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ABSTRACT Over the past few decades, there has been a consistent interest in the creation and use
of Unmanned Aerial Vehicles (UAVs). Although originally developed for military purposes, such as
surveillance and target acquisition, UAVs are now being utilized in a variety of fields, including tourism,
public safety, transportation, and healthcare. Due to the considerable interest in the use of UAVs and their
complex dynamic behavior, there has been a growth in the design and practical implementation of different
control methods to accomplish their tasks and missions successfully. Control approaches developed for UAV
systems mainly include adaptive control, robust control, and Active Disturbance Rejection Control (ADRC).
Recently, ADRC has gained significant popularity as a control method for UAVs due to its robustness against
uncertainties and disturbances, as well as its ease of implementation. This review paper aims to provide a
comprehensive evaluation and insightful look into the various ADRC structures developed for UAV systems,
as well as to highlight the basic issues involved in this field. This will allow readers to identify potential future
requirements for expanding the utility of UAVs. An illustrative example of the ADRC scheme in the Parrot
Mambo quadcopter is also included in this review paper.

INDEX TERMS ADRC, Tracking control, Rotary UAVs, Fixed-wing UAVs, Hybrid UAVs, Quadcopters

I. INTRODUCTION

W ITH the recent and rapid advancement in science
and technology, Unmanned Aerial Vehicles (UAVs)

have become widely utilized to provide optimized services
and accomplish sophisticated tasks. In the past, UAVs were
mainly developed for military purposes. Nowadays, UAVs are
not only present in the military sector but are also extensively
employed in diverse applications and vital fields such as pub-
lic safety, transportation, and healthcare. This is due to sev-
eral attractive advantages, such as application adaptivity and
movement flexibility. The importance of integrating UAVs is
most readily apparent in cases where manned flights become
dangerous or difficult. Therefore, several reports have wit-
nessed the successful integration of UAVs in many critical
and challenging applications, including firefighting, search
and rescue, or inspection of power lines and pipelines [1].

The complex structures of UAVs, along with their complex

nature of tasks and specific applications, have revealed a
serious issue for scientists in achieving the intended goals
and objectives. Control design strategies for UAVs are of
great importance for effectively fulfilling the assigned UAV
tasks. Scientists and researchers face several challenges when
developing trajectory control systems for UAVs. The first
challenge is mainly related to the complexity of the mechan-
ical structures and the behavior of UAV systems. Most of
the system complexity is generally caused by the propeller
rotation and the blade flapping of the UAV [2], as well as the
inherent nonlinearities and strong coupling of the position and
orientation dynamics [3]. Besides, UAV systems are Multi-
Input Multi-Output (MIMO) underactuated mechanical sys-
tems with a fewer number of actuators than the number of
degrees of freedom [3]. Moreover, UAV systems generally
exhibit multiple-input time delays in their dynamic behavior
and involve time-varying states, which increase the complex-
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ity of UAV systems. In addition, UAV systems are subject to
parametric uncertainties and different disturbances, including
aerodynamic forces and moments such as air resistance and
sudden wind gust. It is well known that all the aforementioned
characteristics of UAV systems may significantly affect the
desired stability and performance specifications. Therefore,
the development of advanced control design schemes has
become, over the past few years, a priority research topic to
overcome the challenges of UAV systems and successfully
control them [4]–[7].

Classical control strategies, such as PID control, have
been adopted in several aerial applications [8], [9]. However,
due to the fact that the UAV dynamic behavior is complex
and subject to non-negligible uncertainties and disturbances
as outlined above, modern control strategies are needed to
ensure the performance of the tracking system, especially
when operating in unstable environments [10]. Generally, two
modern control approaches, namely adaptive control and ro-
bust control, have been studied to efficiently control different
UAV systems [11]–[16]. On one hand, adaptive controllers
are developed to control plants with uncertainties and have
the ability to adjust the parameters online according to the
current operating conditions and environment. The design
of adaptive controllers relies on a mathematical model that
accurately describes the dynamics of the UAV system. On
the other hand, robust control methods that are capable of
accounting for uncertainties and disturbances have been de-
veloped for UAVs. In robust control theory, the uncertainties
are explicitly addressed by determining a bounding set that
should contain the disturbances and the system parameters.
Generally, robust controllers allow us to achieve acceptable
performance for a bounded set of UAV uncertainties and dis-
turbances. Therefore, robust controllers are safe to be static,
and they do not need to adaptively modify the controller
parameters and gains, which would reduce the complexity of
the control design. The goal of applying the abovementioned
modern control methods to UAV systems was to practically
reduce the effect of disturbances and achieve the desired
performance specifications. However, despite the consider-
able advancements made in such control theories, which
have shown acceptable tracking performance in UAV appli-
cations, the control of a complex MIMO UAV system is still
a challenging task, especially with the variety of disturbances
and the highly nonlinear as well as variable behavior of
UAV systems. The design of a robust controller needs a pre-
defined set where the uncertainties and disturbances should
reside in. However, considering the fact that UAV systems
are often operated in different variable environments, they
are subject to a wide range of uncertainties and disturbances
that could easily reside outside the determined boundary
set. However, the main limitation of adaptive controllers is
that their design relies on accurate prior information on the
UAV system dynamics to tune the controller’s parameters.
Given the challenges outlined above, the application of adap-
tive and robust control techniques to UAV systems becomes

impractical because UAV systems are designed to operate
across diverse environments that have different characteristics
and that involve unknown or variable payloads. Hence, to
account for the large unknown but possibly unmeasurable
disturbances and uncertainties, the use of observers-based
control approaches is a possible solution to tackle the control
problem of UAV systems. The basic idea of the observer-
based control schemes is to implement an observer to estimate
the disturbances acting on the plant during operation and
feedback on the estimated signals to build a robust control law
with disturbance rejection capabilities in real-time. Observer-
based control systems have shown some success in treating
the effect of unknown disturbances in several applications.
However, the observer design requires the availability of
an accurate plant model, but some critical issues still arise
when practically implementing observer-based controllers.
Moreover, the performance of these controllers is highly re-
lated to the reliability of the disturbance estimator, which is
strongly dependent on the complexity of the plant. In addition,
the observer-based control design philosophy has not been
widely adopted by the control community of UAVs due to
the limited availability of appropriate analysis and synthesis
tools. All of the previously-discussed issues caused serious
challenges to successfully and adequately control UAV sys-
tems, especially with the continuously increasing complexity
of recent applications. Therefore, there is a need to find a
more appropriate, practical, and simple control strategy that
can successfully handle the complex characteristics of UAV
systems as well as the impact of various unmeasurable distur-
bances and uncertainties.

