according to drift risk. Crop Prot.
26(10), 1482-1489. https://doi.org/10.1016/j.cropro.2006.12.012 (2007).

Scientific Reports |

(2023) 13:18501 | https://doi.org/10.1038/s41598-023-46087-y nature portfolio


https://doi.org/10.1088/1742-6596/2096/1/012014
https://doi.org/10.1016/j.compag.2018.10.023
https://doi.org/10.1049/iet-ipr.2018.6524
https://doi.org/10.11591/ijece.v11i4.pp3502-3509
https://doi.org/10.3390/w13182507
https://doi.org/10.1016/j.compag.2022.107287
https://doi.org/10.1016/j.compag.2022.107287
https://doi.org/10.1016/j.jterra.2014.12.002
https://doi.org/10.1007/978-3-319-31093-0_10
https://doi.org/10.14419/ijet.v7i4.15.23006
https://doi.org/10.1007/978-981-15-0633-8_1
https://doi.org/10.1080/09064710.2021.1872695
https://doi.org/10.3390/app112110129
https://doi.org/10.3390/app112110129
https://doi.org/10.1590/1807-1929/agriambi.v20n10p941-945
https://doi.org/10.1590/1809-4430-Eng.Agric.v41n3p368-378/2021
https://doi.org/10.1016/j.biosystemseng.2006.10.003
https://doi.org/10.1016/j.biosystemseng.2006.10.003
https://doi.org/10.1006/jaer.1999.0464
https://doi.org/10.1016/S0261-2194(03)00045-0
https://doi.org/10.1016/j.biosystemseng.2006.08.014
https://doi.org/10.1016/j.biosystemseng.2006.08.014
https://doi.org/10.1016/j.biosystemseng.2018.06.003
https://doi.org/10.3390/s21206753
https://doi.org/10.1016/j.measurement.2023.113594
https://doi.org/10.1016/j.camwa.2011.03.074
https://doi.org/10.1007/978-3-030-42227-1_20
https://dziennikustaw.gov.pl/D2013000174201.pdf
https://dziennikustaw.gov.pl/D2013000174201.pdf
https://doi.org/10.1006/bioe.2002.0090
https://doi.org/10.1016/S0022-460X(03)00588-1
https://doi.org/10.1016/S0022-460X(03)00588-1
https://doi.org/10.5281/zenodo.1332344
https://doi.org/10.1016/S0022-460X(03)00585-6
https://doi.org/10.1016/j.biosystemseng.2004.08.011
https://doi.org/10.13031/2013.16094
https://doi.org/10.13031/2013.16094
https://doi.org/10.1016/j.cropro.2006.12.012

www.nature.com/scientificreports/

Author contributions

Conceptualization, A.L., and P.M.; methodology, Z.K., A.L., and P.M.; software, Z.K. and P.S; validation, Z.K.,
A.L. and P.S,; formal analysis, Z.K., P.S. and S.L.; investigation, A.L. and P.S.; resources, A.L.; data curation, P.S;
writing-original draft preparation, Z.K. and PM.; writing-review and editing, Z.K., A.L., PM. and S.L.; visu-
alization, Z.K. and P.S;; supervision, Z.K. and P.M.; project administration, A.L.; funding acquisition, A.L. All
authors have read and agreed to the published version of the manuscript.

Fundin

The preserglted research was funded by the Polish National Center for Research and Development (NCBR) within
the framework of the project entitled "A family of field sprayers with an air sleeve" (No. MAZOWSZE/0002/19).
Publication co-financed by the state budget under the program of the Ministry of Education and Science (Repub-
lic of Poland) under the name Excellent Science — Support for Scientific Conferences entitled "XXIII Polish
Nationwide Scientific Conference "PROGRESS IN PRODUCTION ENGINEERING 2023" project number DNK/
SP/546290/2022 amount of funding PLN 162 650,00 total value of the project PLN 238 650,00 (Poland).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

s License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:18501 | https://doi.org/10.1038/s41598-023-46087-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The use of a Mamdani-type fuzzy model for assessing the performance of a boom stabilization systems in a field sprayer
	Model for identifying the stable operation of a sprayer boom
	Results and discussion
	Materials and methods
	Conclusions
	References


