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In this paper, a dual-loop active disturbance rejection attitude controller design method is proposed for the attitude control of
aircraft. Firstly, based on the nonlinear dynamic model of aircraft, the control system model with inner loop as angular
velocity and outer loop as attitude angle is established. Secondly, the extended state observer for the inner loop is established to
estimate and compensate the state of the system in real time. The controller of the compensated series integral system is
designed by using the linear PD control method. Thirdly, the extended state observer and controller for the outer loop are
designed by the same method. Finally, the stability proof of the dual-loop attitude control method is given based on the
Lyapunov theorem of stability. Simulation results show that compared with the traditional PID attitude control method, the
dual-loop ADRC attitude control method has better control quality in tracking speed, tracking error, and system anti-
interference ability. The control parameters to be adjusted in this method have distinct physical significance. So this method
has a wide range of engineering application prospects.

1. Introduction

Traditional aircraft attitude control system is usually based
on small disturbance linearization theory [1]. The six degree
of freedom dynamic equation is linearized with small pertur-
bation near the standard trajectory, and the coupling effect
between channels is ignored. Typical characteristic points
are selected to change the time-varying system into a time
invariant system. A single channel attitude control system
is designed based on linear control theory. However, with
the increasing demand for aircraft performance, high-speed
booster aircraft appeared. This kind of aircraft adopts the
shape of lift body and flies in the atmosphere with high
maneuverability. It has the characteristics of large airspace,
wide velocity domain, and high dynamic response. The air-
craft has strong coupling, fast time-varying, and strong non-
linear characteristics among the three channels of pitch, yaw,

and roll. The design method of attitude control system based
on linear control theory is difficult to meet the requirements
of maneuvering flight.

Modern control methods have been widely studied.
Sliding mode control has strong robustness. Keke Shi
et al. developed an improved finite time sliding mode con-
trol strategy to satisfy good orbit-attitude tracking perfor-
mance [2]. Chintapalli Vaishnavi and M.V. Dhekane
adopted H-infinity control method in autopilot design [3].
Active disturbance rejection control (ADRC) is a nonlinear
adaptive control method proposed by Professor Jingqing
Han [1]. In this method, the uncertainty and unmodeled
error of the model are classified as “total disturbance” of
the system [4]. The internal and external disturbances of
the system can be estimated and compensated in real time.
Based on the simple linear model, the disturbance is com-
pensated and the control law is designed to obtain better
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control quality. However, these methods use more nonlin-
ear functions, which is not convenient for stability analysis
and control parameter design. Zhiqiang Gao and other
scholars linearized the main links of active disturbance
rejection control and proposed a linear active disturbance
rejection control method (LADRC) [5–10]. The design
parameters of this method have clear physical meaning
and are easy to be adjusted. It is suitable for engineering
application.

Mingwei Sun, Sa Lin, etc. studied the attitude control of
aircraft pitch channel based on active disturbance rejection
control technology. The superiority of ADRC over tradi-
tional PD control method is verified. However, the research
object is the linearized model of aircraft pitch channel,
ignoring the nonlinear factors and the coupling between
channels [11, 12]. Naigang Cui et al. designed an attitude
controller based on ADRC for the three channel nonlinear
model of reusable launch vehicle. The stable flight from
active phase to reentry phase is realized, and the controller
has good control effect. However, due to the use of nonlinear
error feedback rate, too many parameters need to be
designed and adjusted, and there is a lack of stability proof
[13]. The ADRC scheme has been employed in other field
[14–18]. Chuang Liu et al. develop an IO-based ADRC
scheme without knowing exactly the external disturbances,
fault signals, time-varying delay, and mass properties to
achieve high-precision electromagnetic docking of space-
craft in elliptical orbits [14]. Linxing Xu applied a cascade
ADRC scheme in the attitude subsystem of a quadrotor
unmanned aerial vehicle [18].

