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Abstract
Control of uncertain dynamical systems has been an area of active research for the past several decades and to this end,
various robust control approaches have been proposed in the literature. The active disturbance rejection control (ADRC) represents
one prominent approach that has been widely studied and applied for designing robust controllers in diverse areas of engineering
applications. In this work, a brief review of the approach and some of its applications in aerospace are discussed. The results
show that the approach possesses immense potential to offer viable solution to real-life aerospace problems.
Keywords: Active disturbance rejection control, uncertainty and disturbance estimation, extended state observer, robust
control
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1 Introduction
Control performance of practical systems is usually
affected by changes in plant parameters, multifarious
nonlinearities, modeling errors, and unmeasurable external disturbances and therefore, design of a high performance control system for such plants offers a challenging task. A robust control design promises to deliver
satisfactory control performance even in such scenarios.
By definition, a controller designed for an approximate
plant model and nominal operating conditions is said to
be robust if it retains the desired system performance
even in the presence of various uncertainties, changes in
operating conditions and external disturbances. There-

fore, and due to the ever increasing demands on performance, robust control for uncertain systems continues
to be an area of active research.
As is well-known, one of the important characteristics
of feedback is to reduce the effect of plant uncertainties and external disturbances on the output. However,
complete and timely rejection of the effect of the uncertainties and disturbances may not be achieved in every
feedback design as the disturbance attenuation takes
place passively. To address the issue in active manner,
disturbance rejection approaches such as the use of feed
forward compensation based on disturbance measurements have been proposed. The approach, however,
is applicable only when the disturbance is measurable.
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One can also find various theories for robust control
of uncertain systems, however, many of them require
a priory knowledge of some characteristic of the uncertainties and/or disturbances. Naturally, if sufficiently
accurate information on the characteristics of the uncertainty is not available, the design may result into unsatisfactory performance.
One viable strategy for robust control design for
uncertain system is to estimate the effect of disturbances and uncertainties and compensate the same by
augmenting the controller designed for nominal system [1]. Following this line of thinking, various disturbance estimation appoaches such as classical disturbance observer (DOB) [2], nonlinear disturbance observer (NDOB) [3], unknown input observer (UIO) [4],
perturbation observer (PO) [5], time delay control (TDC)
[6], equivalent input disturbance (EID) approach [7], the
uncertainty and disturbance estimator (UDE) [8] among
others, have been proposed to estimate the effect of uncertainties and disturbances. The central idea in the designs based on these approaches is to obtain an estimate
of the lumped or total disturbance using the input and
output measurements of the plant and to augment the
control action by using the disturbance estimate to nullify its effect. Owing to its inherent potential to address
the issue of uncertainty and disturbances, the disturbance observer based control (DOBC) and related methods have been widely researched in the literature [9–11].
The active disturbance rejection control (ADRC) [12–
15] represents one well-known strategy used for design
of robust controllers for uncertain systems subjected to
external disturbances. The approach has proven to be
highly successful due to its feasibility and satisfactory
performance in practice. The idea of ADRC is to treat
the combined effect of parametric uncertainties, modeling errors/un-modeled dynamics, external disturbances,
nonlinearities etc. as a lumped or total disturbance and
designate it as an extended state of the system. Having
designated the total disturbance as a state, it is estimated
by using an extended state observer (ESO) and the estimate is used in the control law to compensate for it
in real time. In general, the ADRC consists of tracking
differentiator also called as profile generator or reference generator, an ESO and a proportional derivative
(PD) controller. Although in the original formulation,
the ADRC components are used in the nonlinear set
up, its extension with linear ESO and PD control [16]
referred to as linear ARDC (LARDC) gained wide popularity in literature and practice. As the general ADRC
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formulation is nonlinear wherein various design parameters need to be chosen appropriately, a parameterization of the LADRC has been proposed in [17] making
the task of controller design and design parameter tuning more efficient and easier. Results on various aspects
of the ADRC such as frequency response analysis of
linear ADRC [18] and nonlinear ADRC [19, 20], convergence analysis [21–23], and results on time-frequency
domain interpretations [24, 25] have appeared in the
literature. In [26], analysis of performance of the ESO
in tackling fast-varying sinusoidal disturbances is presented and it is shown that increasing the order of ESO
results in improved tracking of the disturbances provided that bandwidth of ESO is sufficiently larger than
the disturbance frequency and sufficiently smaller than
the un-modeled dynamics. The time and frequency domain analysis is carried out and the findings are verified
by simulations and experimentation. Various advances
have also been reported in the basic framework of the
ADRC. For example, an higher order ESO is proposed
in [27] to deal with the time-varying disturbance of the
form d(t) = d0 + d1 t + d2 t2 + . . . . A formulation of the
finite time convergent ESO can be found in [28]. Extension of the ADRC methodology to non affine-in-control
uncertain nonlinear systems is proposed [29]. A formulation of ADRC for a system, the dynamics of which is
not in integral-chain form and/or subject to mismatched
uncertainties can be found in [30] and [31]. The review
of the development of ADRC from its early beginning is
given in [32].
In ADRC, the ESO [16, 17, 24, 33] is the key element which enables to treat the disturbance observer
design problem as the problem of state observer design. The ESO estimates the effect of uncertainties and
disturbances along with the plant states in an integrated
manner enabling not only disturbance rejection or compensation but also meeting the requirement of availability of system states. Unlike conventional observers, the
ESO estimates the effect of plant parametric uncertainties, nonlinearities and external disturbances acting on
the system as an extended state of the original plant.
As the observer estimates the total disturbance as an extended state, it is designated as extended state observer.
A performance comparison study of three well-known
state observers, i.e., high gain observer, ESO, and sliding mode observer is presented in [33] and the authors
have shown that overall, the performance of the ESO
is better than the other designs. Owing to its effectiveness, applications of ESO based controllers in diverse
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fields have been reported in the literature [34–44].

