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Abstract

Stable and uniform pesticide application is essential for precision crop protection, input-use
efficiency, and the reduction of off-target losses in large-scale farming systems. Large
boom sprayers are important agricultural machines for high-efficiency crop protection, but
their wide and flexible booms are highly sensitive to terrain-induced excitation, chassis
motion, liquid sloshing, and hydraulic nonlinearities. These disturbances can cause roll,
yaw, vertical oscillation, and boom-end height variation, thereby reducing spray unifor-
mity, increasing drift risk, and threatening operational safety. Hybrid active-passive boom
suspension systems have therefore become a key enabling technology for modern precision
spraying. This review summarizes research progress in the structural design, dynamic mod-
eling, sensing, and control of boom suspension systems for large-scale agricultural sprayers.
Mainstream commercial machines commonly use double-pendulum active—passive suspen-
sion architectures, in which passive components attenuate high-frequency vibration and
active subsystems improve low-frequency terrain-following performance. Recent studies
have advanced electro-hydraulic actuation, disturbance compensation, adaptive control,
multi-sensor fusion, and field evaluation methods; however, a unified framework for
coupling boom dynamics, spray quality, sensing accuracy, and whole-machine operation
remains incomplete. Key challenges include rigid—flexible-hydraulic coupling, underactu-
ated control, uncertain parameters, external disturbances, and posture estimation errors
caused by boom elastic deformation and sensor noise. Future research should emphasize
rigid—flexible—fluid-coupled modeling, adaptive output-feedback control with disturbance
and resonance suppression, terrain-preview and multi-source perception, and coordinated
chassis—boom-spray control. These developments can support more stable, efficient, and
environmentally responsible spraying operations in modern precision agriculture.

Keywords: precision crop protection; boom sprayer; spray uniformity; pesticide application;
active—passive suspension; boom stability; sensing and control; drift reduction

1. Introduction

The transformation of agricultural production toward larger operational scales and
higher levels of precision has substantially increased the demand for high-performance
plant protection equipment. Conventional knapsack sprayers and small boom sprayers
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are no longer sufficient to meet the requirements of modern crop production in terms of
field efficiency, input-use efficiency, and environmental protection. In this context, large
boom sprayers, especially high-clearance and self-propelled types, have become essen-
tial equipment for disease, pest, and weed management in large-scale cropping systems
because of their advantages in operational efficiency, spray uniformity, and adaptability
to field operations [1]. However, wide booms are typically large-span, flexible, weakly
damped truss structures. Under field operating conditions, the boom with large span is a
highly flexible and weakly damped truss structure. During field operations, it is affected
by various uncertain factors such as random ground excitation, vehicle speed variations,
and spray-liquid sloshing, resulting in irregular motion and vibration, primarily including
boom tilting, yawing, and horizontal oscillation [2—4]. Extensive research indicates that
boom tilting can cause pesticide “miss-spraying” and “overlapping spraying” phenomena
(as shown in Figure 1), leading to increased droplet deposition variability and significantly
impacting application quality [5-7]. Additionally, tilting boom may contact crop canopies
or even break upon impact with the ground. To enhance application quality and operational
safety, large-scale sprayers urgently require spray boom suspension systems. Nevertheless,
the mechanisms governing the dynamics of large flexible booms remain insufficiently
understood, and the design methods and control theories for hybrid active—passive suspen-
sions are still incomplete. These issues have become one of the key bottlenecks restricting
the development of large-scale boom sprayers.

Spray boom motion

Ideal distribution pattern
Spray boom /\
A T—N\

suspension system _
Boom support frame Spray boom

i

L Unsprayed area x Non-uniform spray distribution J

along the boom width direction
Figure 1. Uneven spray distribution caused by boom roll motion. Adapted from Ref. [4].

To improve boom stability and maintain an appropriate boom working height, active—
passive suspension systems have gradually been adopted in advanced large boom sprayers.
These systems combine the high-frequency vibration isolation capability of passive sus-
pension with the low-frequency terrain-following capability of active control, thereby
providing a relatively stable platform for uniform spraying [8]. The objective is to maintain
a near-constant nozzle-to-target distance under varying terrain and chassis disturbance
conditions while avoiding boom contact with the crop canopy or soil surface.

Although hybrid active-passive suspension systems have been widely adopted in
commercial practice, systematic research on the design and control theory of active boom
suspension systems remains relatively limited. Recent studies have gradually focused
on improving boom attitude regulation and control strategies. For example, one study
designed a nonlinear robust control algorithm based on a disturbance observer. This
method can effectively estimate and compensate for model uncertainties and external
disturbances in hydraulic systems, thereby improving the attitude-tracking performance
of active suspension systems under parameter variations and disturbance conditions [9].
Another study on a double-pendulum structure proposed the use of particle swarm op-
timization (PSO) to optimize the parameters of a fuzzy PID controller. The validation
results showed that, compared with conventional PID or fuzzy PID control, this algorithm
could reduce overshoot and shorten settling time, while achieving high-frequency vehicle
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disturbance isolation and low-frequency terrain tracking [10]. These findings indicate that
advanced control strategies can significantly enhance the dynamic response and stability of
active boom suspension systems, thereby contributing to improved spray uniformity and
operational safety in practical applications.

The complexity of this dynamic problem mainly arises from the following aspects.
First, the boom suspension system itself is a strongly coupled mechanical-hydraulic—-
electrical system. Second, large-span booms exhibit significant flexible deformation, which
is highly coupled with chassis motion and the suspension mechanism. Third, the hy-
draulic servo system introduces nonlinear factors such as flow gain variation, friction, oil
compressibility, and leakage, which pose additional challenges to control system design.
Finally, under complex field terrain and canopy conditions, accurate boom attitude mea-
surement is difficult to achieve because of sensor noise and uncertainty. These factors
together make the coordinated control of passive high-frequency vibration suppression
and active low-frequency disturbance tracking an important and challenging scientific and
engineering problem.

1.1. Review Contribution

Against this background, a comprehensive review of the dynamic characteristics
and control methods of active suspension systems for large-scale spray booms is of great
significance. This paper aims to summarize research progress in boom dynamics, passive
suspension design, active—passive suspension control, and electro-hydraulic servo control.
It also focuses on analyzing the major limitations of current research and discusses future
trends toward more robust, intelligent, and integrated boom stabilization systems.

Unlike previous review articles that mainly focused on spray technologies, boom
dynamics, agricultural machinery, or individual control algorithms, this review specifically
concentrates on hybrid active—passive suspension systems for large spray booms from an
integrated engineering perspective. Existing reviews generally discuss boom vibration,
spray application, sensing technologies, or agricultural machinery separately, whereas the
coupling relationships among chassis dynamics, suspension mechanisms, boom structural
flexibility, sensing systems, electro-hydraulic actuation, control strategies, and spray quality
have received limited systematic attention.

1.2. Review Methodology

This review follows a narrative review methodology. Relevant literature was col-
lected primarily from the Web of Science, Scopus, Google Scholar, IEEE Xplore, and CNKIL
The search covered publications from approximately 1990 to 2026 using combinations of

a7

keywords including “spray boom”, “boom suspension”, “active suspension”, “hybrid sus-
pension”, “electro-hydraulic control”, “spray quality”, “terrain following”, and “precision
agriculture”. Commercial products, international standards, and representative studies
were selected based on their technical influence, citation frequency, engineering relevance,

and contribution to boom stabilization technologies.