Most scholars focus on broadening the application of
ADRC technology and the adjustment method of control
parameters, while a few scholars focus on the physical
meaning of parameters and the proof method of stability.
In this paper, the nonlinear dynamic model of aircraft is
studied at first. Then, a dual-loop attitude control system
model is established. On this basis, the linear extended
state observers of inner loop and outer loop are estab-
lished to observe and compensate the matching error
and non-matching error, respectively. And the inner loop
and outer loop controllers are designed based on the linear
error feedback law. Additionally, the parameters are
adjusted according to the physical meaning of the control
parameters. Finally, the stability proof is given based on
the Lyapunov theorem of stability. Simulation results vali-
date the effectiveness of the proposed approach and the
improved performance comparing to the traditional auto-
pilot without lateral thrusters.

2. Nonlinear Model of General Aircraft

The force required for the movement of the aircraft is aero-
dynamic force, which is caused by the deflection of the air
vane. Define the motion around the X axis of the body coor-
dinate system as rolling, the motion around the Y axis as
yaw, and the motion around the Z axis as pitch. According
to the theorem of momentum, the motion around the center
of mass is described in the body coordinate system. The
nonlinear mathematical model of the aircraft’s motion

around the center is established as follows.
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Sort the above formula as:
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where ω = ½ωx1ωy1ωz1�T are angular velocity components

observed in the body coordinate system.Ω = ½γψφ�T are three
attitude angles. δ = δγ δψ δφ

� �T are the deflection angles

of aileron, rudder, and elevator. Mpx1 Mpy1 Mpz1
� �T are

components of engine thrust in three directions of body coor-
dinate system. Mdx1 Mdy1 Mdz1

� �T are components of
disturbance in three directions of body coordinate system.

Cδ0
mx1 Cδ0

my1 Cδ0
mz1

h iT
are the coefficients of the aerody-

namic moment when aileron, rudder, and elevator deflection

angles are zero. C
δ j

mi1, ði = x, y, z ; j = γ, ψ, φÞ is the partial
derivative of aerodynamic moment coefficient to aerodynamic
rudder deflection angle. f1ð⋅Þ includes the system unmodeled
dynamics, external interference, and other uncertainties. g1,
g2 are accurate known term.

Based on the above nonlinear model, Equation (3) is the
inner loop as angular velocity and Equation (4) is the outer
loop as attitude angle. For each loop, a linear extended state
observer is established to estimate and compensate the state
of the system in real time, and a PD linear error feedback
control law is designed to realize the attitude control of the
aircraft.

3. Linear Active Disturbance Rejection Control

LADRC is a nonlinear control method which has great
robustness against the model parameter variation and dis-
turbance [19, 20]. The n-order nonlinear SISO system is
considered as follows.

yn tð Þ = f y n−1ð Þ tð Þ, y n−2ð Þ tð Þ,⋯,y tð Þ,w tð Þ
� �

+ bu tð Þ, ð8Þ

where wðtÞ is the external disturbance, b is the given con-
stant, and f ðyðn−1ÞðtÞ, yðn−2ÞðtÞ,⋯,yðtÞ,wðtÞÞ can be simply
calculated as f , representing the nonlinear dynamics with
unmodeled disturbance. Only the order and b are known.
Assuming that f is differentiable and let h = _f , the above for-
mula can be written in the form of state space, as

_x1 = x2

⋮

_xn−1 = xn

_xn = xn+1 + bu

_xn+1 = h x,wð Þ
y = x1

8>>>>>>>>>>><
>>>>>>>>>>>:

, ð9Þ

where xn+1 = f ðyðn−1ÞðtÞ, yðn−2ÞðtÞ,⋯,yðtÞ,wðtÞÞ is the
expanded state of the system.

3.1. Linear Extended State Observer. The linear extended
state observer (LESO) is constructed as follows.

_̂x1 = x̂2 + l1 x1 − x̂1ð Þ
⋮
_̂xn−1 = x̂n + ln−1 x1 − x̂1ð Þ
_̂xn = x̂n+1 + ln x1 − x̂1ð Þ + b0u

_̂xn+1 = ln+1 x1 − x̂1ð Þ

8>>>>>>>><
>>>>>>>>:

, ð10Þ

where li, i = 1, 2,⋯n + 1 is the observer gain parameter. b0 is
the estimated value of control gain b. The observer gain
parameters are selected as follows.

l1 l2 ⋯ ln+1½ � = ω0α1 ω2
0α2 ⋯ ωn+1

0 αn+1
� �

αi =
n + 1ð Þ!

i! n + 1 − ið Þ!
:

ð11Þ

Then, the LESO can be configured as

λ0 sð Þ = sn+1 + ω0α1s
n+⋯+ωn

0αns + ωn+1
0 αn+! = s + ω0ð Þn,

ð12Þ

where ω0 is bandwidth of the LESO.

