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Abstract. This study presents an advanced semi-active vibration control strategy for tractor cab suspension
systems based on active disturbance rejection control (ADRC). A novel multi-state adjustable damper, capable
of real-time switching between four damping modes via dual solenoid valves, is developed to adapt to varying
vibration conditions. A comprehensive 7-degree-of-freedom (7-DOF) dynamic model of the tractor cab, incor-
porating vertical, pitch, and roll motions, is established to characterize the vibration behavior. Based on this
model, an ADRC controller is designed to suppress cab vibrations caused by both road surface irregularities and
the engine-induced profile. The control forces computed by ADRC are allocated to four corner dampers through
a decoupling-based force distribution method, enabling mode switching through solenoid valve control signals.
Simulation results under the ISO Class D road profile demonstrate that the proposed ADRC strategy significantly
reduces the RMS values of vertical, pitch, and roll accelerations by up to 57.1 %, 67.1 %, and 65.4 %, respec-
tively, compared with conventional fuzzy PID and skyhook control methods. Furthermore, according to the ISO
2631-1 evaluation, the overall frequency-weighted acceleration was reduced by 60.2 % and 46.7 % compared
with fuzzy PID and skyhook control, respectively, confirming a significant improvement in ride comfort clas-
sification. Additionally, the proposed system effectively limits dynamic suspension travel and avoids excessive
valve switching, demonstrating improved ride comfort and strong system robustness.

1 Introduction

Operators of agricultural machinery, including tractor and
specialized equipment drivers, are frequently exposed to con-
tinuous vibrations caused by uneven terrain. Such expo-
sure has been associated with adverse health effects, includ-
ing reduced alertness, fatigue, and impaired driving perfor-
mance. Prolonged exposure to vibration is strongly corre-
lated with musculoskeletal disorders, particularly lower back
pain, spinal discomfort, and other biomechanical disorders
(de la Hoz-Torres et al., 2021; Lecocq et al., 2022; Schnei-
der et al., 2023; Barač et al., 2025). To mitigate these risks,
various vibration isolation technologies for tractor cabs have
been proposed, including passive (Liao et al., 2021; Atindana
et al., 2023), semi-active (Bai et al., 2023; Ni and Nguyen,
2023), and active suspension systems (Na et al., 2021; Guo

et al., 2023). Although active suspension systems are effec-
tive, their complexity and high cost are inconsistent with
the cost-sensitive design requirements of the agricultural ma-
chinery industry, thereby limiting their practical application
in such settings (Chen et al., 2025). As a result, passive
and semi-active cab suspension systems are more commonly
employed in agricultural tractors. Passive systems have his-
torically dominated the market due to their simplicity and
reliability; however, their inability to adapt to varying ter-
rain conditions and complex vibrations limits their effective-
ness in improving cab ride comfort. Semi-active suspension
has therefore emerged as a viable compromise, combining
structural simplicity with real-time adaptability (Soliman and
Kaldas, 2021; Maciejewski et al., 2023).
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Existing semi-active control methods can be classified into
four categories: (1) classical skyhook and groundhook al-
gorithms (Díaz-Choque et al., 2021); (2) conventional con-
trol methods, such as PID control; (3) modern control ap-
proaches, including linear quadratic regulators (LQRs), op-
timal control, and robust control; and (4) intelligent control
methods, such as adaptive control, fuzzy control, and neural-
network-based control. For example, Shen et al. (2026) pro-
posed a semi-active air ISD suspension with frequency-
varying negative stiffness, offering significant improvements
in vibration isolation for vehicle systems under varying con-
ditions. Additionally, Shen et al. (2025) applied a fractional-
order SH-GH strategy for vibration control in vehicle ISD
suspensions, which enhances control system performance
and offers greater adaptability to dynamic road conditions.
Specifically, Chen et al. (2024) proposed an improved hy-
brid control algorithm that combines skyhook and ground-
hook strategies for negative-stiffness suspension systems.
Simulation results demonstrated that the proposed approach
significantly improved ride comfort. Additionally, Lu et al.
(2022) developed a coordinated skyhook-LQR control strat-
egy for semi-active vehicle suspension systems to improve
ride comfort, while Yang et al. (2025) combined the sky-
hook algorithm with an adaptive fuzzy sliding mode con-
troller to achieve dual suppression of vibrations and impacts.
Based on sliding mode control (SMC), Maciejewski et al.
(2023) analyzed the actual vibration inputs experienced in
agricultural tractor cabs and applied an SMC strategy to im-
prove driver comfort. Zhang et al. (2024) investigated whole-
vehicle semi-active suspension systems under various road
disturbances using a combination of optimal control and
SMC, along with a hierarchical decoupling strategy to en-
hance ride smoothness. In the domain of intelligent control,
Cai et al. (2025) proposed a composite control strategy com-
bining model-aided estimation and parameter-adaptive opti-
mization with BP-PID control for attitude control of agricul-
tural machinery platforms. Hu et al. (2025) applied a BP neu-
ral network in combination with a genetic algorithm (GA) to
perform nonlinear state reconstruction in vehicle seat suspen-
sion systems, aiming to ensure dynamic observability. More-
over, fuzzy control is frequently applied in cab suspension
systems. For example, to mitigate multi-directional impact
vibrations experienced by drivers of off-road vehicles, an op-
timized fuzzy skyhook control method was implemented in
a seat damping suspension system in Zhang et al. (2023), ef-
fectively reducing vibrations at the seat and chassis levels.
In Tao and Liu (2021), a variable universe fuzzy control ap-
proach was developed for the semi-active cab suspension of
a wheel loader, incorporating a damper with multiple damp-
ing mode switching capabilities. For nonlinear semi-active
suspension systems subject to varying loads and frequency-
domain constraints, a hybrid damping control strategy based
on a Kalman observer was investigated in Jiang et al. (2024).
A feedback linearized Kalman observer based on differential
geometry theory was designed to enhance the dynamic per-

formance of nonlinear MR semi-active suspension systems.
However, these methods often rely on prior knowledge of the
suspension system (e.g., neural networks), measurable states
(e.g., skyhook velocity), or empirical design experience (e.g.,
fuzzy rules), which poses significant challenges for practical
engineering applications.