2 Some applications in aerospace
In general, owing to various real-life issues such as
existence of significant uncertainties in aerodynamic
parameters, airframe flexibility, un-modeled dynamics,
cross coupling effects, external unmeasurable disturbances, nonlinearities and measurement inaccuracies,
the problem of designing controller for aerospace systems that can guarantee stability and uniform performance throughout the flight envelope is a highly challenging task. As many of these issues cannot be taken
into account explicitly while designing controllers, the
considered plant dynamics represents a highly uncertain system from control design point of view. Owing
to this, the ADRC framework naturally becomes a desirable strategy for designing robust controllers for such
systems and therefore, the framework has been widely
applied to variety of robust control design problems
in aerospace. Trajectory tracking problem for an unmanned quadrotor [45], micro-electro-mechanical systems (MEMS) gyroscope [34], fault tolerant attitude control for spacecraft [46], trajectory tracking controller for
airship [47], attitude control for a spacecraft [41], control of electro-hydraulic system [48], transonic flutter
suppression [49], lateral acceleration estimation of maneuverable ballistic targets [50], design of impact angle
constrained guidance law [28], online estimation of helicopter mass and center-of-gravity location [51], consensus tracking control problem of the leader–follower
spacecraft formation system [52], control of swing nozzle of anti-aircraft missile [53], velocity and altitude
tracking control for hypersonic flight vehicle [54], faulttolerant control for air-breathing supersonic missiles
[55], control of quadrotor with obstacle avoidance [56],
trajectory tracking controller for a quadrotor unmanned
aerial vehicle [57], and attitude control of launch vehicle [58] are some applications to mention. While the
expanse of aerospace applications is quite vast, research
carried out by the author’s group on some ADRC based
aerospace applications is briefly discussed in the next
section.
2.1 Autopilot design
Conventionally, autopilots for missiles are designed
using classical linear control approaches through gainscheduling. The nonlinear dynamics of missile is linearized about certain number of operating points in