2. Current Research Status and Analysis

Internationally recognized agricultural machinery manufacturers, such as John Deere,
AMAZONE, HARDI, Agrifac, CNH, and AGCO, have developed boom sprayers with
increasingly larger working widths (exceeding 50 m in some models). Large size, in-
telligence, and high efficiency are the dominant trends. Boom stabilization is predom-
inantly achieved using double-pendulum suspension architectures. Specifically, based
on pendulum-type passive suspension, a sensing system and an electro-hydraulic servo
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control system are added to form a two-stage pendulum mechanism integrating active and
passive functions [11], as illustrated in Figure 2.

(©) ()

Figure 2. Boom sprayers equipped with hybrid active—passive suspensions in commercial products:
(a) AMAZONE Pantera series; (b) Agrifac Condor series; (¢) HARDI COMMANDER series; (d) John
Deere R4140 series. Adapted from the official websites of AMAZONE, Agrifac, HARDI, and John
Deere, respectively (accessed on 15 May 2026).

A summary of representative manufacturers, model series, boom widths, and sus-
pension types is given in Table 1. Most of these products adopt double-pendulum hybrid
active—passive suspensions. These companies were established earlier and have accumu-
lated long-term technical expertise in wide-boom suspension technologies.

Table 1. Suspension types of boom systems in representative sprayers.

Manufacturer Model Suspension Type Suspension Principle = Boom Width (m)
{E’QX)Deere (Moline, I, ¢ 4140,4940 /5430 Pendulum Hybrid active-passive  26.4-36.5
Agrifac (Steenwijk, The Condor/Condor . . .

Netherlands) Clearance Pendulum Hybrid active-passive =~ 21-51
AMAZONE . . .

(Hasbergen, Germany) Pantera 4504 /7004 Pendulum Hybrid active—passive ~ 2148
[‘A}gf)o (Duluth, GA, 2 G635/RG645/RG655  Pendulum Hybrid active-passive 2436
Matrot .

(Noyers-Saint-Martin, 11\3/5)41) Hellios/Xenon Pendulum Hybrid active—passive =~ 28-38
France)

HARDI (Norre Alslev,  Commander . . .

Denmark) 4400/ ALPHA Pendulum Hybrid active—passive ~ 18-36

Although crop protection machinery enterprises and research institutes in China have
increasingly focused on large high-end boom sprayers, a complete theoretical framework for
the design of hybrid active-passive boom suspension systems has not yet been established.
Investigating the dynamic behavior mechanisms and control methods of spray booms
under double-pendulum hybrid suspensions is therefore crucial for identifying effective
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approaches to improve spraying quality. The basic structure and principle of a pendulum-
type hybrid suspension are shown in Figure 3. The boom is connected to the sprayer chassis
via the suspension device. The first-stage pendulum is hinged to the chassis, and the second-
stage pendulum is hinged to the first-stage pendulum. The relative angle between the two
pendulum links is adjusted by a hydraulic cylinder driven by a proportional valve.

Support Frame
Pendulum Mechanism

V2

QO Revolute Joint

Hydraulic Cylinder

ally

Support Bracket  Boom Center Frame

(b)

Figure 3. Schematic of a double-pendulum hybrid active—passive suspension: (a) 3D view;

Spring D: Syst
Spray Boom Arm P8 oM Sysiem

(b) simplified schematic diagram. Adapted from Ref. [5].

2.1. Dynamic Characteristics of Large Booms and Passive Suspension Research

The dynamic behavior of wide spray booms has long been recognized as a critical
factor affecting spraying quality. As the boom width increases, even small vehicle roll
motions or terrain disturbances can cause significant vertical displacements at the boom
ends. For this reason, passive suspension systems were first introduced to isolate vibration
and improve boom stability. Research on boom dynamic mechanisms mainly includes:
(i) mechanisms by which boom dynamics affect spray performance [12]; (ii) modeling of
boom suspension dynamic characteristics [13]; (iii) suspension design methodologies [14];
and (iv) field measurement methods for boom vibration [15,16].

Early studies focused primarily on modeling the dynamic response of passive suspen-
sion systems. Frost A. R. et al. [17] were among the first to establish a mathematical model
for the dynamic behavior of a trapezoidal passive boom suspension system. By considering
roll and yaw excitation inputs, they accurately predicted boom motion behavior, and the
experimentally obtained natural frequency and response characteristics of the suspension
agreed well with model predictions. The passive suspension automatically balances itself
through changes in the spray boom’s center of gravity, primarily composed of a pendu-
lum mechanism, auxiliary linkages, springs, and dampers, functioning solely to isolate
high-frequency vibrations. The research of the rod-piston trapezoidal passive suspension
started early, and the design theory and method are perfect, which has a good reference
significance for the study of the dynamic behavior mechanism of the double-pendulum
active and passive suspension. Anthonis J. et al. performed analytical modeling of the
roll dynamics of a pendulum-type passive suspension used in a 39 m boom of a John
Deere sprayer and conducted simulation-based parameter optimization for the installation
locations of springs and dampers in the suspension model [18]. However, these parameter
optimization studies generally treated the boom as a rigid body and did not explicitly
consider boom elastic deformation and uncertain external disturbances.

The passive suspension of a boom sprayer usually consists of pendulum mechanisms,
auxiliary links, springs, and dampers. Its principal role is to isolate high-frequency vi-
bration and provide self-balancing behavior according to changes in the boom center of
gravity. Among different passive suspension forms, trapezoidal suspensions, pendulum

https://doi.org/10.3390/agriculture16141551


https://doi.org/10.3390/agriculture16141551

Agriculture 2026, 16, 1551

6 of 24

suspensions, cable suspensions, and universal-joint suspensions have all been investigated.
Their design theories and methods have become relatively mature for medium-width
booms, and these studies provide useful references for the development of more advanced
large-boom suspension systems.

Cui et al. [19] established a dynamic model of a 28 m large boom and its pendulum-
type passive suspension system, analyzed the influences of the passive suspension natural
frequency, damping ratio, and geometric parameters on dynamic characteristics, and
conducted model-based suspension parameter optimization, thereby improving passive
suspension design theory. The team also developed a suspension system test platform with
a rated load of 2000 kg, capable of testing large booms up to 30 m in width [20]. For the
design of large wide-span flexible booms, the team validated a finite element model via
modal testing and then performed size optimization under a first-order natural frequency
constraint to reduce boom mass [21].

Although existing studies have provided useful insights into the dynamic behavior
of passive suspension systems, several limitations remain. First, most suspension models
simplify the boom as a rigid body, which becomes increasingly inaccurate as boom width
increases and flexible deformation becomes more pronounced. Second, the interaction
among chassis motion, suspension dynamics, boom flexibility, and fluid loading is rarely
considered in an integrated manner. Third, the frequency-domain coordination between
passive vibration isolation and active control has not been sufficiently addressed, especially
for double-pendulum active—passive systems. Therefore, future research should move
beyond isolated passive suspension analysis toward coupled dynamic modeling of the
chassis—suspension-boom system and should optimize passive suspension parameters in
coordination with active control design to prevent resonance and improve boom stability
over a wide operating range.