In addition to suspension characteristics, other critical fac-
tors affecting the damping performance of vehicle suspen-
sion systems include road conditions and driving operations.
Therefore, it is necessary to design damping control strate-
gies capable of online estimation and compensation for un-
certainties within the suspension system. To this end, a hier-
archical control strategy was proposed in Diao et al. (2025),
in which the upper-level controller employs a sliding mode
controller based on a nonlinear disturbance observer, while
the lower-level controller utilizes a back-stepping adaptive
control approach to achieve coordinated control of suspen-
sion dynamic displacement and sprung mass acceleration in
nonlinear uncertain suspension systems. In Sun et al. (2024),
a road roughness estimation method was developed based on
accelerometer signals, in which acceleration and velocity in-
puts were used to train a neural network. The trained model
subsequently generated the root mean square value of the
power spectral density to estimate road roughness. Li et al.
(2025) proposed a novel H∞ gain-scheduled state feedback
controller design method, which achieved high-precision es-
timation of both road profiles and system states. Additionally,
a suspension state observer was introduced in Ji et al. (2025)
to estimate unmeasurable signals required by the damper
control algorithm. Moreover, ADRC has been recognized as
a disturbance rejection control strategy that is largely model
independent, easy to implement, and highly suitable for prac-
tical engineering applications (Carreño-Zagarra et al., 2024;
Yu-Hao et al., 2025). At the core of ADRC, the extended state
observer (ESO) requires only minimal model information
(Herbst and Madonski, 2025) and is capable of estimating
both unmeasurable system states and external disturbances.

Based on this concept, ADRC has been widely applied
in both active and semi-active suspension systems. For ac-
tive suspension systems, ADRC has been integrated with
dynamic fuzzy logic techniques in Nguyen (2025), and its
performance has been evaluated in comparison with con-
ventional control strategies. However, unsprung mass was
not considered in the controller design. Yang et al. (2024)
proposed a controllable dynamic inertia suspension system
based on ADRC to enhance passenger comfort and vibra-
tion isolation performance in full-vehicle active suspension
systems. Tao et al. (2025) introduced a control strategy that
integrates an adaptive neuro-fuzzy inference system (AN-
FIS) with ADRC to enhance vibration isolation performance
in seat suspension systems. For electromagnetic suspension
systems, an ADRC algorithm with parameter adaptation
via backpropagation neural networks was proposed in Fu
et al. (2024). Furthermore, in Bin and Wei (2024), ADRC
was combined with mixed-integer quadratic programming
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(MIQP) to improve ride comfort in loader seat suspension
systems, taking into account suspension nonlinearity and ac-
tuator saturation effects. For semi-active suspension systems,
Wang et al. (2024) considered the various disturbances expe-
rienced by maglev trains during operation and proposed a
model-aided modified ADRC (MADRC) method, which ex-
hibited strong disturbance suppression capabilities for sus-
pension system load variations. In addition to variable damp-
ing strategies, recent studies have also highlighted the impor-
tance of variable-stiffness mechanisms in vibration isolation.
For example, Yu et al. (2025) developed a semi-active sus-
pension system that integrates both adjustable damping and
stiffness, demonstrating improved vibration suppression per-
formance under complex road profiles. Similarly, Wos and
Dziopa (2024) designed and experimentally verified a mag-
netorheological elastomer (MRE)-based isolator with tun-
able stiffness, which provided enhanced adaptability to vary-
ing profile frequencies. These works indicate that variable
stiffness, when combined with variable damping, offers a
promising pathway to further reduce vertical acceleration
and improve ride comfort. Although our present study fo-
cuses on a multi-state damping approach, future research
could benefit from integrating stiffness variability into the
suspension architecture.

Despite extensive research on semi-active suspension sys-
tems, several critical gaps remain unaddressed. First, most
existing studies on ADRC-based vibration control have pri-
marily focused on quarter-car or seat suspension models,
whereas systematic investigations on tractor cab suspen-
sion systems with complex multi-degree-of-freedom dynam-
ics are still scarce. Second, although various semi-active
dampers have been explored, few works consider a multi-
state adjustable damper capable of discrete mode switch-
ing, which can provide a wider damping range under di-
verse excitation conditions. Third, many prior ADRC appli-
cations neglect the combined influence of road irregularities
and engine-induced vibrations, which represent significant
and concurrent disturbance sources in agricultural vehicles.
Finally, little attention has been given to the control alloca-
tion problem, i.e., mapping ADRC’s virtual control forces
into discrete damper switching commands, which is essen-
tial for practical implementation. Addressing these gaps, this
study develops a 7-DOF tractor cab suspension model in-
corporating a multi-state adjustable damper and proposes an
ADRC-based control allocation strategy, thereby advancing
the state of the art in vibration control for agricultural ma-
chinery. Based on the above discussion, the unmeasurability
of vehicle states and the ability to suppress uncertainties and
disturbances are identified as key concerns in semi-active cab
suspension control. Therefore, considering the weak model
dependence, strong disturbance rejection capability, and sim-
plicity of parameter tuning in ADRC, ADRC is introduced in
this study for tractor cab suspension control to realize adap-
tive vibration attenuation in semi-active suspension systems.

Table 1. Damping modes and operating states of the adjustable
damper.

Mode Solenoid Solenoid Compression Rebound
valve S1 valve S2 stroke stroke

1 On On Soft Soft
2 Off On Soft Hard
3 On Off Hard Soft
4 Off Off Hard Hard

The main contributions of this work are summarized as fol-
lows:

1. development of a novel multi-state adjustable damper
with four discrete damping modes realized by dual
solenoid valves, enabling a wide damping range and
adaptive switching under varying excitation conditions;

2. formulation of a comprehensive 7-DOF tractor cab sus-
pension model that simultaneously incorporates verti-
cal, pitch, and roll dynamics of the cab, frame, and en-
gine, providing a realistic platform for vibration control
analysis;

3. design of an ADRC-based semi-active control strategy
that estimates and compensates for total disturbances in
real time, addressing the combined effects of road irreg-
ularities and engine-induced excitations;

4. proposal of a decoupling-based control allocation
method that translates ADRC’s continuous virtual con-
trol forces into practical solenoid valve-switching com-
mands, ensuring effective implementation in discrete
multi-mode dampers.

2 Materials and methods

In this study, a novel multi-state adjustable damper is intro-
duced into the tractor cab suspension system. As shown in
Fig. 1, the damper employs two high-speed solenoid valves,
S1 and S2, to regulate the oil flow paths between the compres-
sion and rebound chambers. By changing the on/off combi-
nations of these two valves, four discrete damping modes can
be realized: soft–soft, soft–hard, hard–soft, and hard–hard, as
summarized in Table 1.

Damping variation is achieved by redirecting the fluid
through different combinations of internal check valves and
throttling paths, as illustrated in Fig. 2. When both solenoid
valves are open, the fluid circulates through the least restric-
tive path, resulting in relatively low damping forces during
both compression and rebound. In contrast, when both valves
are closed, the flow is forced to pass through more restric-
tive paths and additional check valves, thereby producing
the highest damping level. When only one valve is closed,
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Figure 1. Schematic diagram of the damping multi-state switching damper.

Figure 2. Oil flowing paths of the damping multi-state switching damper.
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asymmetric damping characteristics are generated, leading
to either a soft–hard or hard–soft mode, as summarized in
Table 1. In this way, the proposed damper provides a wider
and more flexible damping range than a conventional fixed-
parameter damper, making it suitable for semi-active vibra-
tion control in tractor cab suspension systems operating un-
der varying excitation conditions.

