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Abstract

Airborne opto-electronic platforms are very important in unmanned aerial vehicle systems. The stability and tracking

performance of airborne opto-electronic platforms are easily affected by disturbance factors, making compensating for

those disturbances a very prominent issue. In this paper, compared to the traditional disturbance observer, an improved

velocity signal based disturbance observer (IVDOB) is particularly designed to compensate for the disturbance. Then its

capability, robustness, and stability are discussed. For improving the stabilization accuracy and tracking performance of

airborne opto-electronic platforms, the universal approximation property of fuzzy systems is used to compensate the

disturbance further and an adaptive fuzzy control system based on IVDOBs is proposed. To validate the scheme, a series

of experiments were carried out. The results show that the proposed control scheme can achieve reliable control

precision and satisfy the requirements of airborne opto-electronic platform tasks.
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Introduction

The multi-rotor unmanned aerial vehicle (mUAV) is
an important branch of unmanned aerial vehicles and
is better adaptable to the environment. It can fly for-
ward, inverted, hover, and so on. It has the independ-
ent cruise flight ability and autonomous landing
capabilities. Therefore, the mUAV has broad applica-
tion prospects and development prospects in military
and civilian fields.1–3

The opto-electronic platform system mounted on
mUAVs improves the control precision of the aircraft
while extending the aircraft vision ability as well. It is
the key to the application of reconnaissance, map-
ping, tracking, and other fields. The importance of
the airborne opto-electronic platform (AOEP) is obvi-
ous.4 However, the mUAV has the advantages of
being light in weight, small in volume, and having a
low lift to weight ratio, which causes the stability of
the AOEP to be easily affected by disturbance factors
such as airframe attitude change, airflow, mechanical
vibration, moment coupling, and other unknown
disturbances. Those disturbance factors have the

characteristics of a large range of frequency distribu-
tions, large amplitude variations, nonlinearity, and
strong coupling.5 Due to the existence of the above
disturbance factors, the airborne video and image
obtained by the ground station can be jittery, blurred,
defocused, and with even possibilities of the target
disappearing from the field of view. It is easy for the
operator’s visual fatigue to lead to the wrong oper-
ation when even they cannot identify the target
clearly. This would seriously lead to the inability to
complete reconnaissance, mapping, tracking, and
other tasks.

Since the development of mUAV was not too long
ago, the mechanisms of the disturbance factors are
not clear and the related technology accumulation

Proc IMechE Part G:

J Aerospace Engineering

0(0) 1–11

! IMechE 2019

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0954410018823623

journals.sagepub.com/home/pig

1School of Mechanical Engineering, North University of China, Taiyuan,

China
2Changchun Institute of Optics, Fine Mechanics and Physics, Chinese

Academy of China, Changchun, China

Corresponding author:

Rijun Wang, No. 3, Xueyuan Road, Shanxi, Taiyuan 030051, China.

Email: wangrijun1982@126.com

http://orcid.org/0000-0003-1576-0793
https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0954410018823623
journals.sagepub.com/home/pig
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0954410018823623&domain=pdf&date_stamp=2019-01-10


and engineering practices are even more unclear. The
research work on disturbance compensation for
AOEPs is full of challenges, but the work is also
necessary.6 The disturbance observer (DOB) pro-
posed by Umeno et al.7 has the advantages of disturb-
ance compensation ability, lower computational
complexity, and no external sensors. The existing dis-
turbance compensation method has been applied
widely to compensate for disturbances to the airborne
inertial stabilization platform.8–13 The basic principle
of the DOB is using the difference between the output
of the actual object and the reconstructed model
(or nominal model) as an equivalent disturbance.
The difference is the change of the model parameters
which are caused by the external disturbance. The
equivalent disturbance is used to compensate for the
disturbance to the system.14 The DOB is usually used
as the control inner loop to improve the disturbance
rejection ability of the system.15 For DOBs based on
velocity, the input signal of the speed loop and the
speed output of the control system are used as the
inputs and the observed value of the practical disturb-
ance is used as the output.16 For DOBs based on pos-
ition, the input signal of the speed loop and the
position output of the control system are used as the
inputs and the observed value of the practical disturb-
ance is used as the output.17,18 To some extent, the
DOB improves the ability of AOEPs to reduce the
disturbance.19–21 However, the traditional compensa-
tion control system based on DOBs is not ideal for the
measurement of noise interference and many studies
have not considered the influence of the measurement
noise on the performance of the system. In some cases
of high precision tracking, positioning, precision
instrument control, and other high-precision control
occasions, the impact of the measurement noise inter-
ference cannot be ignored, as the measurement noise
interference is a major factor that reduces the control
accuracy.22