In the 1990s, a novel control method, namely the Active
Disturbance Rejection Control (ADRC), was proposed by
Jingqing Han to solve the problems mentioned above [17],
[18]. Thus, the ADRC control method has been commonly
adopted in various applications, such as robotics and aviation.
The principle of the ADRC approach is based on the idea of
introducing a fictitious state that includes all possible uncer-
tainties and disturbances originating from the plant (called
total disturbance) that are unknown and not accounted for
the plant model. The total disturbance in an ADRC scheme
is estimated in real-time using an Extended State Observer
(ESO), and then the estimation is utilized to build a suit-
able control law capable of decoupling the system from all
unknown uncertainties and disturbances affecting the system
dynamics. The main features of the ADRCmethod are related
to several aspects: 1) it is unique in its conceptualization and
characterized by ease of implementation in real-world con-
texts; 2) disturbances are rejected in real-time; 3) the control
design process does not necessitate detailed knowledge of
system dynamics; and 4) it is applicable to nonlinear complex
MIMO systems, including sophisticated UAV systems. All
these remarkable advantages of the ADRC control strategy
have attracted many control practitioners to adopt it in a wide
range of applications. The first practical utilization of ADRC
controllers was in 2010 at Parker Hannifin Extrusion Plant
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in the United States [19]. The ADRC implementation had
successfully enhanced productivity by 30% and contributed
to the reduction of the required operation energy by 50%. In
addition, ADRC algorithm was implemented at the National
Superconducting Cyclotron Lab in the United States as an
energy particle accelerator [20]. Moreover, the well-known
semiconductor production company, Texas Instruments, has
invented ADRC-based motion control chips in 2013 [21].
These successful experiences have enabled the ADRC control
method to be a good candidate for the substitution of the
Proportional Integral Derivate (PID) utilized in several in-
dustrial systems due to its simple design structure and strong
ability to deal efficiently with uncertainties and disturbances.
The ADRC technique was already proven to be a promising
solution in robotics applications [22], [23].

As far as the authors are aware, although the ADRC control
method has been widely used to control UAV systems in
the last few years, the literature shows the lack of a re-
search review that highlights the existing works dealing with
the implementation of ADRC to control UAV systems. To
identify this gap, we conducted a comprehensive literature
search to review recent and old relevant articles, conference
papers, and reports published over the past several years. Our
focus was on studies that implemented ADRC techniques in
UAV applications to analyze their findings and contributions
and evaluate the coverage of existing research. This search
process helped us conclude that although ADRC has been
successfully applied in many fields, there is still a significant
lack of comprehensive reviews specifically addressing its
application in UAV systems. From a practical point of view,
UAV systems are one of the most uncertain systems that are
subject to various complex/varying disturbances and work
in different conditions and environments. These disturbances
mainly include weather conditions such as vertical wind gusts
and air turbulence induced by the propellers at near-earth
flights such as land and take-off, which greatly affect the
dynamic behaviors and the stability of the UAV systems. For
this reason, there is a persistent need for a suitable control
approach to deal with these challenges. The ADRC technique
is considered a good candidate to deal with such systems
due to its capability of rejecting complex disturbances and
ensuring good dynamic behavior. Therefore, this article pro-
vides a thorough research review on the application of the
active disturbance rejection control method and its variants
to solve serious UAV control problems, such as attitude con-
trol, obstacle avoidance, takeoff and landing, stability, and
trajectory control. The main objective of this review paper is
to present state-of-the-art on the design and implementation
of various ADRC structures to UAV systems. In addition, we
aim to draw the robotics and control community’s attention to
explore different research directions related to the use of the
ADRC approach in UAV systems motivated by the research
gaps in this important application area.

The rest of this paper is organized as follows: Section II
presents the classification and applications of UAV systems.

The theoretical foundation of the ADRC control method is
presented in Section III. Section IV discusses the applications
of various ADRC structures to different classes of UAVs. An
application of the ADRC technique to control a quadcopter
is given in Section V. Finally, the conclusion is given in
Section VI.

II. CLASSIFICATION AND APPLICATION
To help distinguish the existing UAVs based on their char-
acteristics and their potential applications, we aim in this
section to highlight the main categories of UAV systems.
Different UAV classification schemes have been adopted in
the literature [24]. UAVs are mainly categorized into three
main classes: rotary, fixed-wing, and hybrid UAVs [25], [26].
Although rotary UAVs have received considerable attention
and interest, fixed-wing UAVs and hybrid UAVs found their
application in various fields. Each of these types of UAV
has its own advantages and disadvantages, including their
appropriateness for certain applications. The classification
used in this paper is summarized in Figure 1.

UAV systems

Rotary UAVs Fixed wing 
UAVs Hybrid UAVs

Quadcopter Helicopter Others

FIGURE 1. Classification of UAVs

A. ROTARY UAVS
Rotary UAVs are based on the lift generated by the continuous
rotation of rotor blades which provides the rotary UAVs with
the ability to hover and move in any direction. This category
is classified into multirotor UAVs and single-rotor UAVs.
Multirotor UAVs include tri-copters (3 rotors), quadcopters
(4 rotors), hexacopters (6 rotors), and octocopters (8 rotors),
among others. The main advantages of this multirotor cate-
gory are their stability, flexible control, and maneuverability,
as well as their ability to hover, take off, and land vertically
[26], [27]. Therefore, they do not need a large area for take-off
and landing. However, they often have a limited flying time
and small payload capabilities.Multirotor UAVs are generally
used inmany applications, such as aerial photography, videos,
site inspection, and construction. Conversely, rotary UAVs
such as helicopters have one single big rotor, which makes
them strong, durable, and capable of flying for a long time and
carrying a heavy payload. Nevertheless, single-rotor UAVs
are harder to fly than multi-rotors and can be dangerous due
to the heavy spinning blade.
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B. FIXED-WING UAVS
Fixed-wing UAVs have static wings and look like traditional
and conventional airplanes. They are designed to fly in high
altitudes and to cover large areas with a single battery. More-
over, fixed-wing UAVs have high flight speeds with long
endurance in addition to their ability to carry more weight
than the rotary UAVs [26], [27]. In case of power loss, they
are able to continue flying and landing safely. However, they
have some disadvantages, such as the need for long distances
to take off and land, less maneuverability than rotary UAVs,
and larger airframes. In addition, unlike the rotary UAVs, they
cannot hover, and they do not have a take-off ability. The
flying time ranges, as well as the speed, make this category
ideal for military, agriculture, and surveillance applications.

C. HYBRID UAVS
Recognizing that rotary and fixed-wing UAVs have their
disadvantages and limitations, some manufacturers have pro-
duced hybrid UAVs to benefit from the advantages of both
categories. The Hybrid UAVs include both rotors and wings
at the same time. They can take off and land like rotary UAVs
and are able to fly like fixed-wing UAVs. Hybrid UAVs are
mainly designed to profit from both advantages of the pre-
vious two categories: high range and endurance flights with
VTOL ability. However, due to the hybrid configuration, their
mechanical and aerodynamic structure is relatively complex.
Therefore, the maintenance costs are high compared to other
UAV categories. This versatility in the structures of the hybrid
UAVs makes them a good candidate for delivery purposes.
Table 1 presents themain advantages and disadvantages of the
most common types of UAVs and their applications. Figure 2
illustrates an example of a hybrid UAV [28] featuring a quad-
copter (Motor M1 to M4) and a fixed-wing that has pusher
propeller M5; left and right aileron control servos (servo 1
and 2) and elevator and rudder control servos (Servo 3 and
5).

FIGURE 2. Hybrid UAV [28]

III. FUNDAMENTALS OF ADRC
The basic idea and the topology of the ADRC technique are
presented in this section to illustrate the main components

and the mathematical development behind the ADRC ap-
proach. The classical Proportional-Integral-derivative (PID)
controller is considered by far one of the most popular and
successfully utilized controllers in engineering systems and
industry. It is recognized that the PID controller does have
a certain degree of robustness (based on the tuning of its
gains) to small plant uncertainties. Nevertheless, when faced
with large-scale plant uncertainties and disturbances, the PID
controller may cause a deterioration of the required system
performance due to the fact that it does not have the ability to
readjust its parameters online. The ADRC technique, which
inherits the advantages of PID controllers in terms of sim-
plicity and ease of implementation, seems to be an appealing
solution to address this control problem that is frequently
encountered in many practical applications. This is mainly
due to its valuable characteristics, such as the capability of
estimating and compensating for a diverse range of uncer-
tainties and disturbances in real-time, in addition to ensuring
a good transient response. The ADRC architecture primarily
comprises a Tracking Differentiator (TD), an Extended State
Observer (ESO), and a feedback controller as shown in Fig-
ure 3. The tracking differentiator defines the desired transient
process and provides the system reference input, while the
ESO allows the estimation of unknown uncertainties and
disturbances affecting the system. The feedback controller is
utilized to provide a desired transient control performance by
actively rejecting the disturbance estimated while tracking the
system input references. In Figure 3, u is the suitable control
law that eventually steers the system output y(t) to closely
track the desired input trajectory r(t).