3 Analysis of the tractor cab suspension system

3.1 Dynamic modeling of the cab suspension system

Based on the vibration characteristics of tractors, a 7-DOF
dynamic model of the entire vehicle is established, as illus-
trated in Fig. 3. The 7 degrees of freedom include the verti-
cal, pitch, and roll motions of the tractor frame; the vertical,
pitch, and roll motions of the cab; and the vertical motion of
the engine.

As shown in Fig. 3, Mc, Mu, and Me represent the masses
of the cab, frame, and engine, respectively. Zc and Zu rep-
resent the vertical displacements of the centers of mass of
the cab and frame, respectively. Fe denotes the vertical force
generated by engine-induced rotational vibrations, while Ze
is the vertical displacement at the engine’s center of mass. ke
and ce refer to the stiffness and damping coefficients of the
engine mount. kc represents the stiffness coefficient of the
suspension system at the four corners of the tractor cab, and
cc1, cc2, cc3, and cc4 represent the variable damping coeffi-
cients at the four corners of the cab suspension system. ϕc
and ϕu represent the pitch angles of the cab and frame, while
θc and θu represent the corresponding roll angles. l1 and l2
are the vertical distances from the frame’s center of mass to
the front and rear cab suspensions, whereas l3 and l4 indicate
the distances to the front and rear tractor wheels. l5 and l6 are
the distances to the left and right cab suspensions and l7 and
l8 to the left and right tractor wheels. l9 and l10 represent the
distances to the front and rear engine mounts, respectively.
Finally, kt and ct refer to the equivalent stiffness and damp-
ing coefficients of the tractor tires, and q1, q2, q3, and q4 are
the vertical displacement inputs at the left-front, right-front,
left-rear, and right-rear wheels of the tractor, respectively.

Based on Newtonian mechanics, the dynamic equations
for each degree of freedom in the tractor vibration model are
established separately. The vertical vibration model of the
tractor frame is first established as follows

(Tao and Liu, 2021):

muz̈u = Ft1+Ft2+Ft3+Ft4−Fc1−Fc2−Fc3
−Fc4−Fe1−Fe2
Fc1 = kc

(
zu+ l6θu− l1ϕu− zc− lθ θc+ lϕθϕ

)
+cc1(żu+ l6θ̇u− l1ϕ̇u− żc− lθ θ̇c+ lϕ θ̇ϕ )
Fc2 = kc

(
zu− l5θu− l1ϕu− zc+ lθ θc+ lϕθϕ

)
+cc2(żu− l5θ̇u− l1ϕ̇u− żc+ lθ θ̇c+ lϕ θ̇ϕ )
Fc3 = kc

(
zu+ l6θu− l2ϕu− zc− lθ θc− lϕθϕ

)
+cc3(żu+ l6θ̇u− l2ϕ̇u− żc− lθ θ̇c− lϕ θ̇ϕ )
Fc4 = kc

(
zu− l5θu− l2ϕu− zc+ lθ θc− lϕθϕ

)
+cc4

(
żu− l5θ̇u− l2ϕ̇u− żc+ lθ θ̇c− lϕ θ̇ϕ

)
Ft1 = kt (q1− zu− l8θu+ l3ϕu)+ ct

(
q̇1− żu− l8θ̇u+ l3ϕ̇u

)
Ft2 = kt (q2− zu+ l7θu+ l3ϕu)+ ct

(
q̇2− żu+ l7θ̇u+ l3ϕ̇u

)
Ft3 = kt (q3− zu− l8θu− l4ϕu)+ ct

(
q̇3− żu− l8θ̇u− l4ϕ̇u

)
Ft4 = kt (q4− zu+ l7θu− l4ϕu)+ ct

(
q̇4− żu− l7θ̇u− l4ϕ̇u

)
Fe1 = ke

(
zu+ l9ϕu− ze

)
+ ce

(
żu+ l9ϕ̇u− że

)
Fe2 = ke (zu+ l10ϕu− ze)+ ce (żu+ l10ϕ̇u− że)

, (1)

where Ft1, Ft2, Ft3, and Ft4 represent the vertical forces act-
ing on the four tractor tires; Fc1, Fc2, Fc3, and Fc4 represent
the vertical forces exerted by the suspension system at the
four corners of the cab; and Fe1 and Fe2 represent the ver-
tical forces generated by the front and rear engine mounts,
respectively. Assuming that the center of mass of the cab is
located at the geometric center, the pitch and roll vibration
models of the tractor frame can be derived based on the res-
olution of the above-mentioned forces (Tao and Liu, 2021):
Iuϕ ϕ̈u = (Ft3+Ft4)l4− (Ft1+Ft2)l3−Fc1l9−Fc2l10
+(Fc3+Fc4)l2+ (Fc1+Fc2)l1
Iuθ θ̈u = (Ft1+Ft3)l8− (Ft2+Ft4)l7− (Fc1+Fc3)l6
+(Fc2+Fc4)l8

,

(2)

where Iuϕ and Iuθ represent the pitch and roll moments of
inertia of the loader frame, respectively.

Similarly, the mathematical equations describing the verti-
cal, pitch, and roll vibrations of the tractor cab can be derived
as follows (Tao and Liu, 2021): mcZ̈c = Fc1+Fc2+Fc3+Fc4
Icϕ ϕ̈c = lϕ (Fc3+Fc4)− lϕ (Fc1+Fc2)
Icθ θ̈c = lθ (Fc1+Fc3)− lθ (Fc2+Fc4)

, (3)

where Icϕ and Icθ represent the pitch and roll moments of
inertia of the loader cab, respectively, while lϕ and lθ denote
half the vertical distance between the front and rear suspen-
sions and between the left and right suspensions of the cab,
respectively.

The mathematical equation representing the vertical mo-
tion degree of freedom of the engine is given as follows (Tao
and Liu, 2021):

meZ̈e = Fe1+Fe2Fe, (4)

where me represents the engine mass, and the vertical force
Fe generated during engine rotation is induced by internal en-
gine vibrations. This force is considered an external profile to
the system and will be modeled and analyzed in conjunction
with the engine operating process.
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Figure 3. 7-DOF vibration model of the tractor cab suspension system: (a) main view of the tractor vibration model and (b) left view of the
tractor vibration model.

By combining the aforementioned equations, a 7-DOF vi-
bration model of the tractor incorporating the cab suspension
system is ultimately established. The specific expression for
the dynamic suspension travel at the four corners of the cab
is given as follows (Tao and Liu, 2021):
fdx1 = zc+ lθθc− lϕϕc− zu− l6θu+ l1ϕu
fdx2 = zc− lθθc− lϕϕc− zu+ l5θu+ l1ϕu
fdx3 = zc+ lθθc+ lϕϕc− zu− l6θu+ l2ϕu
fdx4 = zc− lθθc+ lϕϕc− zu+ l5θu+ l2ϕu

, (5)

where fdx1, fdx2, fdx3, and fdx4 represent the dynamic sus-
pension travels at the four corners of the cab, respectively.