Generally, the disturbance on AOEPs is strongly
nonlinear and coupled. Therefore, it is difficult to
obtain an ideal control effect by only using a
DOB.23 Intelligent control strategies such as neural
networks and fuzzy systems, which have good robust-
ness, do not depend on the system model. Thus, by
using the advantages of the approximation properties
of any function, these intelligent control strategies are
widely used in the servo stabilized platform tracking
control system, with better control effect being
achieved.24–28 In order to improve the disturbance
rejection ability of the AOEP control system, Wang
et al.29 constructed a hybrid control method based on
the adaptive fuzzy grey predictive control. Aiming at
the disturbance compensation and the tracking con-
trol requirements of AOEPs, the approximation prop-
erty of fuzzy systems was used together with a DOB to
reject the disturbance and the fuzzy adaptive tracking
control structure based on the improved DOB was
studied.30 In the compensation control systems of

AOEPs, neural networks are also used to compensate
for the disturbance and uncertainty of the system.
Fang et al.31 used neural networks to compensate
for disturbance and proposed an adaptive decoupling
control based on neural networks. The results showed
that the stable tracking performance of the three-axis
gyro-stabilized platform is improved. Hu et al.32 used
an RBF neural network to approximate the disturb-
ance function of servo tracking control systems. The
tracking control structure based on an RBF neural
network was constructed and the effectiveness of the
method was verified by a three-axis stability test
platform.

In this paper, the disturbance compensation and
tracking control requirements for the AOEP are dis-
cussed. A novel method based on the idea of compos-
ite disturbance compensation is proposed. First, an
improved DOB based on the velocity signal is pro-
posed to improve the disturbance compensation abil-
ity of the DOB. Second, an adaptive fuzzy system is
used to estimate the unknown nonlinear disturbance
to further enhance the accuracy of the airborne plat-
form stability and to guarantee the stability and track-
ing performance of the AOEP system.

The remainder of this paper is organized in the
following manner. In the next section, the model of
the AOEP is established, including the state space
model of the AOEP and the actuator dynamic
model. Then, an improved velocity signal based
DOB is discussed. Next, an adaptive fuzzy control
system based on the improved velocity signal based
DOB is proposed. Finally, real-time experimental
results of the application of the proposed controller
to a 3-axis AOEP mounted on a mUAV are
presented.

The AOEP system model

The state space model of an AOEP

The AOEP is assumed to be a rigid body; the non-
linear model of the AOEP can be obtained by the
Euler-Lagrange equation.33 Without considering the
external disturbance, the nonlinear model can be
described as

u ¼Mð�Þ €� þ Cð�, _�Þ _� þ Fð _�Þ þ gð�Þ ð1Þ

where u (torque) is control input, � is the feedback of
position, Mð�Þ is the symmetric inertia matrix, Cð�, _�Þ
is the centrifugal force and the Coriolis forces, Fð�Þ is
the viscous friction, and gð�Þ represents a component
of gravity. Here � is angle between the arm length and
force. The structure of AOEP is designed with carbon
fiber which is very light in weight, thus the term gð�Þ
can be ignored.

Assuming the AOEP is rigid, the center of rotation
coincides with the center of mass and the term Cð�, _�Þ
can be ignored. Here, the nonlinear model of an
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AOEP consistent with the single joint mechanical
model can be described as

u ¼ Jeff €� þ Fv
_� þ Fcsgnð _�Þ ð2Þ

where Jeff is the effective inertia of the load and Fc is
the static friction force. The Jeff is obtained by the
following formula34

Jeff ¼
Ja þ Jm

n
þ nJL ð3Þ

where Ja is the inertia of actuator, Jm is the gear iner-
tia, JL is the inertia of load, and n is the gear ratio.