TD

ESO

PlantFeedback
controller

yur

disturbance

FIGURE 3. Topology of active disturbance rejection control

In this section, we aim to briefly illustrate the idea of the
ADRC technique for a nth order nonlinear system defined by
the following nth state space model:

ẋ1 = x2
ẋ2 = x3

...
ẋn = f (t, x1, ..., xn−1, ν) + bu

(1)

where b is the input gain (called also high-frequency gain)
and xi(t) (for i = 1, ..., n) denote the system states. f (.)
denotes a disturbance function. It should be mentioned that
the exact value of the input gain b is generally unknown,
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TABLE 1. Advantages/disadvantages of UAV systems and their applications

UAV Type Advantages Disadvantages Applications

Rotary
• Multi-directional
• Stability
• Easy to control

• Short flight times
• Limited payload
• Small area coverage

• Photography and Video
• Site inspection
• Emergency

Fixed wing
• Long endurance
• Large range
• High speed

• Large space required to launch & recovery
• No hovering
• Low maneuverability

• Military
• Agriculture
• Power line inspection

Hybrid
• VTOL capability
• Long endurance

• Not perfect for hovering or forward flight
• In development Delivery

which makes the selection of a suitable value for the high-
frequency parameter b a major difficulty. However, an esti-
mate of it can be used to simplify the control design process.
An approximated value of b can be obtained empirically
via conducting an experiment or derived from the system’s
mathematical model. Although the uncertainty in the high-
frequency parameter b can be treated as a component of the
total disturbance, it can still lead to variations in the system
output and may deteriorate the performance and stability
of the system. Nevertheless, if the true value of the input
gain b is unknown, the use of an approximated value of
b, along with an appropriate selection of the observer and
controller bandwidths, can generally lead to a satisfactory
control of ADRC. Some studies [29]–[31] indicate that the
choice of larger values for the input gain b is recommended
to improve the system stability and enlarge the allowable
observer bandwidth. Simulation experiments have shown that
overestimating the value of the high-frequency gain b with
higher observer bandwidth can lead to relatively aggressive
control laws. These laws may exhibit high noise sensitivity,
result in a faster response with overshoot, and reduce overall
robustness. On the other hand, underestimating the value
of the high-frequency gain b can result in better robustness
against disturbances and low noise sensitivity, but yields a
slower response. Moreover, underestimating b requires care-
ful selection of an observer bandwidth from a narrow range of
values tomaintain closed-loop stability. Hence, a compromise
is needed between achieving better performance and ensuring
both stability and robustness to balance the selection of the
input gain b and the observer bandwidth. The authors in [32]

assumed that
b
b0

∈
(
0, 2 +

2

n

)
to ensure the convergence

and stability of ADRC, where b0 is the approximated value of
the exact high-frequency gain b and n is the relative order of
the system.As a possible guideline for choosing the input gain
if its exact value is unknown, one can start with a relatively
large gain b to provide the designer with more flexibility in
specifying the observer and controller bandwidths and ensure
the stability of the closed-loop system. Once the bandwidths
are specified, one can decrease the value of the gain b to
achieve the desired closed-loop transient performance profile
with tolerable noise sensitivity and maintain a high level of
robustness.

The idea of ADRC relies on introducing an extra-state
xn+1 = f in the state equations (1) to obtain an augmented

state-space representation, which is then utilized for the ESO
design [17] to estimate the total disturbance f :

˙̂x1 = x̂2 − g1(e1)
˙̂x3 = x̂3 − g2(e1)

...
˙̂xn = x̂n+1 − gn(e1) + bu(t)
˙̂xn+1 = −gn+1(e1)

(2)

where e1 = x̂1−x1 is the estimation error, while gi (e1) (such
that i = 1, ..., n + 1) represents a linear/nonlinear function
of the estimation error e1. The function gi (e1) should be
appropriately chosen so that the observer states, x̂i, converge
very closely to the states xi, including the total disturbance
xn+1 = f . The ADRC method generally aims at actively
estimating and rejecting the total disturbance along with
achieving a satisfactory closed-loop transient profile. The
ADRC law applied to the plant is generally expressed as [17]:

u = b−1(−x̂n+1 + u0) (3)

where u0 is the signal provided by the feedback controller. A
suitable structure of the feedback controller in ADRC should
be selected to ensure closed-loop stability as well as the
desired performance specifications.

The ADRC structure can generally be classified into lin-
ear ADRC and nonlinear ADRC depending on the type of
the ESO and the feedback controller. Both, nonlinear and
linear ADRC structures have been widely implemented in
various real systems because of their own strong aspects and
advantages. In the nonlinear ADRC strategy, which has been
developed by Han [17], [18], the design of the ESO and the
feedback controller is based on the use of nonlinear functions.
The nonlinear functions of the main control law, as well as the
state observer, are seen as the driving force to account for and
compensate for different unknown uncertainties and distur-
bances. Considering the nonlinear and complex nature of the
uncertainties and disturbances presented within many phys-
ical systems, the nonlinear ADRC structure is shown to be
more suitable and effective in achieving a satisfactory closed-
loop transient profile in spite of unknown uncertainties and
disturbances. Nevertheless, the design process is relatively
complex due to the large number of controller parameters
as well as the difficulty of closed-loop stability analysis. To
this end, the linear ADRC structure, which is attractive and
simplified with respect to the control tuning parameters and
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theoretical assessment, is proposed by Gao [33]. As a result,
the linear ADRC structure has been favored in several control
systems proposed in prior studies due to its design simplicity
and stability analysis.

A comparative study discussing the strengths and weak-
nesses of both linear and nonlinear ADRC approaches is
presented in [34]. The comparison confirms the superiority
of the nonlinear ADRC scheme over the linear ADRC due
to its ability to accommodate dynamic uncertainties and dis-
turbances. In addition, it has been reported that the nonlinear
ADRC structures are less sensitive to initial state errors com-
pared to the linear ADRC structure. Nonetheless, the research
confirms that, in some cases, the linear ADRC controllers can
indeed achieve better performance than the nonlinear ADRC
scheme. In particular, it has been proved that the linear ADRC
performs well if the magnitude or the rate of change of the
disturbance is relatively high. In contrast, the performance
of nonlinear active disturbance rejection control laws can
significantly deteriorate. Hence, the choice between linear
ADRC and nonlinear ADRC is largely determined by the
control goals and the specific application. For the purpose
of taking advantage of both ADRC frameworks (linear and
nonlinear), a switching ADRC strategy has been presented in
[35] and tested on a simple ball and beam setup.

IV. ADRC FOR UAV SYSTEMS
Based on the diversity in the types of UAVs discussed in
Section 2, we aim in this section to present the state of the
art of the adoption of the ADRC strategy in controlling each
class of UAV systems as well as to highlight the related open
problems.

A. ADRC FOR ROTARY UAVS
Rotary UAVs are the most commonly used due to their op-
erational characteristics and capabilities in different environ-
ments and conditions. Rotary UAV classes include mainly
quadcopters, helicopters, and other types such as tricopter,
hexacopter, and octocopter. The research works related to the
implementation of the ADRC to rotary UAVs are illustrated
in this subsection.