3.2 Development of a multi-state switching damping
model for the shock absorber

By controlling the on/off states of two solenoid valves, the
system is capable of realizing four damping modes and eight
damping states, thereby generating the corresponding damp-
ing coefficients of the shock absorber for each operating
state. For the rebound and compression strokes, the relation-
ships between the damping coefficients of the shock absorber
and the solenoid valve-switching states are established sepa-
rately as follows:{
cf = δ1δ2cf 1+1δ2cf 2+ δ1δ2cf 3+ δ1δ2cf 4
cy = δ1δ2cy1+ δ1δ2cy2+ δ1δ2cy3+ δ1δ2cy4

, (6)

where δ1 and δ2 are logical variables representing the on/off
states of the high-speed solenoid valves S1 and S2, cf and
cy represent the damping coefficients of the damper during
the rebound and compression strokes, respectively; cf 1, cf 2,
cf 3, and cf 4 represent the rebound damping coefficients un-
der damping modes 1–4; and cy1, cy2, cy3, and cy4 corre-
spond to the compression damping coefficients in modes 1, 2,
3, and 4, respectively. The values of these variables are deter-
mined according to the valve-switching states, as described

by the following relationships:{ [
δ1 = 0

]
↔ S1 = 0(off) ; [δ1 = 1]↔ S1 = 1(on)[

δ2 = 0
]
↔ S2 = 0(off) ; [δ2 = 1]↔ S2 = 1(on)

. (7)

Based on Eq. (6), the expressions for the damping coeffi-
cients of the dampers at the four corners of the tractor cab
suspension system are further derived as follows:
cc1 = cf δf c1+ cyδf c1
cc2 = cf δf c2+ cyδf c2
cc3 = cf δf c3+ cyδf c3
cc4 = cf δf c4+ cyδf c4

, (8)

where cc1, cc2, cc3, and cc4 represent the damping coeffi-
cients of the dampers at the four corners of the tractor cab
suspension system, and δf c1, δf c2, δf c3, and δf c4 repre-
sent logical variables indicating whether the corresponding
dampers are operating in the rebound or compression stroke.
Their values are determined by the following expressions:
[
δf c1

]
= 1↔ (zc + lθ θc − lϕϕc− zu− l6θu+ l1ϕu)≥ 0[

δf c2
]
= 1↔ (zc − lθ θc − lϕϕc− zu+ l5θu+ l1ϕu)≥ 0[

δf c3
]
= 1↔ (zc + lθ θc + lϕϕc− zu− l6θu+ l2ϕu)≥ 0[

δf c4
]
= 1↔ (zc − lθ θc + lϕϕc− zu+ l5θu+ l2ϕu)≥ 0

.

(9)

By simultaneously solving Eqs. (6) to (9), a mathematical
relationship is established between the damping coefficients
of the multi-state switchable damper, the switching states of
the solenoid valves, and the operating stroke phase of the
damper. This establishes a theoretical foundation for the sub-
sequent design of the damping control strategy.

3.3 Excitation modeling of the cab suspension system

Through analysis of the vibration model of the tractor cab
suspension system, it is found that the excitation induced by
engine rotational vibration has a significant influence on the
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overall vibration response of the tractor. Therefore, in order
to accurately represent the actual vibration characteristics of
the tractor, both a road roughness excitation model consider-
ing four-wheel correlation and an engine-induced vibration
excitation model are developed.

3.3.1 Stochastic road profile modeling with four-wheel
correlation

With the widespread adoption of vehicle vibration control
systems, vibration analysis is frequently conducted in the
time domain; therefore, the road roughness excitation in the
vibration model should also be expressed in the time do-
main. According to relevant literature, when constructing a
time-domain model of single-wheel road roughness excita-
tion, a lower cut-off frequency f0 is typically introduced into
the road spectral density function, resulting in the following
time-domain expression for road roughness (Múčka, 2018):

q̇(t)=−2πf0q(t)+ 2π
√
Gq (n0)vw(t), (10)

where q(t) represents the time-domain displacement input of
road roughness,Gq (n0) represents the geometric mean of the
road roughness coefficient corresponding to the road class,
v is the vehicle travel speed, and w(t) denotes a zero-mean
Gaussian white noise process.

Based on the functional relationship among the input spec-
tral densities of road excitations acting on the four wheels of
the tractor and the approximate fitting of the correlation func-
tion between the left and right wheel tracks, the correlation
characteristics of the road inputs for the left and right wheels
are derived as follows:

q̇2(t)=−
ν

d
q2(t)+ e−2πn0d

ν

d
q1(t), (11)

where q1(t) and q2(t) represent the time-domain random road
inputs for the left and right front wheels, respectively. The
track width between the left and right wheels is denoted by
d , and n0 refers to the spatial cut-off frequency of the road
surface, with a typical value of 0.01 m−1.

In this study, only the condition of uniform linear motion
of the tractor is considered. Therefore, the road inputs for
the rear wheels are assumed to follow the same trajectory as
those for the front wheels, with a certain time delay. Based
on the road input model for the left front wheel, the mathe-
matical expression of the road input model for the left rear
wheel, q3(t), is given as follows:

q3(t)= q1(t − τ )= q1

(
t −

l

ν

)
, (12)

where τ = l
ν

represents the time delay between the front and
rear wheel excitations, where l is the wheelbase between the
front and rear axles. The transfer function between q3(t) and
q1(t) can be approximated using a second-order Padé ap-
proximation, through which the state-space expression rep-
resenting the correlation between the front and rear wheel

inputs can be derived:

G31(s)=
q3(s)
q1(s)

=
1− τ

2 s+
τ 2

12 s
2

1+ τ
2 s+

τ 2

12 s
2
. (13)

3.3.2 Engine vibration excitation modeling

According to relevant literature, the engines commonly used
in tractors are typically vertical four-stroke engines. Based on
the force analysis of a single-cylinder engine, a rotational vi-
bration excitation model is established by comprehensively
considering both the rotating and the reciprocating inertial
forces. For an in-line four-cylinder engine, the rotating in-
ertial forces along the Z axis and Y axis are calculated as
follows:
6FrZ =−m2reω

2(cosαe+ cos(αe+ 180◦)
+cos(αe+ 180◦)+ cosαe)= 0

6FrY =−m2reω
2(sinαe+ sin(αe+ 180◦)

+sin(αe+ 180◦)+ sinαe)= 0

. (14)

As shown in Eq. (14), the rotational inertial forces of a ver-
tical four-stroke engine along the Z axis and Y axis are neg-
ligible (approximately equal to zero). Therefore, during the
excitation process of engine rotational vibration, these ro-
tational inertial forces can be neglected. The calculation of
reciprocating inertial force can be divided into two compo-
nents, with the first-order reciprocating inertial force being
calculated as follows:

6Fj1 =−m1reω
2(cosαe+ cos(αe+ 180°)

+ cos(αe+ 180°)+ cosαe)= 0. (15)

The second-order reciprocating inertial force is calculated as
follows:

6Fj2 =−λm1reω
2(cos2αe+ cos2(αe+ 180°)

+ cos2(αs + 180°)+ cos2αs)

=−4λm1reω
2 cos2αe. (16)

Based on Eqs. (15) and (16), it can be determined that,
during tractor operation, the inertial force generated by the
rotational and reciprocating motion of the piston–crank–
connecting rod mechanism is primarily dominated by the
second-order inertial force produced by the reciprocating
motion of the equivalent mass m1 located at the piston pin.

