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Abstract
The UAVs(unmanned arieral vehicles) model is essentially a nonlinear, time-varying,
multivariable, strongly coupled and complex system affected by environmental
disturbance.Firstly, the dynamic model of uav is given, and then an adaptive controller
is designed based on the dynamic inverse method. Considering the uav’s actuator
failures, model or parameter uncertainty and external disturbance, the extended
kalman filter is designed on the basis of the corresponding fault detection method to
real-time accurate detection of actuator fault location. Then, in the detection of actuator
fault at the same time, the controller is designed based on control allocation method
refactoring module, refactoring all healthy except fault actuator actuator control
instruction;The simulation results show that in the case of actuator failure, the control
torque of the UAV with the proposed method can be restored to the vicinity of actuator
failure, and compared with the control effect of the adaptive controller alone, the
attitude motion of the UAV is finally closer to the fault free state.
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1. Introduction
In various fields of today's society, UAVs(unmanned aerial vehicles ) has been widely used [1,2],
and will complete more tasks. UAVs often carry out long-term high-altitude operations without
human direct control. In the case of interference or body damage, UAVs cannot be handled
manually. Therefore, they must be able to deal with certain faults and failures, 4] However, once
the actuator failure exceeds the UAV's response capability, its flight quality will inevitably be
reduced, and immediate measures should be taken to ensure aircraft safety by designing
reconfigurable control system. Reconfigurable control system usually includes fault detection
system [5,6] and controller reconfiguration system [7,8], and can be combined with adaptive
controller.
For the design of fault detection system, reference [9] proposed the method of constructing
multi model adaptive estimation, which is based on a group of parallel Kalman filters, and its
characteristic is that each specific fault has a corresponding Kalman filter corresponding to it.
With regard to the design of controller reconfiguration system, reference [7,10,11] proposes
that the control allocation method can be used to construct the virtual control signal in
combination with the nature of UAV model without adding redundant controllers, and then
reconstruct the UAV controller through the relationship between the UAV controller and the
normal controller and the fault controller.
Due to the direct control of UAVs for a long time, its actuator may fail due to wear and
interference. For the actuator failure fault, younes [12] and others proposed an intelligent
output estimator to detect and diagnose the actuator fault. On this basis, combined with the
active fault-tolerant control method, the controller signal is reconfigured to compensate for the
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actuator fault. Li Y [13] etc. proposed a new integral sliding mode control method to solve the
related problems caused by actuator fault and disturbance, and select appropriate parameters
to ensure that the tracking error is bounded. Liu Xiaodong [14] and others generated residuals
based on the extended Kalman filter method, and evaluated the generated residuals by using
the chi square test, and realized the detection of UAV actuator fault. Zhou Yang [15] and others
used the control allocation method to reconstruct the control command corresponding to the
health actuator of UAVs to compensate for the unexpected flight attitude caused by the faulty
actuator. Wang t et al. Aimed at the problem of actuator fault detection and fault-tolerant
control of UAV under uncertain disturbance, the sliding mode control method was used to
design the fault-free control scheme, and the backstepping method was used to design the
control scheme under the fault condition. After the fault was detected by the sliding mode
observer, the control scheme was switched, so as to reduce the impact of the fault actuator on
the flight.
In this paper, based on the adaptive controller, a reconfigurable control system which can
combine with adaptive controller is designed. The system includes fault detection system and
controller reconfiguration system, which can reconstruct the controller while detecting the
actuator failure of UAV, so as to realize the stable flight of UAV.

2. Modeling of fixed wing UAV
The attitude motion of UAV in space has three degrees of freedom rotating around the center
of mass, which are roll, pitch and yaw motion. The interaction of aileron and lift wing produces
roll moment and pitch moment, while that of directional wing and aileron generates yaw
moment.
The attitude motion of UAV involves inertial coordinate system,airframe coordinate
system
and airflow coordinate system, which are represented by letters n ,letters n , b and w
respectively. Where  and  are angle of attack and sideslip angle of UAV respectively, which
can be obtained from the following formula:
V SC

  q  T Z V


2m


V
   q  T SCY 1 
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(1)

In formula (1): m is UAV mass, and other parameters are described below.
Considering that the roll, pitch and yaw attitude angles of UAVs relative to inertial coordinate
system are expressed by  ,  and  respectively, and the attitude angular velocity of UAV
relative to aircraft body coordinate system is expressed by p , q and r respectively. The
relationships among these variables are as follows:
 p
 
 q   C b  
n  
 
 r 
 

(2)

Here Cn is the rotation matrix from inertial coordinate system to body coordinate system,
which is expressed as follows:
b

0
 sin θ 
1
C nb = 0 cos  sin  cos θ 
0  sin  cos  cos θ 

(3)

According to Newton mechanics, the dynamic equation of UAV attitude system can be deduced
as follows:
Ω b  ( I b ) 1 ( M b  Ω b  ( I b  Ωb ))
(4)
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Where: I b is the moment of inertia matrix of UAV, and Ωb  [ p q r ]T .
 I xx
 qSbCL 