1) ADRC for Quadcopters
The quadcopter UAV has recently attracted a lot of attention
due to its high energy efficiency, simple structure, low risk,
good mobility as well as high reliability, and adaptability.
The Quadcopter UAV has been adopted in many applications,
such as emergency responses, military and civil fields, secu-
rity, and transportation. However, from the control perspec-
tive, the quadcopter UAVs are challenging systems due to
their highly nonlinear behavior, coupled dynamic model as
well as underactuated structure with four inputs (four rotor
speeds) and six outputs, including three linear degrees and
three angular degrees of freedom. An intensive review on
controlling a quadcopter UAV has been presented in [36] to
illustrate the most standard controllers applied to such a sys-
tem. Many conventional controllers have been implemented

on quadcopter UAVs, including Proportional Integral Deriva-
tive (PID) and the linear-quadratic approach [37]–[39] model
predictive control [40], adaptive control [41], [42], backstep-
ping control [43], and fuzzy neural networks [44]. However,
these techniques have limited capabilities when applying such
controllers on complex systems such as UAVs. The perfor-
mance and robustness levels of these control methods degrade
significantly with the presence of model uncertainties since
these controllers depend highly on the accuracy of the model
of the plant. On the other hand, it is challenging to practically
implement some robust controllers, such as the backstepping
or sliding mode controllers on a real quadcopter, due to the
complex structure of such control methods.
To overcome these challenges, a robust and simple control

strategy based on ADRC [45] is highly recommended for
such a highly nonlinear and uncertain quadrotor UAV sys-
tem. As mentioned earlier, the ADRC technique framework
includes two main components: the ESO to estimate the total
disturbance and the feedback or nominal controller used to
compensate and cancel the total disturbance. As shown in
Table 2, different types of ESO and feedback controllers have
been used in the ADRC structure. The various types of ESO
include linear and nonlinear ESO, and the feedback controller
may include linear and nonlinear State Error Feedback (SEF),
Sliding Mode Control (SMC), Dynamic Surface Controller
(DFC), fuzzy logic, etc.
Various structures of ADRC have been adopted in the

literature. First, a linear ESO and linear SEF are widely used
in the ADRC configuration [46]–[54] to control quadcopter
UAVs. The attitude control problem has been considered in
[46]–[49], [51]–[54] and both position/attitude control has
been adopted in [47], [49]. In [47], the authors addressed the
automatic carrier landing problem of the quadcopter UAV
by using the ADRC for the inner and outer loop (position
and attitude) in the presence of air wake turbulence f . Only
simulation results have been presented in [47] to show the
performance and robustness of the controller. A combination
of ADRC and Embedded Model Control (EMC) has been
introduced in [48] to address the attitude control problem
using a linear ESO and a linear SEF. Several experimental
tests have been conducted to highlight good attitude controller
performance. Second, In another ADRC structure based on
a nonlinear ESO and a linear SEF has been used in [55],
[56], to address the guidance and position/attitude control
problem of quadcopters. An ADRC guidance law has been
proposed in [55] to ensure the security of quadcopter collision
avoidance. The circle criterion is used to prove the stability of
the nonlinear ADRC. The total disturbance considered in [55]
includes wind disturbance, sensor noise, and the unknown
acceleration of the dynamic obstacle. The collision avoidance
in three dimensions, as well as finite time collision avoidance,
were not considered in [55]. The authors in [46], [57]–[64]
combined a nonlinear SEF with a linear ESO in the ADRC
structure to control the position and attitude of the quadcopter
UAV. The authors in [46] used the ADRC with nonlinear SEF
and linear ESO in the presence of external disturbances and
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parameter uncertainties in the control of the quadcopter and
studied the attitude stabilization problem. Nonlinear ADRC
with both nonlinear SEF and nonlinear ESO has been used
in [46], [65]–[71] to tackle the position and attitude control
problems of the quadcopter. An ADRC scheme based on the
swarm intelligent method is proposed in [66] to track the
desired trajectory and avoid obstacles. To obtain the optimal
values of the parameters of the ADRC controller, the chaotic
grey wolf optimization has been used, and the virtual target
guidance has been adopted for the obstacle avoidance prob-
lem. The robustness shown in the simulation results is proved
by Monte Carlo tests. However, the stability systematical
theory analysis has not been covered in this work.

In addition, many researchers combined the SMC con-
troller with linear or nonlinear ESO in the ADRC config-
uration to take advantage of both techniques and improve
the robustness performance of the quadcopter. In [56], [66],
[72]–[76], SMC technique is used to design the feedback
controller and to solve the position/attitude, flatness as well
as robustness problems of the quadcopter UAV. The SMC
controller has been combined with linear ESO in [56], [72]–
[76] while the authors in [66], [77] used SMC with nonlinear
ESO to build the advanced version of the ADRC technique.
In [74], an SMC-based ADRC has been presented to ensure
state tracking in the existence of noisy measurements. An
ADRC technique using an SMC-based flatness controller has
been adopted in [75] to develop a robust tracking controller
for a quadcopter. The performance of the proposed controller
is evaluated using simulation results only. Researchers at-
tempted in some other works to improve the estimation per-
formance of the ADRC scheme by introducing a higher-order
ESO. In [78], [79], the ESO in the ADRC structure is replaced
by a generalized ESO (GESO) to estimate more complex total
disturbances. Robustness indices for the proposed observer-
based control structures given in [78] show that the GESO
has better performance than the ESO technique. In [79], a
robust ADRC based on GESO is developed for the attitude
control of a quadcopter. Although the GESO presents better
performance than the ESO, it reduces the stability margin of
the system. A dynamic surface control technique has been
incorporated with a tracking differentiator, and ESO in [80],
[81] to form a new ADRC scheme to control the quadcopter
UAV. In [81], the dynamic surface control is designed using
the estimate states provided by the ESO and then used to
attitude control of the quadcopter. A decoupled ADRC based
on dynamic surface control is also proposed in [80] to solve
the trajectory tracking problems for a quadrotor. Simulation
results were presented in this work to show the tracking of a
cylindrical spiral trajectory. Finally, in order to take advantage
of both the fuzzy controller and ADRC technique, the authors
in [82] used a fuzzy adaptive controller as a feedback control
along with the ESO to propose a fuzzy linear ADRC con-
troller. The fuzzy rules have been used for the compensation
term b0 and bandwidths of the controller and the observer.
In [82], all the model parameters were perturbed by 20% to
evaluate the robustness of the suggested Fuzzy ADRC con-

troller against uncertainties. The experimental results show
that Fuzzy ADRC performs better than linear ADRC and
fuzzy PID. However, the influence of ceiling and ground
effect has not been considered in this work.