4 Design of a damping control strategy for the
tractor cabin suspension system

4.1 System model and control objectives

The tractor cab suspension is modeled as a 7-DOF system
that comprises the bounce, pitch, and roll motions of the
cab and frame, along with the vertical motion of the engine.
Specifically, the DOFs are the following:
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frame (chassis): vertical (bounce), pitch, and roll motions
of the main tractor frame;

cab: vertical (bounce), pitch, and roll motions of the cab
relative to the frame (supported at four corner mounts);

engine: vertical motion of the engine on its mounts
(engine-induced vibration).

The tractor cab suspension is modeled as a 7-DOF sys-
tem comprising bounce, pitch, and roll motions of the cab
and frame, along with the vertical motion of the engine. The
cab is supported at four corners by semi-active dampers with
discrete mode switching capability.

The primary control objective is to enhance ride comfort
by minimizing the root mean square (RMS) values of the
cab’s vertical acceleration, as well as its pitch and roll ac-
celerations, which are directly related to ISO 2631 ride com-
fort standards. Since cab angular motions (pitch and roll) can
significantly amplify the vertical displacement at the driver’s
seat, suppression of these dynamics is also included in the
control objective.

The system is subjected to two main disturbance sources:
(1) road irregularities modeled as ISO Class D stochastic
excitation with front–rear and left–right correlation and (2)
engine-induced vibrations modeled as periodic excitations
from reciprocating inertial forces. The control inputs are
the four dampers, which can only provide dissipative forces
in discrete modes through valve switching. This makes the
problem a nonlinear, semi-active multi-input multi-output
(MIMO) control problem.

4.2 ADRC-based damping control of the tractor cabin
suspension system

The ADRC framework consists of three main modules: (i) a
tracking differentiator (TD) that generates smooth reference
signals, (ii) an extended state observer (ESO) that estimates
both the system states and the total disturbances, and (iii) a
nonlinear state error feedback (NLSEF) law that regulates the
system behavior while compensating for disturbances in real
time. The block diagram of the ADRC controller is illustrated
in Fig. 4 (Jin et al., 2020; Gao et al., 2024).

In this study, the tractor cab’s bounce, pitch, and roll
motions are each treated as second-order subsystems. The
ESO estimates the motion states and the lumped disturbances
caused by road irregularities, engine excitation, and model
uncertainties. The NLSEF then computes control actions to
suppress these vibrations, while the TD smooths reference
signals where needed.

To design the ADRC, the cab suspension dynamics are
first expressed in a standard second-order form with an aug-
mented disturbance state. Taking the cab bounce motion as
an example, the equation of motion can be expressed as fol-
lows:

mcZ̈c+ ccab(Żc− Żu)+ kcab(Zc−Zu)= 0, (17)

Figure 4. The basic structure of the ADRC controller.

where Zc is the cab’s vertical displacement (relative to the
ground or an equilibrium),Zu is the frame (unsprung chassis)
vertical displacement, and kcab is the total stiffness of the cab
mounts, which can be rearranged as

Z̈c =−
kcab

mc
(Zc−Zu)−

ccab(t)
mc

(Żc− Żu). (18)

Introducing a nominal model coefficient az and an estimated
input gain b0z while lumping all uncertainties and external
excitations into a total disturbance term dz, the dynamics be-
come

Z̈c = azZc+ dz+ b0zuz. (19)

Similar expressions can be derived for cab pitch and roll mo-
tions. For clarity, the bounce (Zc), pitch (φc), and roll (θc)
motions of the cab are formulated in a unified vector form.
The system output and control input vectors are defined as

y =

 Zc
φc
θc

 ,u=
 uz
uφ
uθ

 , d =
 dz
dφ
dθ

 . (20)

The dynamics of the three channels can then be compactly
written as

ÿ = A0y+ d +B0u, (21)

where A0 = diag
[
az aφ aθ

]
and B0 =

diag
[
b0z b0φ b0θ

]
. The disturbance vector d lumps

all unmodeled dynamics and external excitations, including
road-induced chassis motion and engine vibrations.

4.3 Design of ESO module of ADRC controller

For each motion channel, the ESO is designed to estimate
both the system states and the corresponding lumped distur-
bance. In compact vector form, the augmented state is de-
fined as (Tao et al., 2025)

z=

 y

ẏ

d

 . (22)
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The ESO can then be constructed as follows:

˙̂z= Aẑ+Bu+L(y− ŷ), (23)

where ŷ = Cẑ, and L is a block-diagonal observer gain ma-
trix. Each channel adopts pole placement of (s+ωo)3, yield-
ing the following observer gains:

β1 = 3ωoβ2 = 3ω2
oβ3 = ω

3
o. (24)

This structure allows the ESO to reconstruct the total distur-
bance vector d̂ in real time, thereby providing the basis for
effective disturbance rejection within the ADRC framework.
The detailed derivations are presented in Appendix A.

4.4 Design of NLSEF module of ADRC controller

The NLSEF computes a preliminary control signal based on
the tracking errors between the reference input and the esti-
mated system output. The error vectors are defined as

e1 = r − ŷ, e2 = ṙ ˙̂y. (25)

A diagonal PD-type feedback law is adopted:

u=Kpfal(e1α1δ)+Kd fal(e2α2δ), (26)

where Kp = diag
(
kpz,kpφ,kpθ

)
Kd = diag

(
kdz,kdφ,kdθ

)
are feedback gains, and fal(·) is a nonlinear function:

fal (e,α,δ)=
{

e

δ1−α , |e| ≤ δ

|e|αsgn(e) , |e|> δ
. (27)

This structure ensures that, for small errors, the effective
gains approximate the baseline values, avoiding excessive
control effort; for large errors, the gains are increased adap-
tively, improving disturbance rejection and transient perfor-
mance.

Substituting into the control law yields

ui =Kpe1i +Kde2i, i ∈ {z,φ,θ} . (28)

Finally, the actual control input is compensated for by the
ESO disturbance estimate:

u= B−1
0 (u− d̂). (29)

This nonlinear gain formulation highlights the adaptive na-
ture of NLSEF, where feedback intensity is automatically ad-
justed according to error magnitudes. The approach balances
control robustness with actuator effort, thereby ensuring ef-
fective vibration suppression across various road and engine
excitation conditions. Detailed proofs of stability and deriva-
tions are included in Appendix A.

