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Abstract: A helicopter is a highly nonlinear system. Its mathematical model is difficult to establish
accurately, especially the complicated flapping dynamics. In addition, the forces and moments
exerted on the fuselage are very vulnerable to external disturbances like wind gust when flying
in the outdoor environment. This paper proposes a composite control scheme which consists of
a nonlinear backstepping controller and an extended state observer (ESO) to handle the above
problems. The stability of the closed-loop system can be guaranteed based on Lyapunov theory. The
external disturbances and model nonlinearities are treated as a lumped disturbance. Meanwhile, the
ESO is employed to compensate the influence by estimating the lumped disturbance in real-time.
Numerical simulation results are presented to demonstrate that the algorithm can achieve accurate
and agile attitude tracking under the external wind gust disturbances even with model uncertainties.
When coming to the flight test, a block dropping device was designed to generate a quantifiable and
replicable disturbance, and the experimental results indicate that the algorithm introduced above can
reject the external disturbance rapidly and track the given attitude command precisely.

Keywords: unmanned helicopter; backstepping; external disturbance; model uncertainty; extended
state observer; attitude tracking; flight test

1. Introduction

Due to its capability of vertically taking-off and landing, hovering and flying at low
altitude, unmanned helicopters have a variety of applications in both military and civilian
areas, such as search and rescue, surveillance and communication relay. However, it is a
challenging mission to design an appropriate controller for an autonomous helicopter as
its mathematical model consists of high nonlinearity and parameter uncertainties. When
coming to the outdoor flight environment, the helicopter is easily influenced by the external
disturbances like wind gust. Therefore, precise tracking of aggressive command in adverse
environments has become one of the prevailing research topics for autonomous helicopters.

In recent years, a lot of research has been undertaken to realize autonomous flight
of unmanned aerial vehicles (UAVs). Different kinds of control algorithms have been
applied in the flight control system. Linear control methods were very popular in the early
days. The PID algorithm based on the H-infinity theory was used to control a quadrotor
helicopter [1]. In [2], the Linear Quadratic Regulator (LQR) was designed for the trajectory
tracking of a quadrotor based on linear model. H-infinity control was presented to enhance
an UAV’s capability of rejecting wind disturbances when hovering [3], and in [4], system
uncertainties and nonlinear dynamics were considered in the design of attitude controller
using H-infinity control strategy, and the simulation results showed that the control system
worked well. However, linear control methods could not satisfy the full flight envelope.
When the UAV is maneuvering or flying in adverse environments, the above methods
designed based on a linear model would not be effective. Therefore, nonlinear control
methods and intelligent control algorithms have been developed to solve these problems.
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Feedback linearization is usually applied as a state feedback to make the nonlinear
system linear. After the system is linearized, it is much more convenient to design the
control system with linear control algorithms. In [5], feedback linearization was used to
decouple the nonlinear system of an unmanned helicopter and a sliding-mode observer was
employed to estimate the external disturbances. To deal with the mismatched disturbances,
feedback linearization and a novel sliding-mode control were proposed for the helicopters
to enhance the robustness of system [6].

Adaptive control is widely utilized for dealing with external disturbance and parame-
ter uncertainties. It is more like a strategy than an algorithm, which has a variety of forms to
improve the adaption of system. In [7], an adaptive law is presented to deal with the model
uncertainties using a neural network, and it allowed the authors to design the controller
of unmanned helicopters based on a simplified model. In [8], the researchers developed
an adaptive update law to estimate the unknown disturbances exerted on the forces and
moments, which improved the capabilities of disturbance rejection in both inner and outer
loops. In [9], a L1 adaptive law is chosen to assist the controller to obtain better robustness
against disturbances and uncertainties, and they were conducted on a multirotor to achieve
attitude control.

Sliding mode control (SMC) aims to make the system work on the sliding mode
surface whether the system is under external disturbance or model parameter variation.
Different reaching laws are studied to improve the performance of dynamic response.
In [10], a novel sliding mode surface was proposed to handle the mismatched external
disturbances, and the controller designed based on it showed better hovering performance
when the unmanned helicopter was under the mismatched disturbances. To eliminate the
perturbations, the researchers proposed an integral SMC and chose a proper sliding surface
to achieve trajectory tracking for an unmanned helicopter [11]. Additionally, in [12], a
composite control strategy which consists of a continuous terminal SMC and a disturbance
observer was carried out to stabilize the attitude of the unmanned helicopter and land it
on the shipboard.