2) ADRC for single rotor (helicopter)
Single rotors UAVs have been used in military and civil appli-
cations, rescue, and surveillance. However, complex charac-
teristics of helicopters, such as highly-inherent nonlinearities,
coupling dynamics, underactuated structure, and instability,
increase the difficulty of designing a suitable controller for
them. Controllers such as H∞ control [83], Adaptive control
[84], Fuzzy Control [85], Neural Network control [86], and
many others have been implemented to tackle the helicopter
control problems. Nonetheless, these controllers are complex
in structure, and they require high computation power [87].
On the other hand, simpler controllers, however, generally do
not have the ability to account for the disturbances, and their
performance depends on the system model. ADRC technique
is seen as a perfect candidate to address the control problem
of helicopters due to its simple design, as it is not highly
dependent on the system model, and due to its ability to
effectively estimate and reject internal and external distur-
bances. Researchers have implemented ADRC on helicopters
by combining different types of nominal control laws and
ESOs. The authors in [88]–[91] used a Linear State Error
Feedback (LSEF) along with a linear ESO for helicopter
attitude control. In [90] and [91], the parameters of the ADRC
controller were optimized using the Artificial Bee Colony
(ABC) optimization algorithm. It has been shown in [90]
that the overall performance of the ADRC is superior to the
Linear Quadratic Regulator (LQR) method. Also, the simula-
tion and experimental results obtained in [91] demonstrated
the advantage of the ADRC over PID and LQR. However,
the ABC optimization technique suffers from a well-known
problem which is premature convergence. This problem can
affect the tuning process, and therefore, it can cause obtaining
unoptimized parameters. The techniques reported in [88]–
[91] have the advantage of the simple design of linear SEF and
linear ESO where fewer parameters are required to be tuned
compared to other ADRC structures. However, the control
performance of such ADRC designs is questionable. There-
fore, a more comprehensive analysis is required to prove the
effectiveness of the proposed control paradigms proposed in
[88]–[91].
On the other hand, the ADRC technique based on a Nonlin-

ear State Error Feedback (NLSEF) control law and NLESO
were proposed in [87], [92]–[95] for attitude stabilization.
The work proposed in [92] took into consideration the stabi-
lization of a slang load connected to the helicopter. The results
were compared with PID control, and the improvement was
significant. The same ADRC structure was used in [87], [96],
[97] for different control problems. In [96], the ADRC was
applied for trajectory tracking during autorotation, whereas
the authors in [97] and [87] implemented ADRC to control
the rotational speed of turboshaft in a helicopter engine. In
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general, the nonlinear ADRC techniques similar to the works
presented in [87], [92]–[95] can achieve superior UAV control
performance compared to linear ADRC. However, the main
drawback of such designs is the complex design of the control
system.

Linear state error feedback controller with nonlinear ESO
was used in [98]–[102], [102]. The goal in [99] and [98] was
controlling the heading "yaw" of a helicopter, where the simu-
lation results in [98] and the experimental results in [99] con-
firmed the adequacy of the proposedADRC. In addition to the
heading control, the altitude control was considered in [100]
and [102]. The authors in [100] compared the ADRC perfor-
mance with that of a robust nonlinear feedback controller and
a Backstepping controller. The author concluded that both
Backstepping and ADRC provide the best performance and
that the ADRC is considered the best candidate since it is
a model-free method that does not require knowledge of the
plant dynamics (or requires minimum information). In [101]
the effectiveness of the ADRC for attitude control without
velocity measurements has also been demonstrated by both
simulation and experimentation. The work in [102] dealt with
the helicopter position tracking problem.

Artificial Intelligence (AI) has also been implemented to
boost the capabilities of ADRC. A Radial Basis Function
(RBF) observer has been used in [103] along with an NLSEF
to control the tail rotor speed of a helicopter without the
need for the parameter’s value. The simulation test results
showed that the propulsion system is able to achieve fast
dynamic response and aerodynamic disturbance rejection. In
the same work, the authors also guaranteed the stability of
the controller by using the Lyapunov theorem. The drawback
of AI-based techniques such as the work proposed in [103]
is that AI-based controllers require a substantial dataset for
training and validating the results.

Other related research works combined backstepping con-
trol with a Linear ESO [104]–[106]. The authors in [104] and
[106] discussed the trajectory tracking problem and proved
the stability of the closed-loop system using Lyapunov’s the-
orem and input-to-state stability, respectively. In [107] the
trajectory tracking problemwas considered, and a control law
with the finite-time reaching stability has been synthesized
using the added power integrator method. The disturbance es-
timation in [107] is performed using a SlidingMode Observer
(SMO). To show the advantage of using a robust controller
instead of an LSEF control law in ADRC structure, the au-
thors in [108] experimentally compared SMC law with LSEF
for 2DOF helicopter position control, where a Generalized
Proportional Integral Observer (GPIO) was used. The results
favor the precedence of the SMC over the LSEF control law.

3) Other rotary UAVs
In [109], the author presented a novel hexacopter design
in which the rotor sections were made to tilt around their
respective arm. This created independent forces in x and y
axes that decoupled the translational and rotational dynamics.
An ADRC controller formed from an NLSEF control law

and an NLESO for estimating the disturbances is used in
each of the six decoupled loops. The obtained simulation
results showed that the ADRC tracking error is lower than
that of the PID controller. Works given in [110], [111], and
[112] proposed LSEF control law and a LESO for controlling
the rotational dynamics -inner loop controller- in a cascaded
position controller. research in [110] focused on the con-
trol of a hexacopter platform that is equipped with a two-
degree-of-freedom robot arm. The simulation and flight test
results demonstrated the superiority of using ADRC over
the cascaded PID controller. Also, it is shown in [110] that
third-order ADRC has a better performance than second-
order ADRC when the disturbance acts in both the roll and
pitch axes. The authors in [111] and [112] demonstrated
the strength of using an ESO by evaluating the capabilities
of a baseline controller and the same baseline controller
equipped with an ESO through simulation and flight tests on
a hexacopter. An attitude control scheme based on a fuzzy
adaptive ADRC (using a linear ESO) was developed in [113]
to address issues of a flying robot’s visual servoing such as the
sluggish response speed and anti-interference weakness. A
comparative study of the performance of the proposed ADRC
scheme, conventional linear ADRC, PID, and Fuzzy-PID was
carried out in [113] by simulation experiments to demonstrate
the effectiveness of the proposed ADRC scheme. An ADRC
scheme based on NLSEF control law and an NLESO was
proposed in [114] to control the attitude and the z − axis ve-
locity of a spherical UAV. The comparison with PID through
simulation showed that ADRC has better performance and
robustness against disturbance and unmodeled dynamics.
Table 2 below summarizes ADRC research works dis-

cussed above and implemented on rotary UAV systems.

B. ADRC FOR FIXED-WING UAVS
The second type of UAV system, which is the fixed-wing
UAV, is witnessing a growing interest in several applications,
especially in imagery as a case in point. This increasing
demand for using fixed-wing UAVs in various applications
is due to several advantages of fixed-wing UAVs over rotary
UAVs. A substantial advantage of fixed-wing UAVs is the
low energy consumption of a fixed-wing UAV compared
to a rotary UAV. Since UAVs are mainly hovering over a
specific area for some period of time, the rotary UAVs, such
as the quadrotor UAVs, will constantly require energy to keep
the wings spinning in order to retain hovering as shown in
Figure 4-a. However, as shown in Figure 4-b, for a fixed-wing
UAV, the lift of the UAV is generated passively as its wings cut
through the air at a specific angle. Thus, fixed-wing aircraft
have the ability to travel longer distances with less energy
consumption compared to rotary UAV systems.

8 VOLUME 11, 2024

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3510557

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



TABLE 2. Summary of the ADRC works implemented on rotary UAV systems

Type of
Rotary UAV References ADRC Approach Validation Control problemController Estimator Simulation Exp.