Substituting equation (3) into equation (2), we get

u ¼
Ja þ Jm

n
þ nJL

� �
€� þ Fv

_� þ Fcsgnð _�Þ ð4Þ

In order to facilitate the design of the AOEP con-
trol system, the influence of static friction is ignored
and the linear model is given as

u ¼ Jeff €� þ Fv
_� ð5Þ

Introducing the spatial state variables: x1 ¼ � and
x2 ¼ _�, we get the state space equation as follows

_x1 ¼ x2

_x2 ¼ �
Fv

Jeff
x2 þ

u
Jeff

(
ð6Þ

The state equation of the AOEP is given as

_x ¼
0 1

0 � Fv

Jeff

" #
xþ

0
1
Jeff

" #
u

y ¼ 1 0
� �

x

ð7Þ

that is

_x ¼ Axþ Bu

y ¼ Cx

�
ð8Þ

where x ¼
x1
x2

� �
, A ¼

0 1
0 � Fv

Jeff

� �
, B ¼

0
1
Jeff

� �
, C ¼

1 0
� �

, u ¼
0
u

� �
.

Considering the presence of internal disturbance
Td, the state space model of the AOEP can be
expressed as

_x ¼ Axþ Buþ Td

y ¼ Cx

�
ð9Þ

where Td ¼ 0 �
Tf

Jeff

h iT
, Tf is a disturbance term

including modeling uncertainties and other internal

disturbances. If the coefficients Jeff and Fv are
known, the state space equation can be solved.

The actuator dynamic model

According to the requirements of the low speed and
large torque of AOEPs, a DC torque motor is used in
this system. The actuator consists of a DC torque
motor with a drive and a rotating shaft. For an
actual system, the dynamic equation of the actuator
can be rewritten as

a1 €� þ a2 _� þ ud ¼ uo ð10Þ

where ud is the disturbance of actuator and uo is the
output control voltage.

In general, parameters a1 and a2 vary with
the external environment changes. If we let
a1 ¼ â1 þ �a1, a2 ¼ â2 þ �a2, where â1 and â2 are the
estimated values of a1 and a2, they can be obtained by
the frequency sweeping method. �a1 and �a2 are the
perturbations of the variables, thus defining the
nonlinear unknown disturbance function as:
f ð�, _�, €�Þ ¼ �a1 €� þ �a2 _� þ ud. This includes modeling
errors, parameters fluctuation, external perturbations,
and so on. Then, the dynamic equation of the actu-
ator can be described as

â1 €� þþâ2 _� þ f ð�, _�, €�Þ ¼ uo ð11Þ

The improved velocity-based
disturbance observer

The structure of velocity signal-based disturbance
observer (VDOB) is shown in Figure 1.

In fact, the external disturbances and the noise dis-
turbances are usually in different frequency ranges.
Thus, we can have the following assumptions.

Assumption 1. There are two cut-off frequencies: !h

and !l, where !l 5!h. The noise disturbances in the
high-frequency range are described as �ð j!Þ 2 ð!h,1Þ.
The reference input and external disturbances in the

( )P s

( )Q s

( )K s

1
0 ( )QP s−

r
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yu u

+
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+

+

++

−

−

Figure 1. The VDOB-based control system structure. PðsÞ is

the complex field form of the AOEP model as described in

equation (9). P0ðsÞ is the nominal model. r,d, and � are the

reference input, the external disturbances, and the noise

disturbances, respectively.
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low-frequency range are described as d ð j!Þ 2 ð0,!l Þ

and rð j!Þ 2 ð0,!l Þ.

Assumption 2. In the low-frequency range ð0,!l Þ,
QðsÞ � 1. In the high-frequency range ð!h,1Þ,
QðsÞ � 0.