the flight envelope and controllers designed using linear theory at these points are gain scheduled. Although
the gain scheduling is widely employed strategy, the
resulting controller design may not offer satisfactory
performance particularly when the dynamics is significantly nonlinear and undergoes large motion. The need
for high performance and greater maneuverability necessitates operation of the missiles in regimes of large
angles and angular rates where the nonlinearities are
prominent. For example, wingless airframe configurations may need to operate at higher angles of attack
to have the required lateral acceleration levels. It is
well-known that the high angle of attack aerodynamics are difficult to model accurately and therefore, the
designer will not have sufficiently accurate mathematical
model of the plant for control design purpose. Another
drawback of gain-scheduling is the resulting complexity
in interpolation of gains of the controllers. The problem is further compounded due to variety of issues the
aerospace systems typically face such as significant parametric uncertainties, external disturbances, presence of
un-modeled dynamics, cross-coupling effects etc. Owing to this, ADRC offers a promising approach for designing autopilots for missiles. Even when a linear gain
scheduled controller is employed, incorporation of ESO
in these designs can result into extending the operational
range of the controllers [59]. Using the disturbance and
state estimation ability of ESO, pitch autopilot design
for a tail controlled, roll stabilized missile is presented
in [60]. Similarly, an ESO-based robust predictive control formulation for a class of nonlinear system is proposed in [61] and to showcase the efficacy, the approach
is applied for missile pitch autopilot design. In both the
designs, it is shown that the resulting controllers are robust to plant uncertainties, modeling errors, and external
disturbances.
In the case of pitch autopilot design of tail controlled
missiles, controllers are often designed by output redefinition due to the non-minimum phase nature of the
acceleration dynamics. For example, angle of attack is
considered as output in place of the normal acceleration and the commanded acceleration is related to an
equivalent angle of attack command. A controller is
then designed to track the angle of attack command.
Naturally, such designs may not offer satisfactory performance whenever the commanded acceleration is not
accurately translated in terms of the desired angle of
attack. Addressing this aspect, design of pitch autopilot with acceleration as output for a tail controlled, roll
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position stabilized missile is presented in [62]. With acceleration as output, continuous time predictive control
formulation is used for the design of control law. Since
the predictive controller needs accurate plant mathematical model and complete state vector, the issues are
addressed by using the generalized extended state observer (GESO) [11, 30]. The GESO provides the estimate of uncertainties and disturbances as well as the
plant states and the same are used in the predictive
controller to achiev robustness. Important features of
the resulting design are: it is robust due to disturbance
estimation and its compensation, the controller is acceleration tracking, the design does not need a separate
observer for angle of attack estimation as the same is
estimated by the GESO and lastly, the predictive control
design provides feedback control and disturbance compensation gains simultaneously thus avoiding carrying
out separate exercise to obtain them. Stability of the
closed-loop controller-observer combination is proved
and results are presented by considering uncertainties,
external disturbances, un-modeled dynamics and measurement noise to demonstrate efficacy of the approach.
On theoretical side, the two approaches have been used
in a complementary manner. Since the predictive controller lacks robustness and also requires state vector,
use of GESO has addressed both the issues. On the other
hand, the GESO based control presented in [30] requires
design of feedback control and disturbance compensation gain and the same have been obtained simultaneously by using the predictive control theory. Thus, the
techniques have complemented each other in offering a
more practical and viable solution.
Another result employing ESO in the design of acceleration tracking robust pitch autopilot for tail controlled
missile is presented in [63] wherein the ESO has been
used in conjunction with time-scale separation and feedback linearization (FL) approaches. Firstly, using regional
Lyapunov exponents, existence of time-scale separation
in the two sub-systems, i.e., pitch rate dynamics and
acceleration dynamics is established. Exploiting the naturally existing time-scale separation, the missile pitch
plane dynamics is divided into the fast pitch rate dynamics and the slow acceleration dynamics giving rise
to two separate sub-systems. The feedback linearization
theory is then used to design controllers for the subsystems separately and for the purpose of robustness,
an ESO is employed in each of the sub-system. The total
disturbance in each of the sub-system is estimated by
the respective ESO and the same is used to augment the
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FL control law designed for the respective sub-system.
The effectiveness of the resulting design in meeting the
expected performance in command tracking in the presence of uncertainties, un-modeled dynamics, measurement noise, control input and rate saturation and in varying missile velocity and altitude scenario is illustrated.
Further, to analyze the performance for different initial
conditions and parameter perturbations, Monte Carlo
simulation study is carried out and the results are presented. Also, comparison of performance of the design
with some existing controllers is presented to showcase
the efficacy of the design.
Research has also been carried out in design of ESO
based roll autopilots for missiles. In general, missiles
have symmetrical configuration of cruciform type to enable them to maneuver accurately and fast enough in
any direction. Such configurations lack inherent stability
in roll and therefore, they tend to roll owing to various roll disturbance moments acting on them in flight.
It is well-known that the rolling motion results into
many undesirable effect and therefore, most missiles
employ roll autopilots to achieve stabilization in roll position notwithstanding occurrences of the disturbance
moments. Thus, the primary objective in roll autopilot
design is to ensure roll position stabilization and to this
end, it represents an output regulation problem. As the
roll dynamics is significantly uncertain, one can robustify
the existing design by employing suitable disturbance
estimation and compensation strategy. However, use of
the controllers designed using modern control theory
require availability of complete state vector. Therefore,
it becomes necessary to estimate the uncertainties and
disturbances along with the plant state vector. These requirement are conveniently met with by use of the ESO
which estimates the uncertainties and states in an integrated manner. To this end, a formulation of a roll autopilot that is robust and implementable is proposed in [64].
In this research, a roll autopilot controller based on the
linear quadratic regulator (LQR) technique for nominal
system is designed and an ESO is used to estimate the
total disturbance and plant states. The estimated disturbance is employed for robustification whereas the
estimated states are used in the LQR controller to make
it implementable. In the LQR based design presented
in [65], the authors have reduced the gain crossover
frequency by adjusting the LQR controller weightings
so as to avoid stability problems resulting due to the
un-modeled flexibility dynamics. However, the design
remains sensitive to external disturbances. In the work
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presented in [64], the weightings in the LQR controller
are not changed as the effect of the un-modeled dynamics are attenuated significantly by use of the estimated
states in the control law. Stability of the closed loop system is proved and simulation results considering external disturbances, plant uncertainties, un-modeled flexibility and sensor dynamics and measurement noise are
presented to showcase efficacy of the proposed design.
Extending the work presented in [64] further, performance analysis of the ESO-based roll autopilot design
is carried out in [66]. In this work, firstly a more realistic roll dynamics is considered and comparison of performance of the ESO-based design is carried out with
various well-known roll autopilot designs. Next, the designs which have performed better are implemented in
a nonlinear 6-degree of freedom (DOF) simulation environment by considering practical engagement scenario.
Lastly, Monte Carlo simulation under various parameter uncertainties are carried out to visualize the performance of the ESO-based design. The results clearly bring
out the superiority of the proposed ESO-based design
in offering highly satisfying performance in regulation
of the missile roll attitude and its rate notwithstanding
the considered disturbances, uncertainties and crosscoupling effects thus offering a feasible methodology
for roll autopilot design of high performance missiles.
2.2 Guidance law design
Due to the ever increasing target maneuvering capabilities, designing a robust guidance law for tactical
missiles poses a challenging task. For the design, the
usual approach adopted is to decouple the missile-target
engagement dynamics into two mutually perpendicular
planes followed by designing a guidance law for each
plane separately by neglecting the cross-coupling effects. However, planar designs offer satisfactory performance only if the elevation angle between the missile
and target is considerably small. The assumption, however, may not hold true in engaging highly maneuvering targets and therefore the cross-coupling effects may
show up in practice resulting in degraded performance
for the planar guidance laws. The problem is more pronounced in the end-game scenario where within the
short interception time, the line of sight (LOS) rates are
required to converge rapidly to zero to maintain the
collision triangle. Further, miss distance needs to be
within the lethal radius of warhead for effective operation. The issues have motivated to analyze and design
three-dimensional guidance laws wherein the coupling