Quadcopter

[46]–[54] LSFE LESO
[46], [47],
[49]–[52],
[54]

[48],
[51],
[52]

Attitude: [46]–[49],
[51]–[54];
Position/attitude: [47],
[49]

[55], [56] LSFE NLESO [55], [56] [56]
Guidance: [55];
Position/Attitude:
[56]

[46],
[57]–[64] NLSEF LESO [46],

[57]–[64] [61]

Attitude: [46], [57],
[58], [61]–[64];
Position/attitude: [59],
[60]

[46],
[65]–[71] NLSEF NLESO

[46], [65],
[66],
[68]–[71]

[67],
[68],
[71]

Attitude: [46],
[66]–[71]
Position/attitude [65]

[56],
[72]–[76] SMC LESO

[56], [72],
[73], [75],
[76]

[74]
Position/attitude: [56],
[72]–[74] Robustness
[75], [76]

[66], [77] SMC NLESO [66], [77] Guidance: [66];
Robustness [77]

[78], [79] LSEF GESO [78] [79] Attitude: [78];
Robustness [79]

[80], [81] DSC LESO [80], [81] Attitude [80], [81]
[82], [115] Fuzzy LESO [115] [82] Attitude [82], [115]

Helicopter

[88]–[91] LSEF LESO [88], [90], [91] [91] Attitude: [88]–[90];
Yaw: [91]

[98]–[102] LSEF NLESO [98]–[102] [99],
[101]

Attitude: [99], [101]
Yaw: [98], [100]
Altitude: [100]
Position: [102]

[87],
[92]–[97],
[116], [117]

NLSEF NLESO
[87],
[92]–[97],
[116], [117]

Attitude: [87],
[92]–[95] Position:
[96], [116] Turbine
shaft speed: [97],
[117]

[103] NLSEF IESO [103] Tail rotor speed

[104]–[106] BS LESO [104]–
[106]

Position: [104], [106]
Attitude/altitude:
[105]

[107] FT SMO [107] Position

[118], [119] BS NLESO [118], [119] Position: [118]
Attitude: [119]

[108] SMC GPI [108] Attitude
[120] SMC SMO [120] Attitude

Other rotary
types

[110]–[112] LSEF LESO [111] [110], [112] Position

[109], [114] NLSEF NLESO [109], [114]
Position: [109]
Attitude and
z-velocity: [114]
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FIGURE 4. The lifting methodology adopted by (a) Rotary UAVs (b)
Fixed-wing UAVs

Due to the above-mentioned attractive advantage of the
fixed-wing UAV, controlling these systems has become a top
research topic in the area of UAV control. Several attempts
to control the flight of a fixed-wing aircraft were reported
in the literature using basic control strategies such as PID
controllers and their invariants [121], [122], fuzzy-based con-
trollers [123], and Neural Network-based controllers [124].
However, as discussed earlier in the introduction section,
these basic control systems cannot deal effectively with
the uncertainties and disturbances of a complex non-linear
MIMO UAV system. Therefore, the ADRC mechanism and
its variants have beenwidely adopted to control UAV systems,
including fixed-wing UAV systems. Table 3 shows a brief
summary of the abovementioned research works proposing
ADRC and its variants to control fixed-wing UAV systems.

As outlined in Section III, the ADRC is comprised of two
main components, the state error feedback controller and the
ESO. Based on Table 3, there are only a few techniques that
chose to adopt linear state error feedback controller or linear
ESO [128], [135], [140]. Themain reason is due to the limited
ability of linear control paradigms to efficiently control a non-
linear complex system such as a fixed-wing UAV aircraft.
However, it is always valid that there is still an advantage of
using linear control systems which is simplicity. Meanwhile,
the performance of a linear controller can be enhanced by
involving other mechanisms or optimization techniques to
strengthen the overall control system. In [128], a flying boat
is being controlled using ADRC based on a linear state error
feedback controller with Tagaki-Sugeno (T-S) fuzzy reason-
ing technique. Simulation results demonstrated the efficiency
of the suggested control method and the flying boat was able
to take off under three different wave conditions: irregular
waves, regular waves, and calm water. In [135], a control
system composed of a framework of a Model Predictive
Control system (MPC) and ADRC was proposed to control
a fixed-wing UAV to follow a pre-defined path under various
disturbances. In the proposed control system, the state error
feedback controller and the ESO were both linear. More-
over, the proposed control system implemented an augmented
state-space model to design the predictive controller, and
Hildreth’s Quadratic Programming Procedure was utilized to

solve constrained problems in the system.
However, most of the work performed in the area of ADRC

with fixed-wing UAVs is based on non-linear state error feed-
back controller as well as non-linear ESO [125]–[127], [129],
[130], [132], [134], [136]–[139], [142]. This is expected since
a non-linear control paradigm can efficiently deal with the
complex non-linear nature of a fixed-wing UAV system. In
[125], an NLSEF-NLESO control system was proposed to
deal with the wind disturbances problem that faces small
fixed-wing UAVs when landing. The proposed ADRC con-
troller was experimentally implemented on a small fixed-
based UAV and showed acceptable landing performance as
the difference between the desired altitude and the actual
altitude was less than one meter, while the error between the
desired pitch and the actual pitch was less than two degrees.
Another NLSEF ADRC system is proposed in [126]. In the
proposed control system, three ADRC controllers were im-
plemented to control the roll, pitch, and speed of the UAV. The
coupling between the decoupled control loops was treated as
unmodeled dynamics, which was estimated using an NLESO.
The proposed altitude and speed of ADRC controllers were
experimentally implemented on three "Skywalker" UAVs
which showed good performance in following the trajectory.
In [127], a framework of ADRC and PID was proposed to
control the altitude of a fixed-wing UAV. The proposed work
was based on the observation that fixed-wing UAVs were
exposed to significant coupling, nonlinear behaviors, and crit-
ical major variations in steering effectiveness while hovering.
The controlled variables of the proposed adaptive control
strategy were the orientation angle and the angular velocity.
The NLSEF ADRC was implemented in an outer loop to
control the orientation angle, while the angular velocity was
controlled using a PID controller in the inner loop. To over-
come the challenge of high-frequency jitter in the classical
ADRC scheme, a particular nonlinear function is utilized to
enhance the control system. Simulation results have shown
that the overshoot of the altitude control system was below
1%, while the adjustment time was within a maximum of 2
seconds. A real experimental flight test was also conducted
to prove the efficacy of the suggested control system.

C. ADRC FOR HYBRID UAVS
A UAV can include both rotary and fixed wings, mainly to
be able to achieve vertical take-off and landing. Therefore,
hybrid UAVs are also widely known as Vertical Take-Off and
Landing aircraft (VTOL). Table 4 summarizes the existing
researchworks dealingwith ADRC and its variants developed
to control hybrid UAVs. Some of these works were based
on a linear state error feedback controller and a linear ESO
[145]–[148]. In [145], the path-following problem of a hy-
brid UAV was achieved using a linear ADRC, where a non-
linear error model was created using the modified Rodrigues
parameters while observing the dynamics of the servo mo-
tors. Then, a multi-level control system was implemented to
create the translational and rotational controllers based on
the time-scale property of each subsystem. A linear ESO
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TABLE 3. Summary of the ADRC works implemented on Fixed-Wing UAV

Ref. ADRC Approach Validation CommentsController Estimator Sim. Exp.
[125] NLSEF NLESO Yes Yes Landing Control
[126] NLSEF NLESO Yes Yes Altitude Control for Skywalker UAV
[127] NLSEF NLESO Yes Yes Altitude Control
[128] LSEF NLESO Yes No ADRC and Tagaki-Sugeno (T-S) fuzzy reasoning are applied to

control a flying boat system
[129] NLSEF NLESO Yes No The ADRC parameters were optimized using Genetic Algo-

rithm. The simulation model was the F15 plane
[130] NLSEF NLESO Yes Yes Landing control
[131] NLSEF NLESO Yes No Both the translation and rotation are controlled using ADRC
[132] NLSEF NLESO Yes No The steady-state error of the altitude was reduced by 0.0235m,

while the setting time was reduced by 8.2s
[133] LSEF NLESO Yes Yes Both the translation and rotation are controlled using ADRC
[134] NLSEF NLESO Yes No Altitude control based on ADRC and multi-object non-linear

control allocation
[135] LSEF LESO Yes No Obstacle avoidance control
[136] NLSEF NLESO Yes No Comparison between ADRC and LADRC
[137] NLSEF NLESO Yes No An auto-landing control scheme consists of a longitudinal and

lateral auto-landing control systems
[138] NLSEF NLESO Yes No Trajectory tracking control
[139] NLSEF NLESO Yes Yes Path following controller implemented on Snow Goose drone
[140] LSEF LESO Yes Yes ADRC applied on a bird-like Flapping Wing Micro Air Vehicle