According to Figure 1, the transfer function of the
system is described as

yðsÞ ¼
PP0K

PP0Kþ P0 þ ðP� P0ÞQ
rðsÞ

þ
PP0ð1�QÞ

PP0Kþ P0 þ ðP� P0ÞQ
d ðsÞ

�
PðQþ KP0Þ

PP0Kþ P0 þ ðP� P0ÞQ
�ðsÞ

ð12Þ

If assumption 2 is established, then the output of
the system can be approximately expressed as

yð j!Þ �
P0K

1þ P0K
rð j!Þ, ! 2 ð0,!l Þ ð13Þ

yð j!Þ � �
P0K

1þ P0K
�ð j!Þ, ! 2 ð!h,1Þ ð14Þ

It can be seen that the control structure based on
the VDOB can eliminate the influence of external dis-
turbances completely, but the suppression of the
high-frequency noise is not ideal. Focusing on this
problem, an improved velocity-based disturbance
observer (IVDOB) is proposed. The structure of the
IVDOB is shown in Figure 2.

Compared with the VDOB, a compensation con-
troller Q2ðsÞ is used to compensate the high-frequency
disturbances. According to Figure 2, the transfer
function of the system is described by

yðsÞ ¼
PK

PKþ 1þ ðP� P0ÞðQ1 � KQ2Þ
rðsÞ

þ
1� P0Q1 þ KP0Q2

PKþ 1þ ðP� P0ÞðQ1 � KQ2Þ
d ðsÞ

�
PKþ PQ1 � PKQ2

PKþ 1þ ðP� P0ÞðQ1 � KQ2Þ
�ðsÞ

ð15Þ

In order to compensate for the external disturb-
ances d and the noise disturbances �, Q1ðsÞ and
Q2ðsÞ need to meet the following two conditions

1� P0Q1 þ KP0Q2 � 0, ! 2 ð0,!l Þ ð16Þ

KþQ1 � KQ2 � 0, ! 2 ð!h,1Þ ð17Þ

Then

Q1 � KQ2 � P�10 , ! 2 ð0,!l Þ ð18Þ

KþQ1 � KQ2 � 0, ! 2 ð!h,1Þ ð19Þ

1. If the nominal inverse model P�10 ðsÞ exists and is
stable, then, when ! 2 ð0,!l Þ, Q1 � P�10 and
Q2 � 0, and when ! 2 ð!h,1Þ, Q1 � 0 and
Q2 � 1. Substitution to equation (9) we get

yð j!Þ �
P0K

1þ P0K
rð j!Þ, ! 2 ð0,!l Þ ð20Þ

yð j!Þ � 0, ! 2 ð!h,1Þ ð21Þ

Therefore, when the inverse model of the nominal
model exists and is stable, the IVDOB not only
ensures the good tracking performance of the system
but also compensates for the low-frequency disturb-
ance d of the system. Compared with equations (21)
and (14), the noise disturbance � is also well
suppressed.

2. If the nominal inverse model P�10 ðsÞ does not exist
or is unstable, an approximate optimization
problem of the model must be considered:
infQ32RH1 WNk ðI� P0Q3Þ

		
1,2

. The weight func-
tion WN should be chosen with a high gain when
Q3 is approximated to the inverse of P0ðsÞ. Thus,
we have Q1 � Q3 and Q2 � 0 when ! 2 ð0,!l Þ;
Q1 � 0 and Q2 � 1 when ! 2 ð!h,1Þ. Similarly,
we get the same input–output relation which can
be described by equations (10) and (11).

If there is an error in the nominal model P0ðsÞ, the
set of the model error can be expressed by additive
perturbation. That is, P0ðsÞ ¼ PðsÞ þW1�. Here, the
weighted function W1 is bounded and stable with PðsÞ
and �ðsÞ being strictly rational stable functions. Based
on the robust stability theory, the necessary and suf-
ficient condition for the IVDOB robust stability can
be described as

1

ðQ1 þ KQ2ÞW1

				
				
1

5 1 ð22Þ

Theorem 1. As shown in Figure 2, if P0ðsÞ 2 H1, the
controller KðsÞ satisfies the stability requirements of
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r e
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y
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+
+

u

+

+
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+
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+

−
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Figure 2. The IVDOB-based control system structure.
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the closed-loop transfer function and satisfies
Q1P0 þQ2 ¼ 1. Then, the output of the closed-loop
transfer function between the reference input r and the
controller KðsÞ is always the same, namely GurðsÞ ¼
ð1þ KP0Þ

�1K.