2.2. Research Progress in Active-Passive Boom Suspension Control

As boom width and operating speed increase, passive suspension alone is often
insufficient to maintain stable boom posture under complex field conditions. For this
reason, active—passive boom suspension systems have been increasingly introduced. Such
systems generally consist of hydraulic actuators, sensors, a power source, and an electronic
control unit. By adjusting actuator output continuously, the active subsystem can regulate
boom posture so that the boom remains approximately parallel to the target surface while
maintaining a relatively constant nozzle-to-target distance. This is essential for reducing
spray drift, improving deposition uniformity, and reducing operator workload.

Research on active—passive suspension control began relatively early in Europe. Frost
A.R. etal. [22] established a mathematical model for a hybrid trapezoidal suspension and
improved the low-frequency tracking performance of a passive suspension by adding an
active actuator. Feedback control was applied to the active control of trapezoidal boom
suspensions. They derived the suspension transfer function and state-space dynamic
equations and conducted experimental studies using optimal control and pole placement.
However, improved control accuracy and disturbance rejection required higher feedback
gains, which increased sensitivity to sensor noise; thus, careful filter design was necessary.

Deprez K. et al. [23] developed a cable-based active—passive suspension system in
which boom roll motion was corrected by a motor-driven pulley mechanism. They estab-
lished a model using mathematical description and experimental identification, designed
active controllers for the cable suspension, and conducted simulations and frequency-
sweep experiments on a six-degree-of-freedom vibration test bench. Field tests after system
integration showed that a low-power 70 W actuator could achieve low-frequency terrain-
following control for a 600 kg boom. Nevertheless, due to limited output torque and large
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volume, motors (or electric cylinders) are not suitable for active control of large-boom
suspensions. Even so, the theoretical and experimental research on trapezoidal and cable-
based hybrid suspensions provides valuable insights for developing control methods for
double-pendulum hybrid suspensions.

In China, most existing studies on boom control have focused on boom height regula-
tion and lateral balance control for relatively short and medium-width booms. For instance,
Yang Xuejun et al. [24] designed an expert-control-based boom height adjustment system.
Using prior knowledge and experience, the system measured the attitude of the sprayer
and the height of the spray boom, and the expert control inference engine output control
commands for the actuators. Wei Xinhua et al. [25] developed an online regulation system
for spray boom height and balance of boom sprayers. Ultrasonic ranging sensors were
adopted to detect the distance from both ends of the spray boom to the ground, and the
boom height and balance were adjusted in real time via a PID controller. Li Jinyang et
al. [26] developed an automatic boom height adjustment system and a trapezoidal active
suspension for a 3W-1200 mounted boom sprayer provided by Sino-Agri FengMao Plant
Protection Machinery Co., Ltd. (Tianjin, China) using an FPID controller to improve terrain-
following accuracy. Zhai et al. [27] designed an automatic height adjustment system based
on ultrasonic sensors and GPS and conducted spray deposition distribution experiments.
Tan et al. [28] developed a boom height feedback control system composed of height
detection sensors, a hydraulic regulation system, and control hardware/software. Notably,
these studies primarily employed PID controllers, and the booms considered were typically
24 m or less.

In summary, the commonly used control methods for spray boom suspensions world-
wide mainly include PID control, optimal control, state-feedback pole-placement control,
etc. These methods are relatively simple and practical and may perform adequately in
systems with limited boom width, weak external disturbance, and modest dynamic require-
ments. However, for large-scale boom sprayers, boom flexibility, random terrain excitation,
chassis coupling, and hydraulic nonlinearities become much more pronounced. Under
these conditions, control performance cannot be ensured merely by increasing feedback
gain. In fact, high-gain control may amplify measurement noise and even excite undesir-
able dynamic modes. Consequently, the limitations of conventional controllers become
increasingly evident in large boom applications.

Therefore, a growing body of research has emphasized the need for advanced control
strategies capable of explicitly accounting for disturbance, parameter uncertainty, and
system nonlinearity. In particular, large boom active suspension control should not be
regarded as a simple height adjustment problem, but rather as a strongly coupled, un-
deractuated, and disturbance-sensitive dynamic regulation problem. This understanding
has motivated the development of more sophisticated nonlinear control approaches for
electro-hydraulic suspension systems.

2.3. Research Status of Electro-Hydraulic Servo Control Theory for Active—Passive Suspensions

Electro-hydraulic servo systems are widely used in agricultural machinery, engineer-
ing vehicles, and aerospace systems because they offer high force output, fast dynamic
response, and strong load adaptability. These features make them particularly suitable
for active boom suspension systems in large sprayers. However, hydraulic servo systems
also introduce significant control challenges, including time-varying parameters, external
disturbance, unmodeled dynamics, friction, oil compressibility, valve nonlinearities, and
leakage. These factors can significantly degrade control accuracy if not properly addressed.

https://doi.org/10.3390/agriculture16141551


https://doi.org/10.3390/agriculture16141551

Agriculture 2026, 16, 1551

8 of 24

To cope with such issues, researchers have proposed a range of advanced nonlinear
control methods, including adaptive control, robust control, neural-network-based control,
sliding-mode control, and disturbance-observer-based control. Since large boom active—
passive suspension systems simultaneously exhibit parameter uncertainty and nonlinear
behavior, linear models are generally insufficient to capture their actual dynamics. For
systems with uncertain parameters, adaptive control is often adopted to estimate unknown
parameters online and compensate for their influence. For uncertain nonlinearities and
unmodeled dynamics, nonlinear robust control, fuzzy logic, and neural network methods
have also been explored.

For example, Xue et al. [29] designed an adaptive fuzzy sliding-mode control al-
gorithm and conducted prototype tests for a trapezoidal suspension of a high-clearance
self-propelled boom sprayer, which avoided the chattering phenomenon of the sliding
mode algorithm. However, the study did not explicitly consider uncertainties arising from
chassis-coupled disturbance, boom elastic deformation, or sensor measurement noise. Li
et al. [30,31] used robust control and other methods for spray boom motion control, but
the existing robust control algorithms still cannot effectively deal with the uncertainty of
model parameters.

To address the coexistence of parameter uncertainty and nonlinearities in electro-
hydraulic suspension systems, Yao et al. [32] proposed an adaptive robust control (ARC),
which integrates adaptive strategies for parametric uncertainty with nonlinear robust
control for unmodeled nonlinearities. Cui et al. [33,34] designed a nonlinear adaptive robust
control algorithm and high-performance controller hardware, and developed controlled
parameter adaptive laws for unknown parameters in the boom suspension system such as
spring stiffness, damping, Coulomb friction, and leakage. The nonlinear adaptive controller
was verified successively on a 6-DOF motion simulation platform (NIAM, Nanjing, China)
and a large self-propelled boom sprayer, and its steady-state performance indices were all
superior to those of conventional controllers such as PID. When a boom sprayer operates
in the field, the suspension system is not only subject to its inherent uncertainties and
nonlinearities, but also continuously exposed to time-varying disturbances caused by
uneven ground and elastic deformation of the spray boom. However, the adaptive robust
control law adopts the idea of bounded suppression of robust control via a saturation
function, which prevents it from achieving asymptotic tracking control under various
random disturbances.