terms are not neglected. To this end, a robust threedimensional (3D) proportional navigation guidance law
based on input-output linearization (IOL) and ESO is
proposed in [67]. For the 3D nonlinear missile-target
engagement dynamics, the LOS rates in the pitch and
yaw plane are considered as outputs and IOL theory is
used to design controllers to drive the LOS rates to zero.
To achieve robustness for the guidance law, the effect
of cross-coupling terms, system nonlinearities, and unknown target maneuver are treated as disturbances and
the same are estimated by using the ESO. The efficacy
of the design for constant as well as varying missile velocity profiles is demonstrated and it is shown that the
proposed guidance law ensures elevation and azimuth
LOS rates converge to zero in the presence of significant
nonlinearities, uncertainties, unknown target maneuvers
and measurement noise. Finally, performance comparison of the proposed design with modified proportional
navigation guidance (MPNG) law is carried out to showcase the effectiveness of the proposed formulation.
In [68], design of an optimal and robust guidance law
for end game scenario of tactical missiles is presented.
Employing the linearized model of missile target engagement dynamics, guidance law is designed using LQR
approach with an objective to minimize miss distance.
The guidance law implementation, however, requires
system states and also information on target acceleration. As the target acceleration represents mismatched
uncertainty, various conventional strategies are not applicable for its estimation. To address this aspect, GESO
is used in [68] which apart from estimating the unknown
target acceleration, also provides plant state estimates
enabling implementation and robustification of the LQR
based guidance law. Results using the the designed guidance law to nonlinear two-dimensional missile-target
engagement dynamics considering highly maneuvering
target are presented.
2.3