Proof. In Figure 2, when the external disturbance
and noise disturbance exist, the following relation-
ships can be obtained

�u ¼ uþQ1½P0 �u� ðPdþ P �uþ �Þ�

f ¼ Q2½P0 �u� ðPdþ P �uþ �Þ� þ Pdþ P �uþ P�

Then, we can obtain

�u ¼
u�Q1ðPdþ �Þ

1�Q1P0 þQ1P

f ¼
Q1P0 þ ð1�Q2ÞP

1�Q1P0 þQ1P
u�

1�Q1P0 �Q2

1�Q1P0 þQ1P
ðPdþ �Þ

In addition, Q1P0 þQ2 ¼ 1, then f ¼ P0u.
Consequently, GurðsÞ ¼ ð1þ KP0Þ

�1K and Theorem
1 is proved.

The adaptive fuzzy control system
based on the IVDOB

The control structure based on the IVDOB can com-
pensate for the disturbance of the system and realize
the control of airborne platform stabilization. The
DOB control method, however, cannot fully compen-
sate for all disturbances. Miller and Hilkert23 state
that even though, in different flight conditions, the
mUAV has the advantages of small size, lightweight,
multi-rotor motor, and so on, there are many
unknown nonlinear disturbances in the flight oper-
ation process. Due to the existence of these disturb-
ances, the stabilization and tracking performance of
the AOEP are affected.

In view of the above analysis, this paper uses the
universal approximation property of fuzzy systems to
estimate and further compensate the nonlinear
unknown disturbance online. An adaptive fuzzy con-
trol system based on the IVDOB is designed for
improving the stabilization accuracy and tracking per-
formance of AOEPs. The control structure of the
adaptive fuzzy control system based on the IVDOB
is shown in Figure 3. A double closed-loop structure is
adopted. The speed loop is realized by the IVDOB
and the position loop is composed of four parts: a
PD controller, a feedforward controller, a fuzzy con-
troller, and a robust controller.

Designing the system control law

The fuzzy system is a mapping from U 2 R2 to R,
where U ¼ U1 �U2, Ui � R2, and i¼ 1, 2. The
fuzzy rules are defined as: Rð j Þ: if �1 is Aj

1 and �2 is
Aj

2, then uf is B
j, where the input of the fuzzy system is

h ¼ ð�1, �2Þ ¼ ð�, _�Þ 2 U. The output of the fuzzy
system is uf 2 R. Aj

1 and Aj
2 are fuzzy sets on set Ui.

Bjis a fuzzy set on R, j ¼ 1, 2� � �N. According to the
above rules, the fuzzy system realizes the mapping
from the fuzzy set U 2 R2 to R.

Lemma 1.35 a fuzzy inference system based on
single-valued fuzzy logic, product inference engine,
and average defuzzification, contains all the functions
in the following form

uf ðhÞ ¼

PN
j¼1 �ujf

Q2
i¼1 �Aj

i
ð�iÞ

h i
PN

j¼1

Q2
i¼1 �Aj

i
ð�iÞ

h i ð23Þ

where �Bj ð �ujf Þ is the membership function and �ujf is the
maximum value of �Bj ð �ujf Þ corresponding to the
abscissa function value.

We then introduce the fuzzy basis vector �ð�Þ ¼

�1ð�1Þ, . . ., �Nð�NÞ½ �
T, where �j ðhÞ ¼

Q2

i¼1
�
A
j
i

ð�iÞ

h i
PN

j¼1

Q2

i¼1
�
A
j
i

ð�iÞ

h i.
The output of the fuzzy system can then be
described as

uf ðhÞ ¼ ŵ
T
fðhÞ ð24Þ

where w ¼ �u1f , �u2f , . . ., �uMf

h iT
and w is unknown, com-

monly used to express the estimated value ŵ.
We define position tracking error as

e ¼ �r � � ð25Þ

where �r is the given position and � is the actual
position.