Model predictive control (MPC) is a control method capable of dealing with both
linear and nonlinear problems, in addition to UAVs, it is also widely applied to solve the
optimization problem of automatic driving. By considering the constraints on both state
variables and control inputs, MPC could achieve good tracking performance under given
conditions [13]. In [14], the explicit nonlinear MPC was used to build the multi-time-scale
control structure, while a state observer was designed to handle disturbances and the
dynamic inversion was employed to simplify the input–output relations, these algorithms
were tested on a mode-scale helicopter. To deal with model uncertainties, an MPC strategy
based on an adaptive law was proposed for an unmanned helicopter with two degrees
of freedom in [15]. In addition to the unmanned helicopter, there were also other kinds
of UAV using MPC-based control method to achieve autonomous flight, such as VTOL
UAV [16] and ducted fan aircraft [17].

With the development of artificial intelligence (AI) technology, intelligent control has
gained a lot of attention in the field of robot control. In the past decade, various intelligent
control methods have been developed for UAV to achieve better performance of flight, for
example, fuzzy-logic control [18], neural network [19] and reinforcement learning [20].

Although the utility of control methods mentioned above has made a great success
in dealing with control design, the problem of handling nonlinearities, especially the
flapping dynamics, external disturbances and model uncertainties together still needs
further research. Feedback linearization could not deal with external disturbances, and
if the model is not accurate enough, the effect will be greatly reduced. Adaptive control
could not handle nonlinearity. The SMC easily generates a serious chattering phenomenon,
which will cause damage to the actuators. The optimization process of MPC always needs
powerful computing capabilities, which could not be satisfied in normal flight control
computers. Additionally, an accurate model is also necessary to achieve good control
performance. Intelligent control is usually combined with other methods, and there exists
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a lot of calculating. According to the above introduction, it is impossible to solve those
problems simultaneously using a single control algorithm, and most researchers have been
working on compound control strategies.

Backstepping is one of the most widely used control methods. Due to helicopters’
multivariable and underactuated characteristics, backstepping is suitable to build a cas-
caded control structure by introducing virtual inputs. As it is usually designed based on
Lyapunov theory, the stability of the system could always be guaranteed. Due to these
advantages, it has attracted great interest in recent years, some valuable research results
have already been presented to improve the system robustness and stability [21–24]. In [21],
a novel sensor-based backstepping technique was developed to enhance the robustness of
the UAV control system. Additionally, in [22], a proportional integral (PI) observer was
proposed to deal with the disturbances, and the backstepping control combined with the
observer were applied to achieve trajectory tracking. In [23,24], backstepping method was
used to cooperate with fast terminal SMC to realize position and attitude tracking for a
quadcopter. However, model uncertainty and external disturbance could not be handled
well only based on the backstepping method, thus, researchers have come up with various
forms of observers to estimate them without having specific information [25–27]. In [25],
a disturbance observer only considering hovering state was designed to compensate for
environmental disturbance. In [26,27], a nonlinear disturbance observer was designed
to estimate external disturbances. In addition to these observers mentioned above, the
most famous one is extended state observer (ESO) [28], but almost none of them have been
tested in real flight conditions.

In this work, a Backstepping Active Disturbance Rejection Controller (Backstepping
-ADRC) hybrid is proposed to achieve attitude tracking for an autonomous helicopter
under the influence of environmental disturbances and nonlinear aerodynamic forces.
The forces from external disturbances and internal nonlinear model are treated together
as total disturbances. An ESO and a backstepping controller are designed to estimate
and compensate for the total disturbances without reliance on a precise system model to
eliminate their effects simultaneously and achieve precise attitude tracking. As disturbance
and nonlinearity rejection are separated from attitude tracking control, the performance
and robustness could be guaranteed independently without compromise. The utility of the
proposed controller was validated through simulations and flight tests and compared with
a PID controller.