Integrated guidance and control

Missile guidance and autopilot systems are usually designed separately as two loops with the autopilot forming the inner loop system designed to track acceleration
commands computed by the outer loop guidance algorithm. Integration of the subsystems is then carried
out and necessary modifications are effected to each of
the sub-system to achieve desired performance for the
complete system. The approach usually involves carrying out a numerous design iterations. Also the designs do
not gainfully utilize the synergistic inter-relationships be-
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tween these subsystems resulting in overall suboptimal
performance. The issue becomes more prominent especially in the end-game scenario because, while the subsystems typically have different bandwidths, the spectral
separation may not be valid close to interception owing
to the fast changes in the engagement geometry. Due
to these issues, integrated design for guidance and control system, usually known as integrated guidance and
control (IGC) has attracted attention of researchers and
practitioners. In IGC, a control law is designed to generate directly the control surface deflection commands to
drive the missile toward successful interception of the
target.
Following the philosophy of the IGC, a design based
on the continuous-time predictive control is proposed
in [69]. In the formulation, as the target acceleration
information is not available, the same is treated as a
mismatched external disturbance and is estimated along
with the states of missile-target engagement dynamics
by means of a GESO. The estimates are used in the predictive design to make the latter implementable. Closedloop as well as stability of the internal dynamics is established and simulation including Monte Carlo simulation
are presented to demonstrate the efficacy of the proposed IGC design. The notable features of the design
are that it is implementable using conventional seeker
measurements; does not require target maneuver information; caters for control input constraints; and gives
satisfactory performance for constant as well as varying
missile velocities, stable as well as unstable missile configurations, and for variety of target acceleration profiles.
Similarly, in [70], IGC design utilizing the time-scale
separation in the missile-target engagement dynamics
is presented. The dynamics is split into a fast pitch
rate dynamics and the slow LOS rate dynamics. An
Input-Output Linearization based controllers are then
designed for the sub-systems independently. ESO based
disturbance estimation and rejection is employed to
cater for the unknown target maneuver and uncertainties in aerodynamic parameters and the effectiveness of
the design is illustrated by simulation by using various
maneuvering target maneuver profiles.
2.4