4.5 Control allocation of the four dampers in the tractor
cab suspension system

The ADRC controller generates virtual control inputs u=[
uz,uφ,uθ

]T , which correspond to the desired generalized
forces in bounce, pitch, and roll directions. These control in-
puts must be distributed to the four semi-active dampers lo-
cated at the cab corners (front-left, front-right, rear-left, rear-
right).

Let the damper command vector be defined as

ud =


uf l
uf r
url
urr

 , (30)

where each element represents the equivalent control demand
(force or mode command) applied to a corner damper. The
mapping between generalized control forces and individual
damper inputs can be expressed as

ud = T u, (31)

where T is the allocation matrix determined by the geome-
try of the cab suspension. A typical formulation is given as
follows:

T =


1
4

ly
2 −

lx
2

1
4 −

ly
2 −

lx
2

1
4

ly
2

lx
2

1
4 −

ly
2

lx
2

 , (32)

with lx and ly denoting the half-lengths of the cab in the lon-
gitudinal and lateral directions, respectively. The following
applies in this formulation:

– The first column distributes the bounce control force
equally to all four dampers.

– The second column introduces opposite effects between
front and rear dampers to generate a pitch moment.

– The third column applies opposite effects between left
and right dampers to generate a roll moment.

Finally, each damper’s continuous demand uij is con-
verted into a discrete valve-switching mode (soft–soft,
soft–hard, hard–soft, hard–hard) according to prede-
fined thresholds. The control mapping is implemented
as follows:

– Normalization. Each damper demand uij is scaled to the
range of achievable damping forces.

– Quantization. The normalized demand is compared
against three threshold levels, { V1, V2, and V3 }, which
divide the input range into four regions.
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– Voltage command. The damper is driven by a voltage
pair (VS1, VS2) corresponding to the selected region,
where S1 and S2 denote the two solenoid valves. For
example,

– soft–soft: (VS1, VS2)= (0, 0)

– soft–hard: (VS1, VS2)= (0, VH)

– hard–soft: (VS1, VS2)= (VH, 0)

– hard–hard: (VS1, VS2)= (VH, VH),

where VH is the rated high-voltage level of the valve driver.
In this way, the continuous ADRC outputs are systemati-

cally translated into discrete voltage signals for the solenoid
valves. This ensures that the controller’s virtual forces are
effectively realized as mode-switching actions in the multi-
state adjustable damper.

5 Simulation and analysis

5.1 Simulation analysis of MR damper inverse modeling

To validate the performance advantages of the ADRC con-
trol strategy, a comprehensive comparative simulation anal-
ysis is conducted, with the fuzzy PID and skyhook control
strategies serving as benchmark methods. Based on the pre-
viously developed four-wheel correlated stochastic road ex-
citation model, the tractor is assumed to travel at a constant
speed of 5 m s−1 over a Class D road profile (the road pro-
file inherently contains random fluctuations, measurement-
like noise, and intermittent high-amplitude disturbances)
(Múčka, 2018), as illustrated in Fig. 5. The road input is
modeled according to ISO 8608, using a Class D profile,
which corresponds to severe road roughness conditions. The
reference spatial frequency was set as n0 = 0.1 m−1, with a
roughness coefficient Gq (n0)= 1024× 10−6 m3 and wavi-
ness index ω = 2. The spatial power spectral density is
given by Gq (n)=Gq (n0) ( n

n0
)−ω. For a forward speed of

5 m s−1, these spectral characteristics were converted into
time-domain base excitation inputs at the four wheel con-
tact points. This modeling approach ensures consistency with
ISO 8608 definitions and provides a representative severe-
road excitation for tractor cab suspension analysis. The key
parameters involved in the control system simulation are
summarized in Table 2. To ensure a fair comparison among
different control strategies, all controllers are evaluated under
identical simulation conditions used for fuzzy PID, skyhook,
and the proposed ADRC controller, summarized in Table 3.
The vehicle and suspension parameters used in this study are
consistent with those reported in our previous work (Bin and
Wei, 2024), which have been experimentally validated. All
simulations were performed under identical road excitation
and sampling conditions to guarantee consistency.

As shown in Table 3, the fuzzy PID controller was tuned
to minimize the seat acceleration RMS using a rule base

Figure 5. The 5 m s−1 D Class ISO road profile.

with triangular membership functions, while the skyhook ap-
proach employed a fixed equivalent damping coefficient with
velocity-based switching logic. In contrast, the proposed
ADRC incorporated ESO-based disturbance estimation and
nonlinear state error feedback, with explicit parameter values
listed to ensure reproducibility. These consistent conditions
provide a solid foundation for the subsequent comparison of
time- and frequency-domain responses.

Figures 6–9 present the time-domain responses of the trac-
tor cab suspension system in terms of vertical acceleration,
pitch acceleration, roll acceleration, and dynamic suspension
travel, respectively. Under the same ISO Class D road profile,
the proposed ADRC strategy consistently provides superior
vibration attenuation performance compared with both the
fuzzy PID and skyhook controllers. A quantitative compari-
son is given in Table 4. Relative to fuzzy PID control, ADRC
reduces the RMS values of vertical, pitch, and roll accel-
erations by 57.1 %, 67.1 %, and 65.4 %, respectively. Com-
pared with skyhook control, the corresponding reductions are
41.9 %, 56.2 %, and 55.4 %. For dynamic suspension travel,
the ADRC-controlled suspension also achieves substantial
reductions of 66.8 % and 53.6 % relative to fuzzy PID and
skyhook control, respectively. These results demonstrate that
the ADRC strategy significantly improves both vibration iso-
lation performance and cab attitude stability under severe
broadband excitation conditions. Regarding the dynamic dis-
placement of the cab suspension, the ADRC-controlled sys-
tem exhibits a significant reduction compared with the fuzzy
PID and skyhook methods, with RMS reductions of 66.8 %
and 53.6 %, respectively. In addition, the ADRC-controlled
suspension system demonstrates superior ride comfort. Ac-
cording to ISO 2631-1, RMS values within 0.315–0.63 indi-
cate slight discomfort, while values below 0.315 correspond
to no discomfort (Múčka, 2018). The enhanced impact dis-
turbances on the class D road profile did not degrade the ro-
bustness of the tractor cab suspension system under ADRC
control. It should be noted that the ADRC-controlled re-
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Table 2. The key parameters of the damping multi-state switching damper.

Parameters Values Parameters Values Parameters Values Parameters Values

mc 190 kg l1 0.12 m l8 0.92 m kc 16 200 N m−1

mu 1560 kg l2 1.1 m l9 0.52 m Iuϕ 10 500 kg m2

me 270 kg l3 0.9 m l10 0.16 m Iuθ 2000 kg m2

kt 440 KN m−1 l4 1.8 m λ 4/3 Icϕ 660 kg m2

ct 2100 N s m−1 l5 0.45 m lϕ 0.525 m Icθ 720 kg m2

ke 13500 N m−1 l6 0.55 m lθ 0.51 m ω 80π rad min−1

ce 1400 N s m−1 l7 0.88 m re 0.24 m m1 11.5 kg

Table 3. Simulation parameters and conditions for fuzzy PID, skyhook, and ADRC controllers.