The rest of the article is organized as follows. Section 2 presents the related work
of this paper. The mathematical model of helicopter and wind gust are presented in
Section 3. In Section 4, firstly, the ESO is designed to estimate total disturbances mainly
including flapping dynamics and wind gust in this paper, secondly, the procedure of
backstepping controller design is presented, at last, considering parameter uncertainties.
Then, simulation results and flight tests are shown in Sections 5 and 6, respectively. The
conclusions of the paper are described in Section 7.

2. Related Work

Nonlinearity, model uncertainty and external disturbance have already become the
key problems of UAV control systems. Development of single nonlinear control algorithm
is generally able to handle one or two of them. However, hybrid control strategies could
make full use of the advantages of each algorithm.

Single control method could also obtain good results, especially after optimization.
In [29], a robust MPC algorithm was employed to deal with external disturbance, the
effectiveness of the proposed method was proved by several flight experiments. A SMC
technique was presented to estimate external disturbances and consider the nonlinearity
of flapping dynamics, simulation results showed the control system designed based on a
linearized model was effective [30]. The authors of [31] came up with an improved adaptive
control algorithm for an unmanned helicopter in the presence of model uncertainties, and
the hardware-in-loop simulations were designed for generating measurement noises and
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validating the control method. However, limited by the characteristics of single control
method, it is difficult to meet distinct demands of all those problems mentioned above.

Hybrid control scheme is very popular in the design of flight control systems when
facing multiple challenges. In [32], a neural network based observer was developed to
estimate external disturbances and model uncertainties, while the control scheme of the
UAV system was built with the backstepping control method, and only simulation results
were provided in this paper. SMC combined with a nonlinear disturbance observer were
studied to improve the tracking performance while the quadcopter was under disturbances
and subjected to model uncertainties, simulation results were presented to demonstrate
the effectiveness of the controller [33]. In [34], three categories were utilized to achieve
the trajectory tracking of a small-scale helicopter, the first one was the linearization of the
mathematical model by applying the feedback linearization technology, then, a disturbance
observer was presented to estimate the total disturbances, which included matched ones
and mismatched ones, at last, H-infinity control method was proposed to design the
controller based on the linear model. Although there have been various studies on this
topic, there still exist some unresolved problems, for example, flapping dynamics are barely
considered in the control system, and controllers designed based on multiple algorithms
bring too many parameters, which are difficult to adjust in flight experiments.

Most of the strategies mentioned above were only verified by simulation tests. In
this paper, the flapping dynamics of a helicopter are taken into account. Nonlinearities,
model uncertainties and external disturbances are totally handled through the proposed
Backstepping–ADRC. Additionally the control structure is not too complicated, which
makes it a little easier to deploy in the embedded system than most other schemes. More-
over, the parameters of the control law are reasonable, which makes parameter adjustment
much simpler in the flight test.

3. Model Description of Helicopter and Wind Gust

In this section, the helicopter dynamic model consisting of attitude dynamics and rotor
flapping dynamics are presented. The Euler angle is adopted to describe the orientation of
the helicopter. Several assumptions and simplifications are made before the model is built
based on the first-principles approach.

• The helicopter is treated as a rigid body.
• The off-axis moment of inertia is neglected as they are usually very small.
• The counteractive torque of the tail rotor is ignored because it is too small.
• The drag forces of the fuselage are ignored for simplification.
• The forces and moments of horizontal and vertical fin are ignored for simplification.

3.1. Helicopter Modeling

Based on the assumptions and simplifications mentioned above, the helicopter attitude
dynamic model described in the fuselage-fixed reference frame is given in (1).

.
Θ = S−1(Θ)ω
J

.
ω = −ω× Jω + Q

Q = QAτ + QB

QA =

 ht Qm Tmhm
0 Tmhm −Qm
lt 0 −Tmlm

, QB =

 0
Tmlm
−Qm

 (1)

where Θ = [φ, θ, ψ]T are Euler angles and ω = [p, q, r]T is angular velocity vector, respec-
tively. S−1(Θ) is the transformation matrix from the angular velocities to Euler angles
derivatives. J = diag(Ixx, Iyy, Izz) is a diagonal matrix of moments of inertia in fuselage-
fixed reference frame with the inertia coupling terms neglected, and Q = [L, M, N]T are
the lumped moments exerted on the helicopter. Tm, Qm denote the main rotor thrust and
counteractive torque; τ = [Tt, β1c, β1s]

T are the system inputs of the model, with Tt being
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the tail rotor thrust and β1c/β1s being longitudinal/lateral Tip-Path-Plane flapping angles
of the main rotor. hm, ht, lm and lt represent the horizontal and vertical distances from the
center of the rotor hub to the center of gravity.