(FWMAV) drone during automatic landing
[141] NLSEF LESO No Yes Altitude control for the dove flapping wing micro air vehicle in

intermittent flapping and gliding flight
[142] NLSEF NLESO Yes No Altitude controller for FWMAV UAV
[143] BS NLESO Yes No Tracking the reference trajectory for an Airship
[144] LSEF NLESO Yes No Autonomous Landing for Unmanned Seaplanes. Both LSEF and

NLSEF were implemented

and an auxiliary observer were utilized to compensate for all
possible uncertainties. In the end, the singular perturbation
theory was adopted to analyze the stability of the overall
system. This method proposed in [145] was validated with
simulation only to evaluate its performance and show its
efficacy. Another linear ADRC system was proposed in [146]
for Autonomous Aerial Refueling (AAR). First, the receiver
plane of the AAR was modeled, and the disturbances were
generated. Three second-order systems and a third-order sys-
tem were developed to represent the longitudinal and lateral
models of the receiver plane, respectively. This made the
motion model more convenient for controller design, and the
scale separation was avoided in the meantime. Later on, the
ADRC was implemented into the docking controller design
to show its robustness against the various disturbances during
the docking of AAR. A comparative study of simulation
results carried out in [146] proved that the ADRC strategy
outperformed other control techniques to successfully control
the AAR docking in the presence of complex disturbances.

Due to the complexity of the VTOL systems, other re-
lated works proposed ADRC structures based on NLSEF
and NLESO [149]–[152]. In [149], the hovering control of
a tailsitter UAV was presented. The tailsitter UAV consisted
of one flying wing, two actuators, and two elevons. The work
also developed a six-degrees-of-freedom (6-DOF) model of
the tailsitter. To ensure advanced performance in hovering and
vertical flying, the ADRC was adopted to design an altitude
controller. The objective of the ADRC system was to decou-
ple the system model into a controllable chain of integrators

using signals generated from the ESO and the Tracking Dif-
ferentiator (TD). Using the decoupled system dynamics, the
hovering of the tailsitter can be achieved by developing a
simple position controller. This work conducted some exper-
imental tests and showed good tracking results. In [152], a
control system that utilized a differential propeller thrust to
control the lateral direction was proposed for unswept flying-
wing UAVs. The objective was to overcome the on-ground
lateral direction control problem without rudder, steering, or
braking mechanisms. First, an analytical model of the hybrid
UAVon-groundmovingwas created. Then, theNLSEF-based
ADRC theory was used to develop a yaw angle controller by
adopting the differential propeller thrust as the control out-
put. In the end, a straight path-following control system was
implemented by enhancing the vector field path-following
technique. Based on the conducted real experiments, the pro-
posed control system has several advantages, including better
precision, robustness, and shorter response time compared to
other techniques. Moreover, the proposed control system had
reduced computational complexity with a simple parameter
setting process.
The comprehensive discussion in Section IV has clearly

shown that both, nonlinear and linear ADRC structures have
been widely implemented for UAV applications. This is an in-
dication that both strategies have their own strong aspects and
advantages. The nonlinear and complex nature of the system
uncertainties and disturbances presented within a UAV sys-
tem has presented the nonlinear ADRC as a highly efficient
control method with strong capabilities to counter nonlinear
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TABLE 4. Summary of the ADRC works implemented on hybrid UAV systems

Ref. ADRC Approach Validation CommentsController Estimator Sim. Exp.
[149] NLSEF NLESO No Yes Autonomous landing of unmanned seaplanes
[145] NLSEF LESO Yes No Trajectory tracking problem of VTOL drone
[153] NLSEF LESO No Yes Practical control implementation of Tri-TiltRotor flying wing
[154] NLSEF LESO Yes No ADRC method is implemented for a Joined-Wing UAV
[150] NLSEF NLESO Yes Yes ADRC for loitering unit with parameter uncertainty
[151] NLSEF NLESO Yes No Altitude controller for loitering munition
[152] NLSEF NLESO No Yes On-ground lateral direction control of the Unswept flying-wing

UAV
[146] LSEF LESO Yes No Autonomous Aerial Refueling (AAR)
[155] LSEF NLESO Yes Yes solving the lateral-directional control problem without an

aileron and rudder
[147] LSEF LESO No Yes Automatic landing control of a Very Flexible Flying Wing
[148] LSEF LESO No Yes Trajectory control of a Very Flexible Flying Wing

characteristics. The nonlinear functions of the main control
law, as well as the state observer, are the driving force behind
the strong capabilities of the nonlinear ADRC controllers.
Alternatively, linear ADRC controllers are also utilized in
UAV systems, offering the main advantage of a simpler de-
sign structure compared to nonlinear ADRC. A nonlinear
ADRC control design contains a substantial amount of tuning
parameters. Therefore, the stability analysis becomes more
challenging. As a result, linear ADRC is favored in several
control systems presented in previous research studies be-
cause of the smaller number of tuning parameters and simpler
analytical analysis. Moreover, findings from research in [156]
demonstrate that linear ADRC controllers can achieve supe-
rior levels of robustness than nonlinear ADRCdeveloped for a
basic robot system that is exposed to parameter variations and
abrupt disturbances. In the experiment conducted in [156],
both linear and nonlinear ADRC schemes were implemented
to command the positioning of a flexible single-link arm.
Results showed that the nonlinear ADRC generally exhibited
superior dynamical behavior compared to the linear one under
basic conditions. However, the linear ADRC outperformed
the nonlinear one in terms of the disturbance rejection and
robustness characteristics.

V. ILLUSTRATIVE EXAMPLE: IMPLEMENTATION OF ADRC
FOR QUADCOPTER
The quadcopter system is selected in this section to demon-
strate the implementation and performance of the ADRC
strategy. Quadcopters are among the most popular classes of
UAVs. They are considered good benchmarks to develop, im-
plement and test sophisticated flight control schemes thanks
to their fast and easy maneuverability and significant control
properties. Quadcopters are naturally nonlinear and highly
coupled systems actuated by four independent rotors arranged
in a cross or plus shape as shown in Figure 5. This results
in independent elevation, roll, pitch, and yaw movements
enabling the UAV to hover, take off, and land vertically, in
addition to performing aggressive maneuvers.