However, active boom suspension systems in field operation are influenced not only
by internal uncertainties but also by persistent time-varying disturbance arising from
uneven terrain, boom elastic deformation, and external excitation. In many adaptive robust
control formulations, the robust term is implemented using bounded saturation-type
compensation, which improves bounded tracking performance but does not necessarily
guarantee asymptotic tracking under random disturbance. To improve disturbance rejection
capability, researchers have increasingly incorporated disturbance-observer-based methods
into hydraulic control systems.

Aiming at the problem of random disturbances in electro-hydraulic servo suspension
systems, Won D. et al. [35] designed a high-gain disturbance observer capable of handling
both matched and mismatched disturbances. However, because unknown pressure dy-
namics were used, accurate disturbance estimation could not be guaranteed theoretically.
Razmjooei H. et al. [36] proposed an adaptive fast finite-time extended state observer
(AFFT-ESO) for nonlinear hydraulic servo systems, which can estimate system states and
uncertainties without requiring bounds on uncertainties and their derivatives. The ob-
server ensures the estimation error converges within a finite time to a small neighborhood
around zero and improves convergence rates both near and far from equilibrium. Cui
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et al. [9] incorporated finite-time disturbance observers into nonlinear robust controller
design, proposing two nonlinear control algorithms for large boom suspensions based
on disturbance estimation. The observers estimated both matched and mismatched dis-
turbances online and compensated them via feedforward terms, significantly improving
disturbance rejection. Although state observers can estimate unknown states and matched
unmodeled uncertainties, observer design often involves many tunable parameters and re-
quires complex calibration. To comprehensively address parametric uncertainty, unknown
disturbances, and motion constraints in hydraulic servo systems, many composite control
methods have been developed, integrating neural networks, reinforcement learning, and
adaptive control [37-39].

Despite these advances, a major practical limitation remains: many high-performance
nonlinear control methods rely on full-state feedback, meaning that the controller requires
access not only to position signals but also to velocity and pressure signals. However, in
practical applications, due to constraints on cost, size/weight, and mechanical layout, many
agricultural machines are not equipped with velocity and pressure sensors. In addition,
even if various sensors are installed, measurements may be accompanied by strong mea-
surement noise, which degrades the performance of the designed state-feedback controllers.
These practical engineering problems restrict the application of many advanced nonlinear
control methods in practice. Linear PID control cannot meet the control requirements of
highly dynamic, strongly disturbed and nonlinear systems such as electro-hydraulic active
suspensions. Therefore, future research should focus more strongly on output-feedback
control methods that require only a limited number of measurable signals while still being
capable of handling parameter uncertainty, matched and mismatched disturbance, and
resonance-related constraints. Such output-feedback strategies are more compatible with
practical large-scale boom sprayer applications.To facilitate comparison of the representa-
tive control strategies discussed above, their key characteristics, advantages, limitations,
and typical application scenarios are summarized in Table 2.

Compared with conventional PID control, adaptive control improves the ability to
accommodate parameter variations but remains less effective in suppressing unpredictable
external disturbances. Robust control enhances stability against bounded uncertainties,
whereas sliding-mode control provides stronger disturbance rejection at the expense of
possible control chattering. Adaptive robust control combines the advantages of adaptive
estimation and nonlinear robust compensation, making it particularly suitable for electro-
hydraulic boom suspension systems with uncertain parameters. More recently, disturbance-
observer-based methods have attracted increasing attention because they enable real-time
estimation and compensation of matched and mismatched disturbances without requiring
excessively conservative controller gains. Nevertheless, many advanced controllers rely
on full-state feedback and therefore require additional sensors, increasing system cost and
implementation complexity.

Opverall, future research should move beyond improving individual control algorithms
and instead pursue integrated control frameworks capable of simultaneously handling
rigid—flexible coupling, hydraulic nonlinearities, multi-source perception uncertainty, and
spray-quality optimization. In particular, output-feedback control combined with distur-
bance observers, multi-sensor fusion, and data-driven adaptive techniques appears to be
one of the most promising research directions for next-generation hybrid active-passive
boom suspension systems.
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Table 2. Comparison of representative control strategies for active—passive boom suspensions.

Control Strategy

Representative Studies

Advantages

Limitations

Typical Application

Wei et al. [25];

Simple implementation,

Sensitive to parameter
variation and external

Boom height regulation

PID Control low computational cost, disturbances; limited for small- and
Tan et al. [28] . . . .
easy parameter tuning performance for highly medium-width sprayers
nonlinear systems
Optimal/Pole- Good tracking Requires accurate system Early active

Placement Control

Frost et al. [22]

performance for
linearized models

models; poor robustness
to uncertainties

suspension systems

Online parameter

Cannot fully compensate

Systems with slowly

Adaptive Control Yao et al. [37] estimation improves unknown disturbances or varving parameters

adaptability unmodeled dynamics ymsp

L . Conservative design; .

Robust Control Lietal. [30,31] Maintains stablht.y gnder disturbance rejection Electro-hydraulic

bounded uncertainties OSECA servo systems

capability is limited
Sliding Mode Strong robustness and Chattering may reduce Highly nonlinear boom
Xue et al. [29] ¢ .

Control (SMC) fast convergence actuator lifespan suspension systems

Simultaneously handles .

arameter uncertaint Usually requires
Adaptive Robust Yao et al. [32]; P . y full-state feedback; Large electro-hydraulic
. and nonlinear .. . .

Control (ARC) Cui et al. [33,34] . limited asymptotic boom suspensions

dynamics; excellent . L

. disturbance rejection

tracking accuracy

Online estimation and Observer parameter
Disturbance Won et al. [35]; compensation of matched EIVED P .

Lo . . tuning is complex; Terrain

Observer-Based Razmijooei et al. [36]; and mismatched estimation acourac disturbance reiection
Control (DOB/ESO) Cui et al. [9] disturbances; Y )

improved robustness

depends on model quality

Output-Feedback Control

Recent studies

Requires only measurable
outputs; lower sensor cost;
suitable for

engineering implementation

Observer design remains
challenging under
severe uncertainties

Future intelligent boom
suspension systems

3. Performance Evaluation and Experimental Validation Methods for
Active-Passive Boom Suspension Systems

The ultimate objective of an active—passive boom suspension system is not only to

reduce the vibration amplitude of the boom, but also to ensure stable boom attitude, a con-
stant nozzle-to-target distance, and uniform spray deposition distribution. Therefore, the
evaluation of such systems should not be limited to a single displacement error or angular
error. Instead, a comprehensive evaluation framework should be established, covering
dynamic response, control accuracy, hydraulic actuation performance, spray quality, and
field adaptability. Early studies on the influence of boom motion on spray distribution have
shown that boom roll, yaw, and vertical motion can all alter the spray coverage pattern and
lead to uneven ground deposition. Therefore, suspension performance evaluation should
be combined with spray quality assessment [40].

3.1. Performance Evaluation Index System

The performance evaluation indices of boom suspension systems can be divided into
five categories: boom attitude stability indices, control performance indices, spray quality
indices, engineering applicability indices, and the relationship between boom motion and
spray performance.