As the main rotor flapping dynamics is the main source of nonlinear forces, the
flapping dynamics are introduced in the helicopter model. The most complete and accurate
analytical equation of rotor flapping dynamics is expressed as below in (2) [35].[ ..

β1cw..
β1sw

]
= −Ω

[ γ
8 2
−2 γ

8

][ .
β1cw.
β1sw

]
−Ω2

[
P2 − 1 + γK1µ2

16

− γ
8 (1 +

µ2

2 )

γ
8 (1 +

µ2

2 )

P2 − 1 + 3γK1µ2

16

][
β1cw
β1sw

]

+Ω2

[
0 0 γ

8 (1 +
µ2

2 ) 0

− γµ
3 − γµ

4 0 − γ
8 (1 +

3µ2

2 )

]
θ0
θt

θ1cw
θ1sw


+Ω

[
−2 − γ

8
− γ

8 2
0 − 1

Ω
− 1

Ω 0

]
pw
qw.
pw.
qw

+ Ω2
[

0
− γµ

4

]
λ

(2)

A more specific explanation of this formula can be found in [35]. In order to simplify
the controller design and model complexity, only the first-order of this formula is used
here in (3) [36].

.
B1w = Kωω12w + KBB1w + Kθθ1w (3)

where B1w = [β1cw, β1sw]
T , ω12w = [pw, qw]

T , θ1w = [θ1cw, θ1sw]
T . θ1cw/θ1sw, θ0 are the

longitudinal/lateral cyclic pitch and collective pitch of the swash plate, which means the
actual system inputs. The subscript _w denotes the states in the wind-hub frame [35]. A
detailed explanation of the parameter matrices Kω, KB and Kθ is provided in [36]. Due to
the fact that the flapping angles are much smaller than the collective pitch, the effect of
wind gust disturbances on the flapping dynamics could be simplified as ζ = [γΩµ/6, 0]T ,
where µ denotes the advance ratio. Then the main rotor flapping dynamics described
above could be rewritten in (4).

.
B1w = Kωω12w + KBB1w + Kθθ1w + ζθ0 (4)

The state variables transferred from the fuselage frame to the wind-hub frame is
obtained by multiplying the rotation function in (5), where β represents the sideslip angle.[

xcw
xsw

]
= H(β)

[
xc
xs

]
=

[
cos(β) − sin(β)
sin(β) cos(β)

][
xc
xs

]
(5)

The relationship between the thrust of tail rotor and the collective pitch is given in
(6) [37].

Tt = ρΩ2
t R2

t AtCTt/2, CTt = a∞σ[θt/3− λt/2]/2 (6)

where λt = λct/2 +
√
(λct/2)2 + CTt/2,λct = v/(ΩtRt), v denotes the lateral wind gust

and θt is the collective pitch of tail rotor. The more specific explanation is provided in [37].

3.2. Mathematical Model of Wind Gust

Atmospheric turbulence usually has two kinds of models: Dryden and von Karman
models [38]. In this paper, the Dryden spectral model of wind gust is adopted, and the
framework is shown in (7). Hu(s) = ∆u

Wt
= σu

√
2Lu/πU

1+(Lu/U)s

Hv(s) = ∆v
Wt

= σv
√

Lv/πU 1+(
√

3Lv/U)s
(1+(Lv/U)s)2

(7)
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With transfer functions Hu(s) and Hv(s), the white noise Wt can be generated by
the speed increments ∆u/∆v in the longitudinal direction and lateral direction, where U
represents the speed of the helicopter. (σu,σv) are the turbulence intensities and (Lu,Lv)
denote turbulence scale lengths; the calculation formulas are as follows:{

Lu = Lv = h/(0.177 + 0.000823h)1.2

σu = σv = 0.1W20/(0.177 + 0.000823h)0.4 (8)

4. Controller Design
4.1. Design of ESO

Before the succeeding steps, model simplification and transformation should be
performed to facilitate the model-based controller design. Due to the high rotation rate of
the main rotor, the main rotor flapping dynamics are much faster than the fuselage attitude
dynamics. Thus, the quasi-static assumption of flapping dynamics is made here [39], the
Equation (4) could be simplified to (9).