M b   qScCM  , I b   0
 qSbC N 
 I zx

0
I yy
0

I xz 
0 
I zz 

(5)

Where: q  VT2 2 is the aerodynamic pressure, VT is the total airspeed of UAV,  is the air
density; s is the total wing area; b is the wingspan; c is the average chord length; the roll, pitch
and yaw moment of UAV are mainly controlled by C L , C M and CN . also
CL  CLα1δa1 +CLα 2δa 2 +CLe1δe1 + CLe2δe 2 + CLβ β + CLp p + CLr r

CM = CM1 + CMe1δe1 + CMe 2δe 2 + CMa1δa1 + CMa 2δa 2 + CMq q + CMα α


CN  CNδr δr + CNr r + CNβ β

(6)

Among them, the coefficients similar to the structure C are shown in Table 1;, respectively δa1 ,
δa2 are the left and right aileron controllers;, and δe1 , δe2 are the left and right lift wing controllers;
δr are the directional wing controllers; and p = bp 2VT , q = cq 2VT , r = br 2VT .In order to establish
the matrix model of UAV attitude system, x  [ p q r ]T , u  [δa1 δa 2 δe1 δe 2 δr ]T ,Then equation (4) can be
written as follows:
x  Fx  Gu
(7)
Equation(7)is the ideal model of UAV attitude system, the UAV model under model uncertainty
and without interference, that is F 

Ω b
Ω b
G
,
x
u

.

Considering the actuator failure in the actual operation of UAV, combined with equation (7),
the mathematical model of fixed wing UAV attitude motion with integrated uncertainties and
actuator failure can be expressed as follows:
(8)
x  Fx  Gu+D

3. Design of reconfigurable control system
Reconfigurable control system includes fault detection and control reconfiguration, which can
be combined with adaptive controller to detect fault and reconstruct UAV controller in time.
and x in Fig. 1 are estimated values and expected values of x respectively;
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Figure 1: reconfigurable control system of UAV
3.1. Design of UAV adaptive controller
According to the dynamic inverse method and Lyapunov principle, the controller vector u is
designed. For equation (8), the tracking error and its integral term are defined:
t

e  xd  xk 1 k 1 ， K   e  d
0

According to formula (9), a Lyapunov function is defined as
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(10)

In the formula:   0 and V  K , e   0 are positive definite; moreover, deriving formula (10)
and substituting it into equation (8), we can get:
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In order to make formula (11) be: V  K , e   -ke2  0 , that is, negative definite:
u G

1

 x  ke  K  Fx  D


(12)

d

In formula (12): k  0,   0 .
3.2. Design of UAV actuator fault detection system
For UAV, there are five controllers in the controller vector. In order to design the actuator stuck
fault detection module, it is necessary to construct the corresponding extended Kalman filter
bank. The filter bank includes one filter for actuator no fault stuck fault and five filters for
actuator stuck fault. The basic structure of single actuator fault detection module is shown in
Figure 2.
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Figure 2 fault detection scheme for single actuator of UAV
The extended Kalman filter for actuator fault free is as follows，
 xk 1/ k  Fk xk / k  Gk gk  Dˆ k

T
 Pk 1/ k  Fk Pk / k Fk  Rw

Lk  C PkT1/ k (C PkT1/ k C T  Rv ) 1
(13)

 xk 1/ k 1  xk 1/ k  Lk ( yk  C xk 1/ k )
P
 Pk 1/ k  Lk C Pk 1/ k
 k 1/ k 1
rk  yk  C xk 1/ k

ˆ D
ˆ (t ) are the system matrix and vector of UAV
Among them, Fk  F  x(tk )  , Gk = G (tk ) and D
k
k
at tk time, gk  g (tk ) is the control input of UAV at tk time, and yk  y (tk ) is the state
measurement vector of UAV at tk time. Pk / k is the estimated value of state vector error
covariance matrix at time tk , Pk 1/ k is the predicted value of state vector error covariance matrix
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at time tk to tk 1 ,and Pk 1/ k 1 is the estimation value of state vector error covariance matrix at time
tk 1 . xk / k . xk 1/ k and xk 1/ k 1 are the state estimation value at time tk , the state prediction value at
time tk and the state estimation value at time tk 1 respectively. In particular, the impact of
integrated uncertainty on fault detection is offset by the estimated value of integrated
ˆ =Dˆ (t ) , so as to improve the accuracy of state prediction and fault detection.
uncertainty D
k
k
For the extended Kalman filter design with single actuator fault, firstly, the state vector
including the detection controller is designed as follows:
zi   x T

 i  i  1, 5
T

(14)

In this case, the correlation matrix and vector need to be reconstructed into

 F G (i ) 
G (0,i ) 
 Fi  
 ，Gi  

1 
0
 0 


 Dˆ i  ˆ  Dˆ i 

 Di   0  , Di   0 
 
 


(15)

(i )
(0,i )
In formula (15): G is the i th column of G .Table G shows that column i of G is set to zero.