Boom attitude stability mainly includes boom roll angle, yaw angle, vertical dis-
placement at the boom end, vibration acceleration, peak-to-peak vibration amplitude,
root-mean-square response, and settling time. For large-span booms, even a small roll an-
gle near the central section of the boom may be amplified into a significant height variation
at the boom end. Therefore, boom-end displacement and boom-end acceleration should be
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regarded as important indices for evaluating the performance of large boom suspension
systems. Existing studies have established boom motion—spray distribution models and
proposed the use of the coefficient of variation and the proportion of effective sprayed
area to evaluate the influence of suspension motion on spray uniformity. This provides a
methodological basis for extending suspension performance evaluation from “mechanical
response” to “operation quality”.

Control performance indices mainly include tracking error, response time, regulation
time, overshoot, phase lag, low-frequency terrain-following capability, high-frequency
vibration isolation capability, and disturbance rejection performance. For electro-hydraulic
active suspensions, additional attention should be paid to hydraulic cylinder displacement,
valve control input, pressure fluctuation, actuator saturation, energy consumption, and
system temperature rise. In recent years, fuzzy evaluation models have also been applied
to the performance assessment of boom stabilization systems. By converting boom-end
displacement and stability indices into linguistic variables, such methods can allow for
online evaluation of boom stability, providing a new approach for real-time performance
assessment under complex field conditions [41]. Since boom-end displacement is a key
input for stability assessment, a representative field measurement system for recording
boom displacement from the equilibrium position is shown in Figure 4. The measured
displacement signals can be further used to construct stability indices and fuzzy evaluation
models for boom stabilization performance.

Figure 4. Measurement system for evaluating sprayer boom displacement from the equilibrium
position. (a) General view of the boom displacement measurement system; (b) support arms equipped
with reel spools and cable tension springs; (c) loop screws used for attaching the measuring cables.
Adapted from Ref. [42].

Spray quality indices mainly include the coefficient of variation of spray deposi-
tion distribution, coverage uniformity, missing-spray area, overlapping-spray area, drift
risk, and nozzle-to-target distance deviation. The international standard ISO 5682-2:2017
specifies test methods for assessing the horizontal transverse distribution of hydraulic
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sprayers, providing a fundamental basis for evaluating the spray quality of boom sus-
pension systems [42]. In addition, ISO 16122-2:2024 specifies inspection requirements and
test methods for horizontal boom sprayers in use, emphasizing the relationship between
sprayer condition, environmental risk, and application performance. It can therefore serve
as an important reference for engineering evaluation of suspension systems under field
application conditions [43].

Engineering applicability indices mainly include system cost, sensor reliability, actua-
tor service life, ease of installation and maintenance, and adaptability to different crops and
terrain conditions. Since spray quality is also affected by nozzle droplet spectrum character-
istics, ANSI/ ASABE 5572.3 standardizes the classification of nozzle droplet spectra and can
be used to analyze the relationship between suspension motion, nozzle height variation,
and drift risk [44]. Therefore, the evaluation of future active-passive boom suspension
systems should gradually shift from a single mechanical vibration assessment toward a
comprehensive evaluation mode integrating “attitude stability—control performance-spray
quality—engineering applicability.”

The relationship between boom motion and spray performance is a fundamental
consideration in evaluating hybrid active—passive boom suspension systems. The ultimate
purpose of boom stabilization is to improve spray deposition quality rather than merely
reducing mechanical vibration. Boom roll directly changes nozzle height across the boom
width, resulting in uneven spray overlap and deposition variation. Boom-end displacement
increases nozzle-to-target distance deviation, thereby altering droplet trajectory, impact
velocity, and canopy penetration. Vertical oscillation and yaw motion further increase spray
drift potential under crosswind conditions. Consequently, boom dynamic indices such
as roll angle, boom-end displacement, and nozzle-height variation should be evaluated
together with operational indices including deposition coefficient of variation, drift per-
centage, effective sprayed area, and crop coverage, establishing a direct linkage between
suspension dynamics and spraying performance.

3.2. Simulation Evaluation and Co-Simulation Methods

Simulation evaluation is an important part of the design and optimization of active—
passive boom suspension systems. Traditional simulation methods usually simplify the
boom as a rigid body and establish low-order dynamic models to analyze the effects of
boom roll motion, suspension natural frequency, and damping parameters on system
response. Such models have simple structures and are convenient for controller design and
parameter sensitivity analysis. However, they are unable to accurately describe the elastic
deformation and modal vibration of large-span flexible booms, as well as their coupling
interactions with the vehicle body and hydraulic system.

For large boom sprayers, a co-simulation approach integrating multibody dynamics,
finite element modal analysis, electro-hydraulic system modeling, and control system
simulation should be further adopted. Multibody dynamic models can be used to describe
chassis motion, suspension geometry, and overall boom attitude. Finite element or modal
reduction methods can be used to characterize boom flexible deformation. Hydraulic
simulation models can be used to describe valve flow, hydraulic cylinder dynamics, oil
compressibility, and leakage. Control system models can be used to verify the response
capability of different control algorithms under random disturbances and parameter un-
certainty. Recent studies on modal testing and finite element updating of boom trusses
have shown that calibrating finite element models through modal tests can improve the
reliability of boom dynamic simulation and reduce the cost of structural optimization and
experimental validation [45]. The finite element updating procedure for a sprayer boom
truss is illustrated in Figure 5, which shows the general workflow from structural modeling
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and experimental modal analysis to model matching, parameter updating, and validation.
This workflow highlights that finite element updating is not merely a numerical correction
process, but an important bridge between experimental modal analysis and high-fidelity
dynamic simulation of large flexible spray booms.

Terrain excitation modeling is also a key issue in simulation evaluation. Common
inputs include sinusoidal excitation, step excitation, random road spectra, measured terrain
elevation data, and chassis attitude signals. By setting excitations with different frequencies
and amplitudes, it is possible to analyze whether the active control system can achieve
terrain following in the low-frequency range while avoiding excitation of the natural
modes of the boom or suspension. For large boom systems, combined time-domain and
frequency-domain evaluations should also be carried out to determine whether coupled
amplification or resonance risks exist among the active control, passive vibration isolation,
and flexible modes.

Spray boom truss
structure
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Figure 5. Finite element updating procedure for a sprayer boom truss. The procedure includes
structural modeling, experimental modal analysis, model matching, correlation judgment, parameter
selection, and iterative finite element model updating to obtain a reliable finite element model.
Reproduced from Ref. [45].

3.3. Laboratory Bench Testing and Hardware-in-the-Loop Validation

Laboratory bench testing can evaluate the performance of boom suspension systems
under controllable and repeatable conditions. Compared with field tests, bench tests can ac-
curately set excitation frequency, amplitude, waveform, and number of repetitions, making
it easier to compare the performance differences among different suspension structures and
control algorithms. Commonly used platforms include single-axis or multi-axis vibration
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tables, six-degree-of-freedom motion simulation platforms, hydraulic actuator test benches,
and integrated boom suspension test platforms.

For active—passive suspension systems, six-degree-of-freedom motion simulation
platforms have high application value. Such platforms can simulate chassis roll, pitch,
yaw, and vertical vibration, thereby reproducing the motion state of sprayers operating
on complex terrain. Hardware-in-the-loop testing can connect real controllers, sensors,
hydraulic valves, and actuators to a real-time simulation environment, allowing the stability,
real-time performance, and robustness of control algorithms to be verified without relying
entirely on full-machine field tests. Studies on air-spring boom suspensions have shown
that by combining transient excitation, sinusoidal excitation, and field testing, the effects of
elastic components, additional air chamber volume, and damping parameters on boom
vibration suppression can be systematically evaluated [46].