Height control system design

In general, the sea-skimming missiles are required to
fly at a low altitude above the mean sea level and hence
are controlled at designated desired altitude by a height
control system (HCS). The HCS needs to be designed to
not to have large overshoots in order to avoid ditching
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of the missile into sea waves. As is well-known, the significant wave height increases as the sea state becomes
worse thereby posing a greater difficulty for the missile.
When a missile employs radio altimeter, the altitude of
the missile above sea surface is measured instead of the
altitude above the mean sea level resulting in missile
following the sea-wave pattern instead of flying horizontally. Following such trajectory by the sea-skimming
missile results in enormous wastage of energy. Further,
the missile can follow such trajectory only if the missile
system response is sufficiently fast. Normally, missiles
have restricted bandwidth and therefore, they may not
be able to follow the sea-wave pattern thus increasing
the possibility of ditching into sea waves. One approach
to handle the issue is to treat the excursions due to the
sea waves as disturbance, estimate it and compensate
for it. Following this line of thinking, a novel design of
height control system using ESO is proposed in [40]. In
the design, the ESO provides estimate of the sea-wave
disturbances in real time and the same is used to achieve
robustness for the HCS and for real-time altitude planning of the skimming missile. Simulation results have
shown that the proposed HCS functions quite effectively
in the presence of significant sea-wave disturbances.
2.5 Aircraft control
Wing rock motion represents an important phenomena to deal with in flight of many combat aircraft. Unsteady aerodynamic effects at high angle of attack give
rise to wing rock motion in slender delta wing aircraft
and is a complex phenomenon characterized by selfinduced limit-cycle roll oscillations. The motion needs
to be suppressed as it can have adverse effects on operational safety, aircraft maneuverability, and tracking
accuracy. The operational envelope of an aircraft having
this motion gets significantly restricted due to limiting
the maximum incidence angle by the onset of wing rock
before the occurrence of stall. Since high performance
aircraft often need to operate at high angles of attack due
to mission requirements, suppression of the wing rock
motion is of great importance. The problem can be dealt
with various approaches such as reshaping the airframe
configuration, by ensuring limited maneuver and by using automatic flight control system of which the last one
has been the most effective method for suppressing the
wing rock without compromising the maneuver ability
of aircraft. However, the dynamics of wing rock motion
changes in nonlinear manner with respect to angle of
attack, making the task of designing robust controller
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quite difficult. Following the ADRC approach, a robust
control design for wing rock motion suppression is proposed in [71] considering time-varying angle of attack.
In the proposed design, the issues of uncertainties and
external disturbances are addressed by using an ESO to
achieve robustness. Numerical simulations are carried
out and the results are presented to showcase efficacy
of the design.
2.6 Experimental validation
Real time operations put stringent constraints on the
functionality of techniques that otherwise perform ideally in a simulation study. Hence, experimental analysis
of the control strategies is indispensable for critically examining the feasibility and merits of any approach. To
this end, experimental validation of the ESO based designs have also been carried out. For example, in [39],
an FL based controller made implementable using ESO
is presented for trajectory tracking control of a flexible
joint robotic system and the effectiveness of the design is
verified through experimentation on Quanser’s flexiblejoint module. Similarly, design and experimental validation of an ESO based robust predictive controller for
flexible joint system is presented in [72]. Lastly, in [26],
performance analysis of ESO in tackling fast-varying sinusoidal disturbances is presented and the findings are
validated through simulations as well as conducting experiment on Quanser’s motion control module.

The reusable launch vehicles (RLVs) are space vehicles designed to perform multiple missions and due to
the fact that they are re-used, RLVs are expected to reduce the cost of access to low earth orbit significantly.
However, the technical challenges to fly to orbit and return are significant and among them is the development
of a practical, reliable and cost-effective RLV guidance
and control technology. The design poses a great challenge due to enormous uncertainties and fast-changing
parameters and therefore, it needs to have both rapid
adaptability and sufficient robustness.
Interplanetary vehicle guidance and control where
the unpredictable and uncertain environment of planets such as Mars offer a great challenge in designing
guidance and control for such vehicles.
As airframes are made more and more lighter, aeroelastic effects induced by the interaction among the unsteady aerodynamic load, aircraft structure, and control
system are extremely important in aircraft design. Therefore, dealing with aeroservoelasticity in aircraft design
involves active vibration and flutter suppression techniques which can be used to avoid flutter instability and
thereby enabling reduction in the weight of aircraft structure.
Control and formation flight control of unmanned air
vehicles, control of morphing wing aircraft etc. are some
more areas to mention wherein the ADRC has potential
to play a significant role in the design of robust controllers.

3 Possible areas of application in future
From the vast research reported in the literature and
due to its history of successful applications, it will not
be exaggeration to state that the ADRC possesses a vast
potential to offer viable solution to many current as well
as futuristic real-life aerospace applications. With the advances in the ADRC framework, the approach has utility
in various current, ongoing as well as futuristic uncertain
aerospace systems and some of the areas of application
are mentioned here.
As is well-known, hypersonic vehicles have great potential for high-speed transportation and space access.
However, such vehicles are also subject to unique problems due to the highly complex and uncertain flight environment. Owing to this, the vehicles will need highly integrated and robust flight, propulsion, and thermal control systems and an efficient guidance design to optimize
vehicle performance.

4

Conclusions

In this paper, an overview of the active disturbance rejection control (ADRC) approach is presented. Basic philosophy of ADRC, some theoretical results and advancement in the techniques have been briefly reviewed. An
overview of applications of the technique for a number
of aerospace applications is presented along with brief
discussion of the research carried out by the author’s
group. Some possible current/futuristic areas where the
technique can be highly useful are also highlighted.
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