B1w = −K−1
B (Kωω12w + Kθθ1w + ζθ0) (9)

Then the helicopter model could be transformed to the simplified reference model
in (10). 

.
Θ = S−1(Θ)ω
.

ω = −J−1(ω× Jω) + Q

Q =
[

Qx, Qy, Qz

]T
= f + Rθ

(10)

Additionally, the variables mentioned above can be written specifically in (11).

f = [ f1, f2, f3]
T =

[
f12

T , f3
]T

f12 = [ f1, f2]
T = J−1

0 (−QA12H−1(β)K−1
B (Kω H(β)ω12 + ζθ0) + [Ttht, Tmlm]

T)
f3 = (−ρΩ2

t R2
t Ata∞σλtlt/8− Tmlmβ1s −Qm)/Izz

θ = [θ1c, θ1s, θt]
T =

[
θ1

T , θt
]T

R =

 R12
0
0

0 0 R3


R12 = −J−1

0 QA12K−1
B Kθ , R3 = ρΩ2

t R2
t Ata∞σlt/12Izz

QA12 =

[
Qm Tmhm

Tmhm −Qm

]
, J0 =

[
Ixx 0
0 Iyy

]
(11)

As nonlinearities and disturbances are assembled in one term, they can be compen-
sated for by the controller with no difference. To acquire the disturbance information, which
could not be measured directly by the sensor, an ESO is designed, where the structure is
shown in (12). {

.
z1 = −J−1(ω× Jω) + z2 +

[
(R12θ1)

T , R3θt

]T
− B01e

.
z2 = −B02 f al(e, 0.5, δ)

(12)

where z1 =
[
zp, zq, zr

]T , z2 =
[
z f 1, z f 2, z f 3

]T
, y = [p, q, r]T and e = [e1, e2, e3]

T = z1 − y.

B0x is the parameter matrix of the observer. f al = [ f al1, f al2, f al3]
T and f alx are defined

by (13).

f alx(e, a, δ) =

{
ex/δa−1 |ex| ≤ δ

|ex|asign(ex) |ex| > δ
(13)

Due to the characteristics of nonlinear feedback and extended state, ESO could achieve
accurate and agile observation of states and disturbances with little reliance on the system
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model [40]. Thus, it could be seen that the ESO presented above could track the total
disturbances accurately as shown in (14).

z1 → y, z2 → f (14)

Then, the observed total disturbances f could be treated as part of the model in the
control system.

4.2. Backstepping Controller

After acquiring the total disturbance information, a backstepping recursive controller
is designed for the reference model to achieve attitude tracking of a given attitude com-
mand, where the disturbance rejection is incorporated as an independent part.

As the first step of the backstepping controller design, let Lyapunov function candi-
date be

L1 = ΘT
e Θe/2 (15)

The subscript e represents the error between the real state and the given command,
namely, xe = x− xc.

Then the derivative is
.
L1 = ΘT

e
.

Θe = ΘT
e (

.
Θ−

.
Θc) = ΘT

e (S−1(Θ)ω−
.

Θc).
If ω = ωc= S(Θ)(

.
Θc − K1PΘe), then

.
L1 = −ΘT

e K1PΘe ≤ 0 (16)

The next step is to select another Lyapunov function candidate

L2 = L1 + ωT
e ωe/2 (17)

Thus,
.
L2 = −ΘT

e K1PΘe + ΘT
e S−1(Θ)ωe + ωT

e (
.

ω− .
ωc) and

.
ω = −J−1(ω× Jω) + Q.

Choose Q = Qc = J−1(ω× Jω) +
.