According to Figure 3, the control law is
obtained as

u ¼ uff þ upd þ ur þ uf ð26Þ

where upd, uff, ur and uf are the output of PD control-
ler, the feedforward controller, the robust controller,
and the fuzzy controller, respectively.

1 2

1

a s a+
rθ u

d

ω θe

fu

ru

ffu

+
+

+ +

−

+
−

1

s

u

+

pdu

Feedfoward

PD

Robust

Fuzzy
IVDOB

Figure 3. The control structure of an adaptive fuzzy control

system based on the IVDOB.
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The output of the PD controller is

upd ¼ kpeþ kd _e ð27Þ

The output of the feedforward controller is

uff ¼ â1 €�r þ â2 _�r ð28Þ

The output of the fuzzy controller is

uf ¼ ŵ
T
fðhÞ ð29Þ

The robust controller is defined in the ‘Stability
analysis of the control system’ section.

Based on equation (10), we know that the control
law can be described as

â1 €� þ â2 _� þ f ð�, _�, €�Þ

¼ â1 €�r þ â2 _�r þ kpeþ kd _eþ ŵ
T
fðhÞ þ ur

ð30Þ

That is

�½â1 €eþ ðâ2 þ kdÞ _eþ kpe� þ f ð�, _�, €�Þ ¼ ŵ
T
fðhÞ þ ur

ð31Þ

In this paper, the fuzzy controller is used to com-
pensate for the unknown disturbance by using the
universal approximation property of fuzzy systems.

Therefore, we have f ð�, _�, €�Þ ¼ w�TfðhÞ þ �, where

w� ¼ min
 2� 

½sup
�2��

kf ð�, _�, €�Þ:� wTfðhÞk� is the optimal

estimated value of  and � is the approximation

error, where �j j5 ’, ’4 0. The estimated value of

 and ’ exist and the estimation error is ~w ¼ w� � ŵ

and ~’ ¼ ’� ’̂, where  ̂ is the estimated value of  

and ’̂ is the estimated value of ’.
We get

â1 €eþ ðâ2 þ kdÞ _eþ kpe ¼ ~w
T
fðhÞ þ �� ur ð32Þ

Letting X ¼
e
_e

� �
, A ¼

0 1
�

kp
â1
�

â2þkd
â1

� �
, B ¼

0
1
â1

� �
,

" ¼ ~w
T
fðhÞ þ �� ur, the state space of the system con-

trol law is obtained by

_X ¼ AXþ B" ð33Þ

Stability analysis of the control system

Due to the asymptotic stability of matrix A, for any
positive definite symmetric matrix Q, only the positive
definite symmetric matrix P makes the establishment
of the Lyapunov equation.

The Lyapunov function is defined as follows

V ¼
1

2
XTPXþ

1

2�1
trð ~w

T ~wÞ þ
1

2�2
~’2 ð34Þ

where �1 and �2 are the learning coefficients; �1 4 0
and �2 4 0. The derivative of equation (34) is

_V ¼
1

2
XTðATPþPAÞXþ"TBTPXþ

1

�1
trð ~w

T _~wÞ

þ
1

�2
~’ _~’ ð35Þ

where ATPþPA ¼ �Q, where P and Q are positive
definite symmetric matrices.

Letting P ¼
p11 p12
p21 p22

� �
, l ¼ p22

â1
_eþ p21

â1
e, then

"TBTPX ¼ "l and equation (35) can be simplified as

_V ¼ �
1

2
XTQXþ ~w

T
fðhÞlþ �l� url�

1

�1
~w
T _w

þ
1

�2
’̂ _̂’�

1

�2
’ _̂’ ð36Þ

Let

_̂
w ¼ �1lfðhÞ ð37Þ

_̂’ ¼ �2 � l � sgnðlÞ ð38Þ

ur ¼ ’̂ � sgnðlÞ ð39Þ

By substituting equations (37) to (39) into equation
(36), we have

_V ¼ �
1

2
XTQXþ�l� ’ lj j4�

1

2
XTQXþ lj jð �j j � ’Þ

ð40Þ

Figure 4. The stable tracking control system of an AOEP

mounted on a Hex-Rotor UAV for experimentation.