Control
strategy

Main parameters Simulation road input Simulation duration
and sampling

Notes

Fuzzy PID Kp = 1200, Ki = 50,
Kd = 180; seven fuzzy rules
with triangular membership
functions

ISO 8608 Class D
random road profile

20 s, step h= 0.001 s Parameters tuned to
minimize seat
acceleration RMS

Skyhook Equivalent damping coefficient
cs = 2000 Ns m−1; switching
law based on relative velocity
(żs żu)

ISO 8608 Class D
random road profile

20 s, step h= 0.001 s Standard semi-active
control benchmark

ADRC
(proposed)

ESO bandwidth
ω0 = 120.5 rad s−1; control
bandwidth ωc = 60 rad s s−1;
NLSEF gains
Kp = diag(800,600,400),
Kd = diag(120,90,60); input
gains
b0 = diag(1/mc,1/Iϕ,1/Iθ )

ISO 8608 Class D
random road profile

20 s, step h= 0.001 s Implemented with
multi-state MR damper
switching model

sponses exhibit faster vibration suppression and smoother
convergence behavior compared with fuzzy PID and sky-
hook results. This is consistent with the ADRC mechanism,
which actively estimates and compensates for disturbances in
real time, leading to a distinct response profile. The observed
differences in curve shapes therefore reflect the controller’s
inherent design characteristics rather than inconsistencies in
model validation.

Specifically, the curves of the controlled system display
the following:

– reduced peak amplitudes of vibration responses, indi-
cating effective mitigation of sudden shocks transmitted
from the chassis;

– faster decay of vibration oscillations, reflecting im-
proved damping characteristics and enabling quicker re-
turn to equilibrium;

– lower steady-state vibration levels, as evidenced by re-
duced RMS values (according to ISO 2631 guidelines,
a reduction of 20 %–30 % in vertical acceleration RMS

Table 4. Comparison of RMS values of different control methods
for tractor cab suspension.

RMS Fuzzy PID Skyhook ADRC

Vertical acceleration (m s−2) 1.2995 0.9591 0.5573
Pitch acceleration (m s−2) 1.1270 0.8457 0.3705
Roll acceleration (m s−2) 0.8419 0.6523 0.2909

corresponds to a measurable improvement in ride com-
fort classification);

– consistent pitch and roll suppression, ensuring enhanced
cab attitude stability and safer operating conditions;

– confirmation that the distinct curve shapes observed in
the ADRC responses are consistent with theoretical ex-
pectations, further validating the effectiveness of the
proposed control scheme.

It is worth emphasizing that the ISO Class D excitation
contains substantial spectral content in the 3–6 Hz band,
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Figure 6. Tractor cab vertical acceleration under ISO Class D road
excitation at 5 m s−1 for fuzzy PID, skyhook, and ADRC control.

Figure 7. Tractor cab pitch acceleration under ISO Class D road
excitation at 5 m s−1 for fuzzy PID, skyhook, and ADRC control.

which coincides with the cab’s natural frequencies. There-
fore, the performance improvements reported here already
demonstrate resonance suppression effectiveness within the
broadband input.

In addition, to more accurately assess the influence of vi-
brations with different frequencies and directions on driver
comfort, the overall weighted acceleration aw was enhanced
and calculated for the three control methods based on the
ISO 2631-1 standard. The corresponding formula is given as
follows:

aw =

√
k2
za

2
wz+ k

2
r a

2
wr + k

2
pa

2
wp, (33)

where awz, awr , and awp represent the root mean square
(RMS) accelerations in the vertical, roll, and pitch directions,
respectively. The weighting factors, kz, kr , and kp, corre-
spond to the respective directional components and were se-

Figure 8. Tractor cab roll acceleration under ISO Class D road pro-
files at 5 m s−1 for fuzzy PID, skyhook, and ADRC control.

Figure 9. Dynamic suspension travel of the tractor cab under ISO
Class D road excitation at 5 m s−1 for fuzzy PID, skyhook, and
ADRC control.

lected as kz = 1, kr = 0.63, and kp = 0.4, in accordance with
the ISO 2631-1 standard.

The overall weighted accelerations aw, calculated using
Eq. (33), are presented in Table 5 for the different control
algorithms.

To further interpret the engineering significance of the ob-
tained reductions, the overall weighted acceleration was eval-
uated according to ISO 2631-1. As shown in Table 5, the
ADRC strategy reduces the overall weighted acceleration to
0.6472 m s−2 compared with 1.6258 m s−2 for fuzzy PID and
1.2141 m s−2 for skyhook control. This corresponds to reduc-
tions of 60.2 % and 46.7 %, respectively.

From a practical perspective, these reductions indicate that
the vibration exposure transmitted to the operator is sub-
stantially alleviated. Lower weighted acceleration implies
reduced whole-body vibration severity, which is beneficial
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Figure 10. Switching states of high-speed hydraulic valve S1 at the four corners of the tractor cab under ADRC-based multi-mode damping
control.

Figure 11. Switching states of high-speed hydraulic valve S2 at the four corners of the tractor cab under ADRC-based multi-mode damping
control.

Table 5. Overall weighted accelerations under different control al-
gorithms.

aw (m s−2) Fuzzy PID Skyhook ADRC

Value 1.6258 1.2141 0.6472

for improving ride comfort, decreasing fatigue accumulation
during prolonged tractor operation, and mitigating vibration-
related health risks such as lumbar discomfort and mus-
culoskeletal strain. In particular, the ADRC-controlled re-
sponse approaches the lower discomfort range defined by
ISO 2631-1, whereas the benchmark controllers remain in
a more severe vibration exposure region. Therefore, the pro-
posed control strategy is not only effective in a numerical
sense, but also meaningful for enhancing operator comfort,
reducing fatigue, and supporting safer long-duration field op-
eration.

Figures 10 and 11 illustrate the high-speed switching con-
trol signals of solenoid valves S1 and S2 at the four corners of
the tractor cab suspension with multi-mode damping switch-
ing. As observed from the figures, the ADRC-based damp-
ing control strategy enables direct control of the high-speed
switching mode of the solenoid valves. Moreover, frequent
switching within short intervals is effectively avoided, indi-
cating high system stability.

Table 6. Estimated vibration transmissibility under different control
methods (dominant frequency range 3–6 Hz).

Control strategy Vertical Pitch Roll
transmissibility transmissibility transmissibility

Fuzzy PID ∼ 0.42 ∼ 0.47 ∼ 0.44
Skyhook ∼ 0.36 ∼ 0.40 ∼ 0.38
ADRC (proposed) ∼ 0.18 ∼ 0.21 ∼ 0.19

5.2 Vibration transmissibility analysis

To further evaluate the isolation effectiveness of the suspen-
sion system, vibration transmissibility was estimated follow-
ing the standard definition T (ω)= |Xc(ω)|

|Xu(ω)| , where Xc(ω) is
the cab response amplitude, and Xu(ω) is the frame/base ex-
citation amplitude. This metric reflects the proportion of vi-
bration transmitted from the tractor frame to the cab struc-
ture. Although a full frequency-domain simulation curve is
not included here, the transmissibility was estimated at the
dominant frequency range (3–6 Hz), corresponding to the
cab’s natural modes, based on RMS ratios of cab acceleration
to chassis excitation. Table 6 summarizes the approximate
transmissibility values under different control strategies.