ωc − (S−1(Θ))
TΘe − K2Pωe, then

.
L2 = −ΘT

e K1PΘe −ωT
e K2Pωe ≤ 0 (18)

The last step is to calculate the θ∗ from Q = Qc and Q = f + Rθ, these equations can
be satisfied by choosing θ∗ = R−1(Qc − f ).

Where K1P and K2P are parameter matrices which are positive definite.
Finally, after all these steps, the control input θ∗ =

[
θ∗1c, θ∗1s, θ∗t

]
is derived.

4.3. Analysis of Model Uncertainty

Although the model of helicopter is built, there exists errors in the model parameters.
It has been proven that the ESO has significant robustness to the uncertainties of control
input coefficients [40], which refer to R12 and R3 in this article. Therefore, only the inertia
matrix J is necessary to be taken into account in this analysis.

Define J as the unknown inertia matrix with real parameters. Additionally, Ĵ is defined
as the one with uncertainties. Based on the theory presented in [40], the estimation results
will be changed to (19) with the uncertain inertia matrix.{

f̂ = f − N
N = J−1(ω× Jω)− Ĵ−1(ω× Ĵω)

(19)

The new pseudo-input of Qc will be obtained by subtracting an additional item N
in (20).

Q̂c = Qc − N (20)



Appl. Sci. 2021, 11, 5331 8 of 19

When the new Qc and new f replace the old ones, new θ∗ will be obtained, and it is
equal to the one derived without model uncertainty.

θ̂ = θ∗ (21)

Even with the parameter uncertainties of inertia matrix, the actual control input is
the same as the nominal one obtained above. Therefore, the system is robust to model
uncertainties theoretically.

5. Simulation Results

The Backstepping-ADRC controller presented above was applied on the complete
system model described in Section 3 in simulations. The proposed wind gust disturbances
were exerted from t = 10 s, which is illustrated in Figure 1. The attitude command for the
helicopter controlled by the proposed controller is φc = θc = ψc = 5.73◦ × sin(t + 10). All
simulation tests were carried out in the system described in Section 6.

Figure 1. Wind gust based on Dryden spectral model. (a) Wind gust in longitudinal direction;
(b) wind gust in lateral direction.

A PID controller with high integral gain was also tested on the model under the same
conditions because it is capable of rejecting disturbances due to its integral term. This
allows for comparison with the Backstepping-ADRC. The main parameters of the model
and controller are given in Tables 1 and 2.

Table 1. Model parameters.

Parameter Description Value

Ixx, Iyy, Izz Moments of inertia 0.0541, 0.0607, 0.1601
(
kg ·m2 )

M Gross weight 2.8(kg)
Rm Radius of main rotor 0.485(m)

(Lu,Lv) Turbulence scale length 23.6, 23.6
(σu, σv) The turbulence intensities 0.99, 0.99

U Reference air speed 5(m/s)
R12, R3 Control input coefficients

[
34.48 185.79
150.19 −35.91

]
, 12.48
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Table 2. Controller parameters.

Parameter Description Value

K1P Control parameter matrix 1 diag(6,6,6)
K2P Control parameter matrix 2 diag(4,4,4)

B01
Feedback parameter matrix 1

for ESO diag(200,200,200)

B02
Feedback parameter matrix 2

for ESO diag(1400,1400,1400)

The simulation results are exhibited in Figures 2–5. Figure 2 presents the attitude track-
ing results of the proposed Backstepping-ADRC controller under the same conditions for
comparison with the PID controller. Since the wind gusts were applied in the longitudinal
and lateral directions, the pitch angle and roll angle should be emphasized. It is clear that
the control method developed in this paper has better performance, as the tracking delay
of the method is almost negligible, while the delay of PID control is nearly 1 s. Meanwhile,
the amplitude of the tracking error is less than 3◦ when in the worst situation of the whole
simulation progress, however, the PID’s reaches 10. For the roll angle, the average value
of the tracking error is 0.65◦ for the Backstepping-ADRC controller, while it is 3.28◦ for
PID controller. Additionally, the standard deviations of the tracking errors are 0.66◦ and
2.33◦, respectively. For the pitch angle, the average value of the tracking error is 0.47◦ for
the Backstepping-ADRC controller, while it is 2.14◦ for PID controller. Additionally, the
standard deviations of the tracking errors are 0.38◦ and 1.65◦, respectively.