Bench validation of electro-hydraulic active suspensions should also record parameters
such as hydraulic cylinder displacement, pressures in the two chambers, proportional valve
input, oil temperature, and actuator response delay. Evaluating control performance only
based on boom angle error is insufficient, because excessive control input, frequent valve
switching, or pressure fluctuation may reduce system service life and affect long-term
reliability in field operation. Therefore, bench validation should focus simultaneously
on control accuracy and actuator operating conditions, so as to form a comprehensive
evaluation method oriented toward engineering application.

3.4. Field Tests and Spray Quality Evaluation

Field tests are essential for evaluating the actual operational performance of active—
passive boom suspension systems. Under field conditions, factors such as irregular terrain,
travel speed fluctuation, differences in soil firmness, crop canopy variation, liquid sloshing,
and ambient wind are present. These factors are difficult to fully reproduce on indoor test
benches. Therefore, the final performance of active—passive boom suspension systems must
be verified through field experiments.

Field tests should be carried out under different travel speeds, boom heights, terrain
slopes, and crop canopy conditions. The measured parameters should include chassis
attitude, boom roll angle, boom-end height, hydraulic cylinder displacement, pressure
fluctuation, sensor output, and control input. For boom height detection systems, special
attention should be paid to the ranging stability of sensors under crop canopy, bare-ground,
and different travel speed conditions. Existing studies have used ultrasonic sensors to
detect boom height over wheat canopies and analyzed the effects of operating speed
and detection medium on ultrasonic height measurement, providing a reference for field
perception evaluation of boom height control systems [47].

Since boom vibration directly affects the measurement values of height sensors, field
validation should also consider the interference of boom oscillation with perception data.
For boom height detection during the whole growth cycle of wheat, related studies es-
tablished an ultrasonic-sensor-based boom height detection model, which improved the
detection reliability of low-cost ultrasonic sensors under different growth stages [48]. Fur-
ther studies considered the influence of three-section boom oscillation on dynamic height
detection. By introducing boom oscillation correction parameters, the fluctuation of height
detection values was reduced, providing a detection method closer to practical application
requirements for boom height control under dynamic operating conditions [49].

Spray quality evaluation should be carried out simultaneously with boom motion
testing. Water-sensitive paper, deposition collectors, fluorescent tracers, or image analysis
methods can be used to measure spray deposition distribution, and the coefficient of varia-
tion of deposition, coverage rate, and missing-spray/overlapping-spray areas can be calcu-
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lated. For high-clearance sprayers, studies on boom structure optimization and spraying
device optimization have shown that boom vibration and elastic deformation affect spray-
ing performance. Therefore, spray quality evaluation should be analyzed together with
boom dynamic response [50]. Future field tests should place greater emphasis on the quan-
titative relationship among “boom attitude—nozzle height—droplet deposition—operation
quality,” rather than merely verifying whether the controller can reduce attitude error.

3.5. Limitations of Existing Evaluation Methods and Future Development Directions

Existing evaluation methods for boom suspension systems still have several limita-
tions. First, the evaluation index system has not yet been unified. Different studies adopt
different boom widths, test terrains, travel speeds, excitation forms, and evaluation indices,
making it difficult to compare different suspension structures and control algorithms hor-
izontally. Second, many studies mainly focus on boom displacement, angle, or control
error, while insufficient attention is paid to spray deposition distribution, missing-spray
and overlapping-spray risks, and drift risk. Third, there remains a gap between simulation
models and real field conditions, especially because boom flexible deformation, liquid
sloshing, hydraulic nonlinearities, sensor noise, and crop canopy disturbance have not
yet been sufficiently coupled. Fourth, although bench tests have the advantages of good
repeatability and strong controllability, they cannot fully reproduce random disturbances
and multi-factor coupling effects under complex field environments.

Therefore, a standardized evaluation framework for large-scale boom active—passive
suspension systems should be established in future research. On the one hand, evaluation
indices for boom attitude stability, control performance, hydraulic actuation performance,
and spray quality should be unified. On the other hand, simulation, indoor bench testing,
hardware-in-the-loop validation, and field experiments should be organically integrated to
form a multi-level evaluation process from model prediction to engineering verification.
Only by linking suspension dynamic performance with final spray quality can the actual
contribution of active—passive boom suspension systems to the operational quality and
safety of large boom sprayers be more accurately evaluated.

4. Key Enabling Technologies and System Integration of Active-Passive
Boom Suspension Systems

An active-passive boom suspension system is not a single mechanical vibration
isolation device, but a mechatronic-hydraulic integrated system composed of sensors,
actuators, controllers, hydraulic or electric drive systems, communication buses, and the
spraying operation system. With the continuous increase in boom width, operating speed,
and control accuracy requirements, relying solely on suspension structure optimization or
a single control algorithm is no longer sufficient to meet the stable operation requirements
of large boom sprayers under complex field conditions. Therefore, it is necessary to further
analyze the development of active—passive boom suspension systems from the perspectives
of key enabling technologies and system integration.

4.1. Boom Motion Perception and Multi-Sensor Fusion Technologies

Boom motion perception is the basis of closed-loop control for active-passive suspen-
sion systems. During field operation, the boom usually exhibits multiple forms of motion
simultaneously, including roll, yaw, vertical vibration, and elastic deformation. Relying on
a single sensor alone makes it difficult to accurately reflect the actual boom attitude. Early
studies attempted to integrate radar velocity sensors, three-axis dynamic measurement
units, ultrasonic sensors, and acceleration sensors into boom systems. Through sensor data
fusion, these methods distinguished boom yaw motion, impact motion, and structural
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deformation, providing an important reference for multi-degree-of-freedom boom motion
measurement [51].

Horizontal boom motion also affects longitudinal spray distribution. Related studies
measured boom motion in the field and analyzed dye deposition distribution, demon-
strating that horizontal boom oscillation can cause uneven longitudinal spray coverage.
They also proposed that boom motion measurements could partially replace large-scale
spray distribution tests, thereby reducing the difficulty of field evaluation [52]. In addition,
dynamic response tests on self-propelled sprayers showed a clear relationship between
boom height, acceleration, and spray deposition distribution, indicating that boom attitude
perception systems should serve both suspension control and spray quality evaluation [53].

For large boom sprayers, vehicle body attitude estimation is also an important input
for boom control. Existing studies have fused digital elevation models, RTK-GPS, ter-
rain compensation modules, and inertial sensors, and used discrete Kalman filtering to
improve the estimation accuracy of roll and pitch angles for self-propelled sprayers [54].
Such methods provide useful insights for active boom suspensions: future boom attitude
estimation should not focus only on boom-end height, but should integrate chassis atti-
tude, terrain information, local boom deformation, and sensor noise into a unified state
estimation framework.

4.2. Height Detection and Terrain/Canopy Perception Technologies

The nozzle-to-target distance is an important factor affecting spray uniformity and
drift risk. Therefore, boom height detection technology has always been a research focus
in active suspension systems. At present, ultrasonic sensors are widely used in both
commercial and experimental systems. However, their measurements are easily affected
by crop canopy density, ground surface roughness, travel speed, and boom vibration. To
establish a more objective test method for automatic boom height control, some studies
have proposed a static-bench-based test protocol for automatic boom height control systems.
By setting different target surface profiles to simulate ground or canopy variations and
using statistical parameters to evaluate control accuracy, this protocol provides a basis for
standardized evaluation of boom height control systems [55].