The linear position is specified in the inertial frame x, y, z
axes with ξ = [x, y, x]T , while the angular position is defined

FIGURE 5. Parrot mambo drone

in the inertial frame with η = [ϕ, θ, ψ]
T . Note that the Roll

angle ϕ defines the rotation around the x-axis; and the pitch
angle θ. It also determines the rotation around the y-axis and
the yaw angle ψ; around the z-axis. The quadcopter rotors
generate aerodynamic thrust force and moments . Generally,
the quadcopter system consists of two main subsystems: po-
sition and attitude subsystems. The position subsystem can be
described by the following dynamic equation [157]:

mξ̈ = G+ R TB (4)

where m is the mass of the quadcopter; G is a vector that
includes the gravity effect g and is given byG =

[
0 0 g

]T
;

TB is given by TB = T
m where T is the total thrust of the rotors

created in the direction of the body z-axis and R is

R =

CψSθCϕ + SψSϕ
SψSθCϕ − CψSϕ

CθCϕ

 (5)

The dynamic model of the attitude subsystem is given by

J η̈ + C (η, η̇) η̇ = τB + τd (6)

where J is the diagonal moment of the inertia tensor matrix
and C is the Coriolis matrix term, containing the gyroscopic
and centripetal terms defined in [157] and τd represents the
external disturbances that the system is subjected to. In this
illustrative example, the ADRC technique is applied for atti-
tude control, so the dynamic equation (6) can be written as
follows:

η̈ = −J−1(C (η, η̇) η̇ + τd) + J−1τB (7)
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The dynamic model can be rearranged as follows

η̈ = f + bu (8)

where b = J−1 the input gain matrix and u = τB is the input
torque. The total disturbance f = −J−1(C (η, η̇) η̇+ τd) is a
nonlinear function that incorporates the Coriolis and coupling
terms as well as the external disturbances that may include
-but not limited to- vertical wind gusts and air turbulence
induced by the propellers at near earth flights such as land
and takeoff. The state space model can be obtained from the
differential equation above as follows:{

ẋ1 = x2
ẋ2 = f + bu

(9)

where x1 = η; x2 = η̇ are the state variables; Let us define
an extra state, representing the total disturbance x3 = f . Thus
the extended state space model obtained is given byẋ1 = x2

ẋ2 = x3 + bu
ẋ3 = h

(10)

where h = ḟ . Note that the main purpose of adopting
the ADRC technique is to obtain a proper estimation of the
total disturbance from the ESO and then cancel it through the
following feedback controller.

u = b−1 (−x̂3 + u0) (11)

where x̂3 is the estimate of x3 [45], while the input gain
in this particular application is defined directly from the
mathematical model in (7) as b = J−1. u0 is the auxiliary
control variable defined by

u0 = η̈d + Kp0e+ Kd0 ė (12)

where Kp0 and Kd0 are diagonal positive definite gain matri-
ces; ηd is the desired angular position and e = ηd − η is the
tracking error. By using the control law (11) and considering
a good estimation of the total disturbances, equation (8) be-
comes η̈ = u0, then substituting u0, the error dynamics can
be obtained as follows:

ë+ Kd0 ė+ Kp0e = 0 (13)

It should be mentioned that the error dynamics is asymptoti-
cally stable since Kp0 and Kd0 are diagonal positive definite
gain matrices. The control scheme for the entire system is
illustrated through the block diagram given in Figure 6.

The entire control scheme of the quadcopter generally
consists of two main loops: an inner loop used for the attitude
control and an outer loop for the quadcopter position control.
In this section, a PID controller is utilized in the outer loop,
while in the inner loop, two different controllers, namely PID
and ADRC, are going to be tested and compared. The PID
control law used here has a parallel structure of the following
form:

u = Kpe+ Ki

∫
e+ Kd

de
dt

(14)

Position 
control State error 

feedbback 𝑏!"

ESO

Rotational 
subsystem

Translational 
subsystem

Altitude 
control

𝑧!

𝑥!, 𝑦!
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𝑢"

-+

𝑥)#
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-

-
+

+

FIGURE 6. Quadcopter ADRC control scheme

where e is the tracking error and u is the PID controller
output;Kp, Ki, and Kd are the PID gains.
The performance of both the inner (rotational subsystem)

and outer (translational subsystem) loops, in terms of the
tracking and disturbance rejection, is evaluated by simulation
tests carried out on a Parrot quadcopter. Simulink Support
Package for Parrot Minidrones is used to apply the PID and
the proposed ADRC for attitude control. For the purpose of
showing the effectiveness of the ADRC approach to success-
fully control the attitude in the presence of disturbances, a
comparison with the well-known PID controller is performed.
To this end, two simulation tests were carried out on the entire
closed-loop system. In the first test, both PID controllers of
the inner and outer loops were implemented. In the second
test, the same PID position controller in the outer loop along
with the proposed ADRC in the inner loop. The simulation
results obtained for both tests under disturbance applied after
15 seconds are shown in Figures 7, 8, 9 and 10.

FIGURE 7. 3D position trajectory tracking

The 3D position trajectory tracking results obtained for
both tests are depicted in Figure 7. It can be observed from
this figure that the ADRC used in the rotational subsystem
achieves better results than the conventional PID. These re-
sults are confirmed by Figure 8 which shows the tracking in
the x-position, y-position, and z-position and the correspond-
ing tracking errors. According to Figure 8 (b), (d), and (f),
the tracking error for the ADRC technique does not exceed
0.4m in the x-position, 0.2 m in the y-position and 4% in the
z-position while it reaches 0.1m in the x-position, 0.2 m in y-
position and 4% in z-position for PID technique. Regarding
the rotational subsystem, Figure 9 shows the attitude tracking
in ϕ-direction, θ-direction, and ψ-direction as well as the
corresponding tracking errors. It is clear from this figure that
the ADRC outperforms the PID controller in terms of both
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tracking and disturbance rejection capability. As mentioned
earlier, theADRC structure includes an estimator ESOused to
estimate the total disturbance. The estimation tracking results
for the roll, pitch, and yaw angles are shown in Figures 10 (a),
(c), and (e), while the estimation errors between the true and
the estimated values are given in Figures 10 (b), (d), and (f),
which shows that the error dynamics is asymptotically stable
with a maximum value less than 2%. All the above results
show the superiority and efficacy the ADRC approach in
achieving the desired performance for complex UAV systems
under different disturbances.

VI. CONCLUSION
In conclusion, this comprehensive review paper examined
various active disturbance rejection control (ADRC) struc-
tures implemented in unmanned aerial vehicle (UAV) sys-
tems, encompassing rotary UAVs, fixed-wing UAVs, and hy-
brid UAVs. The ADRC approach involves real-time estima-
tion of the total disturbance using an Extended State Observer
(ESO), followed by incorporating the estimated disturbance
into a suitable feedback controller to achieve the desired
closed-loop performance. The ADRC technique has proven
to be a promising alternative to PID control, demonstrating
successful applications across diverse domains. A review of
various linear and nonlinear ADRC structures is presented in
this paper for many types of UAVs, including quadcopters,
helicopters, fixed-wing, hybrid, etc. Due to space limitations,
discussing all related works has not been feasible. However,
the most significant research works related to the application
of the ADRC approach to UAV systems are considered. To
advance this field further, some future research directions
can be identified and explored. First, combining ADRC with
vision-based techniques and Artificial Intelligence (AI) could
be considered to build up smart and intelligent controllers
for highly complex systems such as UAVs. This combination
allows UAVs to analyze visual data in real-time for better
obstacle avoidance, target tracking, and navigation in dy-
namic environments. Second, investigating fractional ADRC
methods may provide improved robustness and performance
in UAV control systems. The main aim of this future research
is to explore and develop new theoretical frameworks for
Fractional ADRC approaches to enhance UAV performance
and disturbance rejection. Lastly, investigating the applica-
tion of ADRC to networks of UAVs presents a promising
research direction. This potential research work involves
developing cooperative ADRC-based algorithms that allow
multiple UAVs to work together, share essential information,
and coordinate their actions. These advancements could sig-
nificantly enhance the performance of UAVs in complex and
risky missions such as surveillance, search and rescue, and
environmental monitoring.
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