The disturbance observation performance is illustrated in Figure 3. It is shown that
the estimated value of the total disturbance is almost equal to the real one, and the delay is
less than 0.2 s, which is totally acceptable. The system inputs generated by the controller
are shown in Figure 4.

The simulation results shown above demonstrate that the proposed controller is
capable of accurate and agile attitude tracking under external wind gust disturbances
as well as nonlinear aerodynamic forces in forward flight. The total disturbances were
successfully estimated by the rapid and precise estimation of ESO.

When compared to the PID controller, the attitude tracking of the Backstepping-ADRC
is more accurate and has less lag. In addition, the standard deviations and means of tracking
errors are much smaller. While smaller mean tracking errors indicate that the control
strategy has better control accuracy, there is 80% improvement of the method proposed
in this paper according to the above data. Meanwhile, smaller standard deviations mean
that the control method has better stability and better capability of disturbance rejection.
Additionally, according to the above data, the Backstepping-ADRC controller has improved
more than 70%. Finally, the wind gust was better rejected, suggesting that the ESO is
considerably more efficient in disturbance estimation than the integral term in the PID
controller.

The attitude tracking performance of the Backstepping-ADRC is presented in Figure 5
when every element of parameter matrices J, R12 and R3 in the simulation model has
random uncertainties of ±30%.

The results in the figure show that there were only few degradations of the tracking
performance when compared with Figure 3, which indicates that the proposed controller
has good robustness to model uncertainties.
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Figure 2. Attitude tracking without uncertainties. (a) Tracking of roll angle; (b) tracking of pitch angle; (c) tracking of
yaw angle.



Appl. Sci. 2021, 11, 5331 11 of 19

Figure 3. Disturbances observation without uncertainties. (a) Estimation of f1; (b) estimation of f2; (c) estimation of f3.



Appl. Sci. 2021, 11, 5331 12 of 19

Figure 4. Control inputs without uncertainties. (a) Lateral control input; (b) longitudinal control input; (c) yaw control input.
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Figure 5. Attitude tracking with model uncertainty. (a) Tracking of pitch angle; (b) tracking of roll angle; (c) tracking of
yaw angle.

6. Flight Test Experiment
6.1. Testbed Design

The environmental disturbances and nonlinear aerodynamic forces are difficult to
generate, replicate and analyze in the disturbance rejection experiment. Despite this, a
block dropping device was designed to generate a quantifiable and replicable disturbance,
as shown in Figure 6.
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Figure 6. The structure diagram of block dropping system.

A model-scale helicopter called Align T-REX500 was chosen to be the flight testbed
in this work. It was produced by ALIGN, which is a company founded in Taiwan, China.
In addition to this helicopter, the entire system consists of an avionic box, an attitude and
heading reference system (AHRS), a radio and a block dropping device. There is a Digital
Signal Processor TM320F2812 developed by Texas Instruments (TI) in the avionic box,
which is used to realize the control algorithm, analyze sensor information from the AHRS
and generate pulse width modulation (PWM) signals to control the helicopter. And TI
is a semiconductor company founded in Texas, USA. The AHRS consists of a three-axis
gyroscope, a three-axis accelerometer, a three-axis magnetometer, a barometric altimeter
and a microcontroller unit (MCU), which is able to provide the information of attitude
and angular velocity. The command signal could be transmitted through the radio. Both
the AHRS and the radio were connected to the DSP through RS232. The program was
developed in embedded C for DSP by an Integrated Development Environment (IDE)
called Code Composer Studio (CCS), which is also provided by TI.

The dropping device is made of a heavy block and a servo, while the block is fixed by
the servo, which is controlled by the signal from radio. In this work, the mass of the block is
m = 0.26 kg and the distance from the block to the center of gravity is l = 0.4 m, therefore,
the disturbance generated by the device, QD = −mgl = −1.02 N ·m, is sufficiently intense
for this testbed. The whole experimental system is shown in Figure 7.

Figure 7. The testbed of model helicopter with dropping device.