3.2. Linear Error Feedback Law. When LESO observes the
total disturbance of the system in real time, we can get the
observed expansion state as

x̂n+1 ≈ xn+1 = f y n−1ð Þ tð Þ, y n−2ð Þ tð Þ,⋯,y tð Þ,w tð Þ
� �

: ð13Þ

Select the following control quantities:

u = u0 − x̂n+1
b0

, ð14Þ

where u0 is the virtual control quantity. Substituting u into
Equation (8), the system becomes a series integral system, as

yn tð Þ = f − x̂n+1ð Þ + u0 ≈ u0: ð15Þ

The virtual control quantity u0 takes the form of propor-
tion and higher-order differential as

u0 = kp r1 − x̂1ð Þ + kd1 x̂2⋯+kdn−1 x̂n: ð16Þ

If kp, kd1 ,⋯kdn−1 are the coefficients of the closed-loop
characteristic polynomial of the system, the closed-loop
system can be configured as the following characteristic
polynomial.

λc sð Þ = sn + kdn−1 s
n−1+⋯+kd1 s + kp = s + ωcð Þn, ð17Þ

where ωc is the bandwidth of the controller example.

3International Journal of Aerospace Engineering



Reasonably select observer bandwidth and controller
bandwidth, and ω0 > 0, ωc > 0, ω0 > 5ωc is ensured. Then,
the state estimation of the system and the stability control
of the nonlinear system can be realized.

3.3. Attitude Control System Design. A dual-loop attitude
controller based on ADRC is designed with the following
structure in Figure 1

The pitching, yaw, and rolling channels of the aircraft
adopt the double loop controller shown in Figure 1. The
extended state observer and controller for the inner loop
are designed at first. When the inner loop response is fast
enough, it can be approximated as a straight loop. Then, a
controller with the same structure is designed for the outer
loop to realize attitude control.

3.4. Design of Inner Loop Controller. The inner loop corre-
sponds to Equation (3), which is rewritten as

_ω = f1 ⋅ð Þ +Ub, ð18Þ

with,

Ub = g1δ: ð19Þ

Construct LESO in three channels. The LESO is shown
as follows.

e20 = z21 − ω,
_z21 = z22 − l21e20 +Ub,

_z22 = −l22e20,
ð20Þ

where l21 > 0, l22 > 0 is the gain of linear extended state
observer. When the gain of the extended state observer is
reasonably selected, the following convergence results will
be obtained when it reaches stability.

z21 ⟶ ω,
z22 ⟶ f1 ⋅ð Þ:

ð21Þ

The output of the extended state observer can estimate
the attitude angular velocity. And on the other hand, it can
estimate the total “disturbance” of the unmodeled dynamics
and uncertain disturbances of the system. According to the

principle of linear extended state observer, the observer gain
is selected as

l21 l22½ � = 2ω02 ω2
02

� �
: ð22Þ

Then, the LESO can be configured as

λ0 sð Þ = s2 + 2ω02s + ω2
02 = s + ω02ð Þ2: ð23Þ

The virtual control quantity is designed as

Ub =Ub0 − z22: ð24Þ

Substitute Equation (24) into Equation (18), we can get

_ω =Ub0: ð25Þ

Adopting PD linear error feedback control law, the vir-
tual control can be obtained as

e2 = ω∗ − z21,
Ub0 = kp2e2 + kd2 _e2:

ð26Þ

The gain of linear error feedback law is selected as

kd2 kp2
� �

= 2ωc2 ω2
c2

� �
: ð27Þ

So, the system can be configured as follows.

λc sð Þ = s2 + 2ωc2s + ω2
c2 = s + ωc2ð Þ2: ð28Þ

In order to obtain aerodynamic rudder deflection angles
of three channels, the following decoupling control law is
adopted

δ = g−1
1 Ub: ð29Þ

By properly selecting ω02 and ωc2, the inner loop attitude
angular velocity control can be realized.