6 Proc IMechE Part G: J Aerospace Engineering 0(0)



where Q is a positive definite symmetric matrix and
�j j5 ’. Then we have

_V4�
1

2
XTQX5 0 ð41Þ

Theorem 2. The system model is shown in equation
(11), when the control law shown in equations (26) to
(29), and (39) was adopted and the parameter adaptive
law shown in equations (37) and (38) was used. In the
presence of disturbance, the system asymptotically sta-
bilizes and the tracking error becomes bounded and
asymptotically converges to zero.

Proof. According to the Lyapunov direct method,
we know that the tracking error e, the parameter esti-
mation error ~w, and ~’ are globally uniformly
bounded. w, ’ are unknown normal numbers where
~w ¼ w� � ŵ and ~’ ¼ ’� ’̂. Therefore, the estimated
values  ̂ and ’̂ are also globally uniformly bounded.
In addition, the given position �r is bounded, accord-
ing to equation (21). It also shows that � is globally
uniformly bounded and that the velocity output ! is
also bounded. According to equations (26) to (29) and
(39), it is shown that uff, upd, ur and uf are bounded.
Then the output u is also bounded. Thus, it is proven
that all the signals in the system are bounded.

In addition, according to equations (40) and (41),
e 2 L2 and _e 2 L2. Therefore, e! 0 while t!1.
Thus, Theorem 2 is proved.

Experimental studies

In this experiment, the stable tracking control sys-
tem of an AOEP mounted on a Hex-Rotor UAV is
taken as the research object, as shown in Figure 4.
The physical parameters of the mUAV are shown in
Table 1.

The system adopts TMS320F28335 as the proces-
sor and the whole control period is about 30ms. The
photoelectric encoder is used as the position sensor,
and its measurement accuracy is 6000. A certain sensor
with an integrated three-axis gyro and three-axis
accelerometer is used as the speed sensor and the
acceleration sensor. The parameters of the AOEP
model are identified by the sweep frequency method
and shown in Table 2.

The setting of the parameters of the control system
is as follows:

1. For the IVDOB, selecting the typical Q31ðsÞ filter
as the low pass filter Q1ðsÞ with a time constant of

(a) (b)

Figure 5. The comparison results of the LOS angle error: (a) the angle error with VDOB; (b) the angle error with IVDOB.

Table 1. Physical parameters of the Hex-Rotor UAV.

Physical parameters Values

Takeoff weight 7.5 (kg)

Empty weight(battery not include) 3.95 (kg)

Battery capacity 10,000 (mAh)

Number of DC motors 6

Number of rotors 12

Time of flight 25 (min)

Working temperature �30	C to 40	C

Table 2. Parameters of the airborne platform system.

Parameters of AOEP Values

Pitch channel, Me 0.0314 (kg�m2)

Pitch channel, FV 0.0023 (N�ms/rad)

Yaw channel, Me 0.4286 (kg�m2)

Yaw channel, FV 0.0055 (N�ms/rad)

Parameters, â1 0.5

Parameters, â2 2
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Figure 8. Flight experiment of the proposed control system.

(b)(a)

Figure 7. The tracking curve and tracking error with the fuzzy self-adjusting controller: (a) the position tracking curve; (b) the

tracking error.

(a) (b)

Figure 6. The tracking curve and tracking error without the fuzzy self-adjusting controller: (a) the position tracking curve; (b) the

tracking error.
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	 ¼ 0:001s, the low pass filter is given by

Q1ðsÞ ¼
3	sþ 1

	3s3 þ 3	2s2 þ 3	sþ 1

By Theorem 1
Q2ðsÞ ¼ 1� PðsÞQ1ðsÞ ¼ 1� ½CðsI� AÞ�1B�Q1ðsÞ.

Then A, B, and C in equation (9) are substituted into
Q2ðsÞ and we get

Q2ðsÞ ¼ 1� 31:847
1

sðs� 0:732Þ

3	sþ 1

	3s3 þ 3	2s2 þ 3	sþ 1

2. The PD controller parameters is obtained by Z-N
method: kp ¼ 15:0035, kd ¼ 1:9961.

3. The positive definite symmetric matrix:

Q ¼
1000 200
200 100

� �
.