The results indicate that the ADRC-controlled suspen-
sion achieves significantly lower transmissibility (below 0.2)
across all channels, suggesting superior isolation of vibration
energy from the road and engine excitations. This reduction
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implies that less than 20 % of the base excitation amplitude
is transmitted to the cab, whereas conventional controllers al-
low more than one-third of the excitation to propagate. These
findings are consistent with the RMS reduction results pre-
sented earlier and further validate the superior vibration sup-
pression capability of the ADRC strategy.

6 Conclusions

This paper proposes an ADRC-based vibration control strat-
egy for a tractor cab suspension system equipped with a
novel multi-state adjustable damper. A detailed 7-DOF dy-
namic model was established, accounting for the vertical,
pitch, and roll motions of the cab, frame, and engine. To
address the challenge of nonlinear and uncertain vibration
sources – including stochastic road excitations and engine-
induced oscillations – an ADRC controller was developed to
estimate and suppress total disturbances in real time. A cor-
responding control allocation method was designed to map
ADRC’s virtual control forces to discrete damping modes
of the four corner dampers via solenoid valve commands.
Simulation results under ISO Class D road profile conditions
demonstrate the superior performance of the proposed con-
trol strategy. Compared with fuzzy PID and skyhook con-
trollers, the ADRC-based approach reduced the RMS values
of vertical, pitch, and roll accelerations by 57.1 %, 67.1 %,
and 65.4 %, respectively. More importantly, the ISO 2631-
1 overall weighted acceleration was reduced to 0.647 m s−2,
representing a 60.2 % and 46.7 % improvement relative to
fuzzy PID and skyhook, respectively, thereby placing the cab
ride comfort into a significantly improved category. The sys-
tem also demonstrated improved damping stability and ef-
fective suppression of suspension travel, demonstrating its
strong potential to enhance operator comfort under demand-
ing terrain conditions.

Appendix A: Detailed ADRC formulation

A1 State-space representation

For each motion channel (bounce Zc, pitch φc, and roll θc),
the cab suspension dynamics can be written in the compact
form

ÿ = A0y+ d +B0u, (A1)

where

y =

 Zc
φc
θc

 ,u=
 uz
uφ
uθ

 , d=

 dz
dφ
dθ

 .
Here,A0 = diag

[
az aφ aθ

]
contains nominal stiffness-

related coefficients,B0 = diag
[
b0z b0φ b0θ

]
represents

estimated input gains, and d aggregates unmodeled dynam-
ics and external profiles (road-induced chassis motion and
engine vibration forces).

A2 Extended state observer (ESO)

To estimate both the system states and the lumped distur-
bance, the augmented state vector is defined as

z=

 y

ẏ

d

εR9.

The ESO is formulated as

˙̂z= Aẑ+Bu+L(y− ŷ), (A2)

with ŷ = Cẑ, where L is a block-diagonal observer gain ma-
trix. Each channel employs pole placement based on (s+
ω0)3, yielding

β1 = 3ωoβ2 = 3ω2
oβ3 = ω

3
o) (A3)

so that L? = [β1,β2,β3]
T for each channel. The ESO thus

reconstructs the total disturbance vector d in real time.

A3 Nonlinear state error feedback (NLSEF)

The tracking errors are defined as e1 = rŷ,e2 = ṙ ˙̂y, where r
is the reference trajectory. A diagonal PD-type feedback law
is applied:

u=Kpfal(e1α1,δ)+Kd fal(e2α2,δ), (A4)

where Kp = diag
(
kpz,kpφ,kpθ

)
and Kd =

diag
(
kdz,kdφ,kdθ

)
are feedback gains, and fal(·) is a

nonlinear function:

fal (e,α,δ)=
{

e

δ1−α , |e| ≤ δ

|e|αsgn(e) , |e|> δ.
(A5)

The final control input compensates for the ESO-estimated
disturbance:

u= B−1
0 (u− d̂). (A6)

This structure ensures that unmodeled dynamics and external
profiles are actively canceled in real time.

A4 Stability consideration

Substituting Eq. (A6) into the closed-loop dynamics yields

ÿ = A0y+Kpe1+Kde2+ (dd̂).

If the ESO bandwidth ω0 is sufficiently large, d̂→ d , the
error dynamics reduce to

ÿ+Kd ẏ+Kpy ≈ 0.

Since KdKp > 0, the closed-loop system is asymptotically
stable, ensuring robust vibration suppression in the presence
of bounded uncertainties and disturbances.
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Appendix B: Control allocation and mode switching

B1 Control allocation matrix

The ADRC controller generates the generalized control vec-
tor u=

[
uz,uφ,uθ

]T , corresponding to bounce, pitch, and
roll channels. These virtual control forces are mapped to the
four corner dampers by

ud = T u (B1)

with ud =


uf l
uf r
url
urr

, and the allocation matrix is defined as

T =


1
4

ly
2 −

lx
2

1
4 −

ly
2 −

lx
2

1
4

ly
2

lx
2

1
4 −

ly
2

lx
2 ,

 (B2)

where lx and ly represent half the longitudinal and lateral
cab dimensions, respectively. This structure ensures the fol-
lowing:

– Bounce control (uz) is equally distributed to all
dampers.

– Pitch control (uφ) produces opposite effects between
front and rear dampers.

– Roll control (uθ ) produces opposite effects between left
and right dampers.

B2 Mode-switching rules

Each element of ud is continuous, while the physical damper
is realized by four discrete modes (soft–soft, soft–hard, hard–
soft, hard–hard). To implement the allocation in practice, a
threshold-based quantization strategy is applied.

Define four damping modes with equivalent force levels,
{F1,F2,F3, and F4}, corresponding to the valve-switching
states.

Normalize each damper demand uij to the achievable
damping force range.

Select the nearest discrete mode according to

ũij = argmin
∣∣uij −Fk∣∣ , k= 1, · · ·,4, (B3)

where uij is the implemented mode command for damper ij .

B3 Implementation flow

The complete allocation–switching process is summarized as
follows:

1. ADRC generates generalized forces u from bounce,
pitch, and roll control loops.

2. These are mapped to corner dampers via Eqs. (B1)–
(B2).

3. Each damper demand is discretized into one of the four
available modes using Eq. (B3).

4. Final valve commands are issued to achieve the selected
damping mode.

This procedure ensures that the continuous ADRC outputs
are consistently translated into feasible discrete commands
for the multi-state adjustable damper.
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