In recent years, LIDAR sensors have begun to be used for boom height detection. A
related study developed a low-cost single-point LIDAR-based height detection method and
validated its performance through step-height detection, field ground-surface detection,
and wheat-stubble height detection. The results showed that LIDAR can be used for boom
height detection, but its recognition characteristics for canopy interiors and stubble differ
from those of ultrasonic sensors, requiring signal processing and classification algorithms
for interpretation [56]. This indicates that future boom height detection systems should
shift from single-point ranging to multi-source perception. Such systems should not only
measure the current boom height, but also distinguish between ground surface, crop
canopy, obstacles, and boom vibration.

In terms of attitude monitoring for agricultural equipment, the fusion of inertial
sensors and BeiDou/GNSS information also has application potential. Multi-source in-
formation fusion methods based on inertial sensors and BeiDou navigation can improve
the accuracy of roll angle acquisition for agricultural equipment. This provides useful
reference for chassis attitude compensation, boom-end height conversion, and terrain-
adaptive control of wide-boom sprayers [57]. Therefore, in large-scale active—passive boom
suspension systems, height detection should not rely solely on end-mounted ultrasonic
or laser ranging sensors, but should be integrated with chassis attitude, boom inclination,
boom deformation, and terrain-preview information.
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4.3. Controller Hardware, Bus Communication, and System Real-Time Performance

Active—passive boom suspension systems usually include multiple sensing nodes,
actuation nodes, and control nodes. System real-time performance and communication
reliability directly affect control effectiveness. For large booms, sensors are distributed
over a wide range, and the response chain of actuators is relatively long. Within each
control cycle, data acquisition, filtering, state estimation, control calculation, and execution
command transmission must be completed. Therefore, the control system should not
only have strong algorithmic capability, but also stable bus communication and anti-
interference capability.

In precision spraying equipment, ISO11783/ISOBUS and CAN bus have become
important technical approaches for interconnection among tractors, sprayers, controllers,
and sensors. Existing studies have developed ISO11783 communication algorithms for
machine vision and boom sprayers, enabling visual recognition results to be converted
into nozzle control commands for real-time sensor-based spot spraying [58]. Although
such studies mainly focus on nozzle on/off control, their communication architecture can
also provide a reference for boom suspension systems. Specifically, boom attitude control,
variable-rate spraying control, and operation status monitoring can be integrated into a
unified implement communication network.

For wide-boom sprayers, data synchronization between multiple vision systems and
multiple nozzle control channels becomes more prominent. Recent research has developed
an ISOBUS-compliant machine vision communication node, enabling hybrid communica-
tion between Ethernet and CAN bus. This system can integrate multiple vision systems and
dozens of nozzle control channels on a wide boom [59]. This indicates that future active—
passive boom suspension systems should also evolve from single-controller closed-loop
systems toward distributed control systems, so that boom attitude perception, actuator
control, spraying control, and human-machine interaction can operate collaboratively
within a unified communication framework.

4.4. Visual Measurement and Dynamic Reconstruction of Boom Motion

Traditional boom attitude measurement mainly relies on inclination sensors, ultra-
sonic sensors, acceleration sensors, or displacement sensors. Although these sensors have
relatively fast response speeds, their measurement points are limited, making it difficult to
fully describe the spatial deformation of large-span flexible booms. With the development
of machine vision and deep learning technologies, vision-based dynamic measurement of
boom motion has become a new research direction. Recent studies have used YOLO-series
neural network models to track targets at the boom end, enabling automatic quantification
of vertical and lateral boom displacement under field operating conditions. The visual
measurement results were also validated using inclination sensors [60].

The advantage of visual measurement technology lies in its ability to obtain boom
motion images in a non-contact manner and analyze multi-point boom motion through
target detection, feature tracking, and attitude reconstruction methods. For large flexible
booms, vision systems can serve as an important supplement to traditional point-type
sensors, helping to identify large-amplitude boom-end oscillation, local elastic deformation,
and abnormal vibration. In the future, integrating visual measurement with IMU, LiDAR,
and ultrasonic sensors could further establish a spatial boom attitude reconstruction system,
providing more comprehensive state feedback for active suspension control.

4.5. Actuator and Drive System Integration

Common actuators used in active—passive boom suspension systems include hydraulic
cylinders, electric linear actuators, electro-hydraulic servo valves, proportional valves, and
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related drive units. Hydraulic actuators have the advantages of large output force, fast
dynamic response, and strong load adaptability, making them suitable for large-span and
heavy booms. However, they also involve problems such as valve port nonlinearity, oil
compressibility, leakage, friction, and pressure fluctuation. Electric actuators have relatively
simple structures and are easy to install and control, but their adaptability under heavy load,
high-frequency response, and harsh field environments still requires further verification.

Existing studies have developed a CAN bus-based control system for double-
pendulum active boom suspensions. The system consists of a main control node, ranging
nodes, a vehicle inclination detection node, and actuation nodes, and uses a particle-swarm-
optimization-based fuzzy PID method to improve control response [10]. The structural
configuration of the double-pendulum suspension and the corresponding CAN bus-based
control hardware architecture are illustrated in Figure 6, which shows the integration
of the suspension mechanism, distance measurement circuit, and actuator drive circuit.
This indicates that actuator design should not be considered separately from the control
system. Instead, it should be jointly optimized with suspension dynamics, sensor layout,
communication cycle, and control algorithms. For large booms, the actuator should also
have sufficient stroke, force margin, and response bandwidth, while avoiding excessively
high control frequencies that may excite the structural modes of the boom.

(a)

Figure 6. Structure of the double-pendulum active boom suspension system and CAN bus-based
control hardware architecture. (a) Structure of the double-pendulum suspension system: 1—ground,
2—frame, 3—boom, 4—actuator, 5—second pendulum rod, 6—damper, 7—spring, 8—first pendulum
rod, 9—ranging sensor. (b) Circuits for distance measurement and actuator drive: 10—first CAN bus
connector, 11—terminal resistor, 12—first CAN bus conversion module, 13—first microcomputer sys-
tem, 14—ultrasonic sensor, 15—motor drive module, 16—second microcomputer system, 17—second
CAN bus conversion module, 18—electric linear actuator, 19—second CAN bus connector. Adapted
from Ref. [10].
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Experimental studies on active—passive pendulum suspensions have also shown that
the rotational damping, rotational stiffness, and active adjustment parameters of the passive
suspension all affect boom transient response and stability [61]. Therefore, during actuator
system integration, the matching relationship between passive components and active
actuators should be considered simultaneously. The passive part mainly undertakes high-
frequency vibration isolation and safety support functions, while the active part mainly
undertakes low-frequency terrain following and attitude correction functions. Only when
the two parts are coordinated in terms of frequency division and parameter matching can
mutual interference between control action and structural dynamics be avoided.