3.5. Design of Outer Loop Controller. The outer loop corre-
sponds to Equation (4), which is rewritten as

_Ω =U∗
b : ð30Þ

Outer loop
control

law
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law

Inner loop
control
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Inner loop
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z11 z12
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⁎

𝜔
𝛺⁎ 𝛺

Figure 1: The diagram of a dual-loop attitude controller based on LADRC.
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with,

U∗
b = g2ω: ð31Þ

A LESO with the same structure as inner loop is
designed as follows.

e10 = z11 −Ω,
_z11 = z12 − l11e10 +U∗

b ,
_z12 = −l12e10,

ð32Þ

where l11 > 0, l12 > 0 are the gains of LESO. When the gains
are chosen properly, the observer can converge stably. The
observer parameters are taken as follows.

l11 l12½ � = 2ω01 ω2
01

� �
: ð33Þ

The outer loop LESO can be configured as

λ0 sð Þ = s2 + 2ω01s + ω2
01 = s + ω01ð Þ2: ð34Þ

Equation (30) is a single integral system. Similarly, PD
linear error feedback control law is selected. The virtual con-
trol quantity can be obtained as

e1 =Ω∗ − z11,
U∗

b0 = kp1e1 + kd1 _e1:
ð35Þ

The gain of outer loop linear error feedback law is
selected as

kd1 kp1
� �

= 2ωc1 ω2
c1

� �
: ð36Þ

The system can be configured as

λc sð Þ = s2 + 2ωc1s + ω2
c1 = s + ωc1ð Þ2: ð37Þ

The desired attitude angular velocity of three channels
can be obtained by selecting the following decoupling
control law.

ω∗ = g−12 U∗
b : ð38Þ

By properly selecting ω01 and ωc1, the outer loop attitude
angle control can be realized.

3.6. Stability Analysis. Taking the inner loop angular velocity
control as an example, the stability analysis is carried out.
Abbreviate Equation (18) as _ω = f + bu and take x1 = ω, x2
= f , then the system can be rewritten as

_x = Ax + Bu + Eh,
y = Cx,

ð39Þ

with,

A =
0 1
0 0

" #
, B =

b

0

" #
, E =

0
1

" #
, C = 1 0½ �, ð40Þ

where h = _f . f is differentiable.
Take z = z21 z22½ �T and L = l21 l22½ �T , the LESO is

obtained as

_z = Az + Bu + L y − ŷð Þ,
ŷ = Cz:

ð41Þ

Define the observation error as e = x − z, then the follow-
ing can be obtained from Equation (39) and Equation (41).

_e = Aee + d, ð42Þ

with,

Ae = A − LC =
−l21 1
−l22 0

" #
, d = Eh: ð43Þ

Design l21, l22 so that Ae is a Hurwitz matrix and select
Lyapunov function V = eTPe, where P is a positive definite
matrix and satisfies Lyapunov equation.

AT
e P + PAe = −Q, ð44Þ

where Q is any positive definite matrix, then we can get

_V = _eTPe + eTP _e = Aee + dð ÞTPe + eTP Aee + dð Þ
= eT AT

e P + PAe

� �
e + dTPe + eTPd = −eTQe + 2dTPe

= − eTQ1
2 − dTPQ−1

2
� �

eTQ1
2 − dTPQ−1

2
� �T

+ dTPQ−1
2

� �
dTPQ−1

2
� �T

:

ð45Þ

Obviously, when keTQ1
2 − dTPQ−1

2k2 > kdTPQ−1
2k2, _V < 0

. Furthermore, when keTQ1
2k2 > 2kdTPQ−1

2k2, _V < 0. When
Q is an identity matrix, if kek2 > 2kPdk2, _V < 0. So e is
bounded, and the boundary is kek2 ≤ 2kPdk2.

The above results can be further generalized as follows.

Lemma 1. For dynamic systems as _ξ =Mξ + gðξÞ. If M is a
Hurwitz matrix, and gðξÞ is bounded, ξ is bounded [7]. On
this basis, for the control system adopting the LESO of Equa-
tion (20) and the linear error feedback control law of Equa-
tion (26), the following closed-loop dynamics can be obtained.