4. The learning coefficients: �1 ¼ 200, �2 ¼ 0:1.
5. The fuzzy controller: the membership functions of

the fuzzy input angle � are: �A1
1
¼ e�ð�þ1Þ

2

, �A2
1
¼

e�ð�þ0:5Þ
2

, �A3
1
¼ e�ð�þ0:0Þ

2

, �A4
1
¼ e�ð��0:5Þ

2

, and
�A5

1
¼ e�ð��1Þ

2

. The membership function of the
fuzzy input angular velocity _� are: �A1

2
¼

e�0:5ð�þ8Þ
2

, �A2
2
¼ e�0:5ð�þ4Þ

2

, �A3
2
¼ e�0:5ð�þ0:0Þ

2

,
�A4

2
¼ e�0:5ð��4Þ

2

, and �A5
2
¼ e�0:5ð��8Þ

2

.

(a)

(c)

(b)

Figure 9. Comparison of tracking curves of the proposed controller and the fuzzy self-adjusting controller (a) pitch channel; (b) roll

channel; (c) yaw channel.
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The LOS stabilization control experiment

We used the line of sight (LOS) stabilization control
experiment to verify the capability of the proposed
IVDOB. The VDOB and IVDOB control structure
are designed based on Figures 1 and 2. Taking
the pitch channel as an example, the given pitch
angle of the AOEP is 0	. Under the condition of
two kinds of DOB, the position sensor on the
pitch direction is sampled by a sampling frequency
of 100Hz and the actual angle information is
acquired.

Figure 5(a) is the LOS angle error curve with the
VDOB; the maximum angle error is less than 0.04	

and the stability precision is about 0.52 mrad.
Figure 5(b) is the LOS angle error curve with the
IVDOB; the maximum angle error is less than 0.01	

and the stability precision is about 0.13 mrad. The
results show that the proposed IVDOB structure has
a better disturbance rejection ability and higher accur-
acy of LOS stabilization.

The tracking experiment of a given position signal

The control system is designed according to Figure 3.
We used the experiment of tracking a given position
signal to verify the ability of disturbance compensa-
tion of the proposed adaptive fuzzy control system
based on the IVDOB.

The tracking curve and tracking error without the
fuzzy self-adjusting controller are shown in Figure 6.
As can be seen from Figure 6, the tracking error
reaches 0.2	 and it is difficult to achieve accurate
tracking of the given signal.

The tracking curve and tracking error with the
fuzzy self-adjusting controller are shown in Figure 7.
The tracking error is not more than 0.08	 and the
tracking error is bounded. Obviously, the control
method proposed in this paper has a better tracking
effect and can accurately track the given position
signal.

The stable tracking control system of an
AOEP mounted on a Hex-Rotor UAV was
tested with wind speed conditions of about 3.2m/s
while the Hex-Rotor UAV is moving, as shown
in Figure 8. In order to verify the effectiveness of
the proposed method, a comparative experiment
with the traditional fuzzy self-adjusting controller
is carried out. The results are shown in Figure 9.
As can be seen from Figure 9, the traditional
fuzzy self-adjusting controller can track the given
position in each channel. However, the tracking
effect is not ideal, and there are large tracking
errors, especially in the case of large angle
motion in the pitching and rolling channels. By com-
parison, the proposed method can track the given
position signal accurately, and the tracking error is
small.

Conclusions

Theoretical analysis and the experimental results show
that the maximum LOS angle error is less than 0.01	

and the stability precision is about 0.13 mrad when
Q2ðsÞ is introduced into the IVDOB. Furthermore,
the disturbance compensation ability of the IVDOB
had improved. The fuzzy adaptive control method
can be used to approximate and compensate the
unknown nonlinear disturbance of AOEP systems.
The tracking error of the given position signal is less,
the tracking error is bounded, and the system is asymp-
totically stable. The proposed method has good stabil-
ity and robustness. In summary, the control method
proposed in this paper can meet the requirements for
the AOEP tracking control of mUAVs.
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