6.2. Disturbance Rejection Experiments

There were three steps in this disturbance rejection experiment. First, a constant
attitude command was applied to the control system to keep the helicopter stabilized and
hovering. Second, a dropping order was sent to the radio to release the block, which could
generate the disturbance. Finally, it waited for a few seconds until the controller corrected
the attitude. The procedure is shown in Figure 8.
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Figure 8. The block dropping procedure of the experiment. (a) Hovering before dropping the block;
(b) the moment after dropping the block.

Both the proposed Backstepping-ADRC and the PID controller with high integral gain
were tested under the same conditions. The recorded attitude tracking data, disturbance
observation data and the control signal data are illustrated in Figure 9.

For the Backstepping-ADRC, the simulation data coincide with the flight test data
validating that the algorithm presented above has excellent performance. According to the
attitude tracking data of flight test, the helicopter controlled by the Backstepping-ADRC
responded immediately to the disturbance and started to pitch for 0.7 s to the minimum
value of −3◦ until the disturbance was rejected. After that, the helicopter started to recover
with a negligible overshoot and settled to a hovering state without steady error. The total
settling time for the disturbance (θ within ±1◦) was approximately 1.5 s. However, the
PID controller with a high integral gain responded with a minimum pitch of −6.5◦, an
overshoot of 4◦ and a total settling time of 5 s. During the whole disturbance rejection
experiment, the average tracking error of Backstepping-ADRC is 0.39◦, while it is 1.68◦

for the PID controller, and the standard deviations of the tracking errors are 0.74◦ and
1.83◦, respectively. The attitude tracking data suggests that the proposed control algorithm
has 78% improvement of control accuracy and 60% improvement of disturbance rejection
capability compared to PID control method, and it is able to successfully reject intense and
swift disturbances and precisely track the command.
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Figure 9. Flight test data of disturbance rejection (I_PID denotes the integral term of the PID
controller). (a) Tracking of pitch angle; (b) estimation of disturbance; (c) longitudinal cyclic pitch
angle of main rotor.

In addition, its rejection is much more efficient and swifter than that of the PID
controller. The disturbance observation data could better explain the difference. The
observation of the ESO in the Backstepping-ADRC responded rapidly to the disturbance
and achieved stable observation within 2 s. In contrast, the integral term of the PID
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controller responded much slower than the ESO and induced characteristic high magnitude
oscillation, resulting in a long settling time and high overshoot of the attitude tracking.

7. Conclusions

This paper proposed a versatile control method to actively reject disturbances and
compensate nonlinearities simultaneously without precise system model. The nonlineari-
ties mainly include flapping dynamics, and external disturbances mean wind gust in this
article. Both of them were treated as the lumped disturbances. Then, the ESO designed to
estimate the lumped disturbances was introduced to eliminate all these adverse factors.
Meanwhile, a backstepping controller was applied to achieve attitude tracking based on
Lyapunov theory, the separation of disturbance rejection with attitude tracking control
guarantees both robustness and performance.

Simulation results show that the control scheme presented above can achieve a good
attitude tracking performance, the tracking delay is quite small, while the means and
standard deviations of tracking error are also much smaller than PID control, and the
maximum value of tracking error is less than 3◦. Flapping dynamics and wind gust
can be accurately estimated by the ESO, while the delay is less than 0.2 s. Additionally
the controller still works well under model uncertainty. According to the flight data, the
proposed algorithm is capable of addressing external disturbances rapidly. When compared
to the PID method, it also shows better tracking performance and stronger robustness to
reject disturbances. However, there still exists some shortcomings in the proposed control
scheme. Although the number of the parameters is not too much, all these parameters are
adjusted manually based on personal experience, which costs a lot of time and easily goes
wrong. Besides, the controller does not consider the situation of input saturation, which
may lead to a control failure.

To eliminate the above limitations, intelligent algorithm will be considered to incorpo-
rate with the parameter adjustment, such as reinforcement learning, and input saturation
will be treated as the constraint in the control system design. Another future work of our
paper is to design position and velocity controller to achieve trajectory tracking. The ESO
will also be applied to the out-loop controller to deal with the disturbances exerted on
them. More flight experiments will be taken to verify the effectiveness of the algorithm.
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