_ω = f1 ⋅ð Þ +Ub = f1 ⋅ð Þ +Ub0 − z22 = f1 ⋅ð Þ
− z22 + kp2 ω∗ − z21ð Þ + kd2 _ω∗ − _z21ð Þ: ð46Þ
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Sort Equation (47) as

_ω = −kp2ω + kp2kp2kd2kd21
� �

ω∗

ω − z21

_ω∗

_ω − _z21

f1 ⋅ð Þ − z22

2
66666664

3
77777775
, ð47Þ

where −kp makes the characteristic polynomial s − kp satisfy
the Routh criterion, so −kp is Hurwitz stable. Meanwhile,
ω∗ and _ω∗ are the bounded attitude angular velocity and
attitude angular velocity integral command. ω − z21, _ω −
_z21, and f1ð⋅Þ − z22 are the LESO estimation errors which
are bounded based on Equation (45). Then,
ω∗ ω − z21 _ω∗ _ω − _z21 f1ð⋅Þ − z22½ �T are bounded. So
ω is bounded according to Lemma 1. According to the defi-
nition of Lyapunov’s stableness, the inner loop attitude
angular velocity linear active disturbance rejection controller
is stable. Similarly, it can be proved that the outer loop atti-
tude angle linear ADRC is also stable.

3.7. Simulations and Analysis. In order to verify the attitude
controller design method proposed in this paper, typical air-
craft parameters are selected for simulation verification.
Typical characteristic point parameters of aircraft are as fol-
lows (see Table 1).

The controller design method proposed in this paper
needs less parameter to be adjusted. Only observer band-
width and controller bandwidth need to be designed. The
pitch, yaw, and roll channels use the same observer parame-
ters and controller parameters. Specific control parameters
are shown in Table 2.

Figures 2–4 show the comparison between the controller
design method proposed in this paper and the traditional

Table 1: Aircraft parameter.

Parameters Numerical value

M 19000 kg

Jx1 3900 kg.m2

Jy1 393600 kg.m2

Jz1 393600 kg.m2

q 39900 pa

Lk 19m

Sm 1.1m2

γ0 3°

ψ0 3°

φ0 62°

ωx1 0 0°

ωy1 0 0°

ωz1 0 0°

γc 0°

ψc 0°

φc 65°

ωx1 c 0°

ωy1 c 0°

ωz1 c 0°

Table 2: Control parameter.

Parameters Numerical value

ω02 200

ωc2 10

ω01 5

ωc1 2
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Figure 2: Variation of pitch angle.

PID
LADRC

0 2 4 6 8 10
−0.5

0

0.5

1

1.5

2

2.5

3

3.5
Yaw angle

T(s)

Ps
i (

de
g)

Figure 3: Variation of yaw angle.

6 International Journal of Aerospace Engineering



PID controller in the attitude angle tracking effect. The
variation of pitch, yaw, and roll angle is smaller under
LADRC. And the overshoot of LADRC control is less than
50% of that of traditional PID control. And the time to
steady state is shorter under LADRC. Figures 5 and 6
show LESO estimation errors of attitude angle and attitude
angular velocity, respectively. The estimation errors in all
three channels converge quickly. From the above simula-
tion results, it can be seen that the attitude controller
based on LADR control has excellent control quality.
Compared with the traditional PID control method, the
designed controller can achieve rapid attitude stability of
the aircraft, with small overshoot and steady-state error.
The estimation performance of LESO is excellent and the
estimation error can converge quickly.

4. Conclusions

In this paper, an attitude control method based on linear
active disturbance rejection is proposed for the nonlinear
model of aircraft. A dual loop linear extended state observer
and linear error feedback control law are constructed. The
stability of the proposed method is guaranteed. Simulation
results show that the controller can achieve excellent perfor-
mance only by reasonably designing the observer bandwidth
and controller bandwidth. This method has clear physical
meaning and strong practicability. Furthermore, the adapt-
ability of this method to aircrafts used other actuators needs
to be analyzed. And the influence of controller bandwidth
and observer bandwidth on the controller effect should be
analyzed theoretically from the perspective of stability
principle.
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