The discrete representation of attitude can be reconstructed


Z ik 1  Fzik zik  Gzik uk  Di   fk

(16)

The observation matrix of equation (16) is
y zik  C zik zik  v fk

(17)

The design of Kalman filter in equation (17) is similar to that in equation (13), which can be
obtained by replacing corresponding parameters.
Let the actuator failure case be δi , and the actuator failure free case be δ0 . For the case of
actuator failure, according to the residual value rik and covariance matrix Pik / k at time tk  kTs in
equation (13), the probability of obtaining yk under measurement sequence Yk -1 can be
obtained.
1
 ( rik )T ( Pik / k )-1 rik
1
2
p  y  yk  i  δi , Yk 1  
e
1/2
m /2
(18)
 2  Pik / k
For each actuator, failure may occur at any time. Therefore, the same prior probability can be
assigned to all faults. Based on this, equation (18) can be simplified as follows:
pn  k   p  n  δn Yk  





p  y  yk  n  δn , Yk 1  pn  k  1



 p  y  y 
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h 0
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 δh , Yk 1  ph  k  1


In formula (19), n (0,5) and p0 (k ) are the probability of no failure; p1 (k )
probability of failure of  a1 ,  a 2 ,  e1 ,  e 2 and  r respectively.
3.3 Design of controller reconfiguration system
The coupling relationship of several controllers in the control vector is
 CL  CLα1δa1 +CLα 2 δa 2 +CLe1δe1 +CLe2 δe 2 +CLβ β +CLp p +CLr r


CM  CMe1δe1 +CMe 2 δe 2 +CMa1δa1 +CMa 2 δa1 +CMq q +CMα α


 CN  CNδr δr +CNdrag  δa1  δa 2   CNr r +CNβ β
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In order to facilitate the reconfiguration of the controller, the virtual control instruction can be
constructed according to formula (6) and equation (20).
 CL   CLα  δa 2  δa1  +CLe  δe 2  δe1  


Cv  CM    CMα  δa1  δa 2  +CMe  δe 2  δe1  
 CN   CNδr δr +CNdrag  δa1  δa 2  

(21)

In equation (21)  a1 ,  a 2 ,  e1 ,  e 2 and  r are given by the UAV adaptive controller.
Case 1: for single actuator failure, take actuator pi  k   0.6 stuck fault as an example, and the
failure probability obtained by fault detection module is 1. The controller instructions  a 2 ,  e1 ,
 e 2 and  r corresponding to the residual health actuator can be reconstructed to offset the
unwanted torque caused by the stuck fault of actuator 1. The reconstructed controller

instructions are put into vector g to replace the role of g in the control process. For the case
of actuator 1 fault only, the controller reconfiguration scheme is as follows:
d
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2

(22)

Nδr

Similarly, the design of control reconfiguration scheme for other single actuator failures is the
same as formula (22).
For two cases of actuator failure at the same time. Taking the failure of actuator 1 and actuator
2 in UAV as an example, the reconfigurable controllers are as follows:
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Similarly, the control reconfiguration scheme design of the other two actuators with
simultaneous failure is the same as equation (23).

4. Simulation and analysis
The experimental simulation platform is matlab, and the relevant physical parameters of fixed
wing UAV are shown in Table 1[16].
Table 1 Parameters of UAV attitude motion model
Sign

value

unit

sign

value

unit

Ixx

2.56

kg·m2

CLβ

0.087

/

Iyy
Izz
Ixz
Izx
CNδ
S

10.9
11.3
0.5
Ixz
0.053
1.8

kg·m2
kg·m2
kg·m2
kg·m2
/
m2

m
b

28
3.1
0.58
0.087
1.29
10

kg
m

c

CNβ
ρ
VT
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CMα

CZα
CMe1
CMe2

-0.09
-0.19
-0.38
-9.83
-3.25
0.272
CMe1

/
/
/
/
/
/
/

CMa2

CMa1

/

CLp

CY1
CMq

C Lr

C Nr

CLα1
CLα2
CLe1
CLe2
CMa1

0.036
-0.21
-0.03
-CLα1
-0.05
-CLe1
0.038

/
/
/
/
/
/
/

In order to verify the effectiveness of the reconfigurable control system of UAV under complex
motion, the flight state of UAV is assumed to be a spiral upward motion tending to a certain
altitude. Three groups of simulation experiments are set up, in which two groups of simulation
experiments are completed under the same controller fault. One group only provides adaptive
controller for UAV, and the other group adds reconfigurable control system . These two groups
of simulation experiments will be compared with UAV simulation results under the fault of UAV,
so as to analyze the effectiveness of reconfigurable control system.
According to the curve of failure probability with time given in Fig. 3, it can be seen that the
designed actuator fault detection module can accurately detect the stuck fault of UAV in a very
short time. On this basis, combined with the designed controller reconfiguration module, when
the actuator is stuck, the actuator stuck fault can be detected in time, and the unexpected
control torque caused by the faulty actuator can be compensated by reconstructing the control
command of the healthy actuator. It can be seen from Fig. 4 that after the actuator is jammed,
the control torques of the UAV reconstructed by the controller can be recovered near the
expected value.

Figure 3 Fault probability estimation

Figure 4 Reconstruction torque
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