4.6. Coordination Among Liquid Sloshing, Spraying System, and Suspension Control

During field operation of large sprayers, liquid sloshing in the tank is transmitted
to the boom system through the vehicle body and supporting structure, becoming one
of the external excitations affecting boom stability. Especially during turning, braking,
acceleration, and driving on uneven terrain, liquid sloshing changes the vehicle mass
distribution and inertial load, thereby influencing chassis attitude and boom vibration.
Recent studies on liquid sloshing and boom stability in field sprayers have shown that
tank-liquid sloshing, boom joint stiffness, and nozzle jet force are coupled with each other,
and may induce amplification of boom vibration within specific frequency ranges [62].

This indicates that an active-passive boom suspension system should not be regarded
only as a local boom stabilization device, but should be designed in coordination with
whole-machine dynamics and the spraying system. On the one hand, the suspension con-
troller should be able to identify different disturbance sources caused by terrain excitation,
vehicle attitude variation, and liquid sloshing. On the other hand, nozzle on/off control,
pulse-width modulation, pressure variation, and spray rate adjustment in the spraying
system may also affect boom loading and operation quality. In the future, a coupled
“chassis—tank liquid-suspension-boom-spray” model should be further established, and
coordinated optimization of boom attitude stabilization, spray parameter adjustment, and
operating speed control should be realized at the control level.

Overall, the engineering development of active—passive boom suspension systems will
show trends toward multi-source perception, distributed control, bus interconnection, and
spraying coordination. To achieve stable spraying under complex field conditions, future
system integration should focus on the following aspects. First, a multi-source perception
system composed of ultrasonic sensors, LIDAR, IMU, vision sensors, and displacement
sensors should be constructed to improve the acquisition capability of boom attitude and
terrain information. Second, state estimation methods suitable for large-span flexible
booms should be established to allow for online reconstruction of overall boom attitude
and local deformation. Third, distributed control architectures based on CAN, ISOBUS, or
Ethernet should be developed to improve real-time coordination among sensing, control,
and actuation. Fourth, system-level integration of suspension control with variable-rate
spraying, nozzle control, operating speed control, and path planning should be promoted.

Therefore, future active—passive boom suspension systems should not aim only to
“reduce boom vibration,” but should develop toward integrated systems that “stabilize
boom attitude, maintain nozzle height, ensure spray quality, and improve whole-machine
intelligence.” This system integration perspective also provides a necessary foundation for
the next section, which analyzes the dynamic coupling, control nonlinearity, perception
errors, and engineering applicability challenges faced by large boom suspension systems.
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5. Challenges and Future Research Directions

Large boom active—passive suspension systems have achieved considerable progress
in structural design, sensing technologies, dynamic modeling, and control strategies. How-
ever, several challenges remain before these technologies can be widely applied in next-
generation intelligent boom sprayers. Based on the existing studies reviewed above, the
future research directions are discussed as follows.

5.1. Dynamic Modeling of Large Boom Hybrid Suspension Systems

The dynamic response of a large boom suspension system is affected by many interact-
ing factors, including chassis motion, suspension geometry, actuator dynamics, boom flexi-
bility, and external disturbance. However, the physical mechanisms governing these inter-
actions remain insufficiently understood. In particular, the suspension, boom, and chassis
are often modeled separately, while the actual system behaves as a coupled dynamic whole.

Future studies should establish integrated dynamic models of the chassis—double-
pendulum suspension-boom system and use these models to guide both passive parameter
matching and active controller design. Most existing studies simplify the boom as a rigid-
link system, which is reasonable for small- to medium-width booms. However, when
the spray boom width exceeds 30 m, the flexible deformation and modal vibration of the
truss structure become significantly pronounced under the combined effects of self-weight,
terrain excitation, and liquid load, which have become the dominant factors affecting the
attitude stability of the spray boom and the control accuracy of spray height. Consequently,
rigid—flexible—fluid coupled dynamic modeling methods integrating multibody dynam-
ics, finite element analysis, and electro-hydraulic system simulation should be further
developed to provide a more accurate basis for suspension parameter optimization and
controller design.

5.2. Control Under Strong Disturbance and Parameter Uncertainty

Existing boom suspension controllers, including PID, LQG/LTR, and Heo controllers.
These controllers are relatively easy to implement and stable, and they are suitable for boom
sprayers with widths below 24 m operating on flat terrain at low speeds. However, large
sprayer booms feature long spans and high flexibility. Random ground excitations, liquid
sloshing, and elastic deformation can induce large tip oscillations, leading to crop damage
or even ground strikes. Conventional control methods cannot satisfy the operational
requirements for safety, efficiency, and spray uniformity for large booms exceeding 24 m.

Therefore, future studies should investigate nonlinear adaptive output-feedback con-
trol methods with disturbance compensation and resonance suppression. Extended state
observers (ESO) and nonlinear disturbance observer-based (NDOB) methods can be em-
ployed to estimate and compensate for terrain excitation, boom deformation, and liquid
sloshing disturbances in real time. Meanwhile, adaptive and robust control strategies
should be further integrated to address parameter variations and operating-condition
uncertainties. In addition, machine learning approaches, such as neural networks and
reinforcement learning, may provide new opportunities for online performance optimiza-
tion, particularly in highly nonlinear and uncertain operating environments. Nevertheless,
these intelligent approaches should be combined with physically interpretable models and
stability-guaranteed control frameworks to ensure reliability and safety in agricultural
field applications.

5.3. Boom Attitude Perception and Multi-Source Sensing

Most current studies still treat the boom as a rigid body and neglect the unknown
effects caused by boom modal deformation. In practice, flexible deflection at the boom
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ends can significantly alter the effective nozzle height and boom attitude, thereby leading
to control errors if not properly considered. Furthermore, boom-end distance sensors in
current sprayers are often ultrasonic sensors, which are strongly affected by uneven terrain,
variable crop height, and signal noise. Their relatively low sampling frequency also limits
their suitability for high-dynamic motion control when used alone.

Future research should therefore develop multi-source sensing systems by integrating
ultrasonic sensors, inertial measurement units (IMU), LIDAR, millimeter-wave radar, and
vision sensors. Combined with information-fusion methods such as extended Kalman
filtering (EKF), these sensors can reconstruct boom spatial posture at higher frequency
and with greater robustness. Moreover, by using cameras or LiDAR to identify upcoming
terrain undulations in advance, the suspension controller can shift from purely reactive
feedback to predictive feedforward—feedback regulation. This may significantly improve
the system’s capacity to cope with abrupt terrain changes and increase the control margin
for large boom stabilization.

5.4. Development from Component-Level Optimization to Coordinated
Chassis—Boom-Spray Control

Traditional research has often focused on improving the vibration isolation capability
of the suspension as an isolated subsystem. However, the performance of a boom sprayer
ultimately depends on the coupled interaction among chassis motion, boom dynamics,
and spray deposition. Therefore, future development should move toward coordinated
optimization of the entire chassis-boom-spray system.

At the control level, multi-degree-of-freedom coordinated control should be developed
to regulate boom roll, yaw, and vertical motion simultaneously, thereby reducing overlap
errors and local over- or under-application caused by boom attitude fluctuation. At the
system level, coupled models linking chassis state, suspension response, boom posture,
and spray quality should be established. Such models would enable real-time adjustment
of suspension equivalent stiffness, actuator response, and spray parameters according to
travel speed, terrain slope, and field conditions. Such system-level optimization is expected
to further improve spray uniformity, operational efficiency, and field adaptability.
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