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Abstract—In this paper, we design a direct feedback adaptive
fault-tolerant controller to cope with the uncertainty and
non-modeling of the interference of the four-rotor UAV attitude
control system. The controller is stuck in the UAV and the
external. Under the condition of uncertainty, the attitude of the
UAV can effectively track the state output of the reference system
by introducing the feedback of the state and its error.
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. INTRODUCTION

With the development of UAV, improving the control
quality of aircraft has become an important research content in
the field of aircraft control and design field, ensuring that it
can automatically identify faults, deal with the failure and
interference has become a key link to improve the autonomy
of the aircraft. Fault-tolerant control technology is a kind of
advanced control method [1] which can be used to compensate
the influence of failure and maintain the effect of system
control when the control system has a certain range of fault
interference. It has been widely used in the field of aerospace
control [2-4].

Four rotor UAV flight state is changing at any time, the
aerodynamic parameters are not accurate, the body dynamics
is complex, the model library is imperfect, flight mechanism is
nonlinear, variability and uncertainty, these unmodeled factors
greatly increased UAV control difficulty. The attitude control
system has the feature of over-drive, strong coupling and
complex working conditions. The uncertainties of the flight
process could also cause the sensor, the controller, the
transmission  link and the control system, once
happened,actuators and other failures will do a fatal damage to
the entire system. it is necessary to study the UAV external
interference and fault compensation on the impact of the flight
process.

In the present field of control, the nonlinear disturbance
observer has been applied in many fields. Based on a class of
nonlinear uncertain systems, it’s main function is to observe
uncertainties such as unmodeled impact of the system or
unknown disturbances, so as to provide the design for the
subsequent controller, the paper [5] design a robust tracking
controller based on disturbance observer. According to the
attitude control problem of rigid body satellites, in the paper
[6], based on the output of disturbance observer, a fuzzy
sliding mode interference compensation control method based
on error quaternion is proposed. In the paper[7],an inversion
control method based on sliding mode European technology is
designed by wusing nonlinear observation jammers to

approximate unmodeled dynamic and boundary unknown
disturbances. In the paper [8] it propose an adaptive fault
tolerant control system for the gain fault of the rotor, which
can deal with the fault of the drive unit, but the lack of
in-depth analysis of the fault detection, so it’s no significance
in practical application.

I1.PROBLEM DESCRIPTION

A. Mechanics Model of Four Rotor

General, UAV use coordinate system is body coordinate
system, ground coordinate system, and track coordinate
system, Euler angle ((i, 8, @) ,which represent the yaw angle,
the pitch angle and the roll angle respectively, is used to
describe the flight attitude, The generalized coordinate system
of the UAV is g =(X,Y,z,y,0,4) € R® Where (X,Y,2)
represents the distance from the fuselage to the origin of the
inertial coordinate system, M1, M2, M3, M4 represent the four
motors respectively, F1, F2, F3, F4 represent the lift force of
four motors respectively. Firstly we need make a few
assumptions [8]:

(1) UAV is a completely symmetrical rigid body structure.

(2) The output voltage of DC motor is linear with the
output torque.

(3) The center of mass of UAV is completely coincident
with the origin of the coordinate system.

(4) The ground coordinate system is the inertial coordinate
system (ICS), the curvature of the earth can ignored,
Acceleration of earth is a constant.

The scheme of a quad-rotor UAV is as follow:

FIGURE I. THE SCHEME OF A QUAD ROTOR UAV

Lets assume it. & =(X,Y,2)e R, n=(r,0,¢) eS°,
The linear kinetic energy, the angular momentum, and the
gravitational potential energy of the four rotor UAV in the
inertial space can be expressed as
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Where m represent the quality of UAV, J represent the
moment of inertia, g represent the gravity acceleration, then
the Lagrangian equation of system could be as:

: m.. 1.;,.
L(qvq)thrans +Trot_U =E§T§+EUTJﬂ—ng (2)

d oL oL .
When ————=F , we can make a conclusion
dt oqg oq
o o ,1 ;..
Jg+Jg——(—=q Jg)=F
q q aq (2 d Jq) 3)

Where F =[F.",z"] is the force of each channel, 7 is
the torque of each channel. Then there is next force equation:
F. =RF, Where

coglcosp sinysing —Sing
R=| cogysingsing—sinycoss sinpsindsing+cosycosp cogsiny
Cogysingcogs—sinysing sinysindcoss—Cco3ycosp cozsiny

(4)
Is represent the coordinate transformation function matrix,
0
F = 0 is represent the lift force of

F+F+F+F,
rotor. According to Newton Law

7, | | Ke(Vs+Vy)+ Ky (Vi +V,)
KV -V,) (5)
Ty Kl (V;=V,)

. s, 0,1 ;..
Jij+Ji——(=1"J7)) =7, then Coriolis vector
on 2
can be represented as follow:
. .. 10 ,.1..
V(n,17) =35 ——-— " 37)
20n

(i 10 ). .
—(J 2877(77 J)jn C(n,mn

(6)
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In order to simplify the operation, we can make a
command: 7=C(n,7)n+J7 ,then fj=1 .
In this paper, we doing lots of research on each system of

UAV respectively, on the base of follow assumption, the
attitude change angle is not more than 5 degrees,

J=0,0=¢=y ~0, so the axis equation of UAV is just
as follow:

‘]yl/; Ktc (VS +V4) + Ktn (Vl +V2)
Jij=| 3,0 |= K I(V,-V,) (7)
‘]r¢ Kfl(va _V4)

So the control input vector is u(t) = (V,,V,,V,,V,)",
the state variable of the system is X = (i, 8, @, v, 0, ¢)T , the
output vector is Yy = (i, 8, #)" , so the System state space

Expression can be as:

{)‘((t) = AXx(t) + Bu(t)

y(t) = C(t) + Du(t) ©

In which A is state matrix, B is input matrix, C is output
matrix, D is incidence. Where

0 0 01 0 O
0O 0 0 01 O
1 0 0 0 0 O
0 0 0 0 0 1
A= , C=/0 1 0 0 0 O
0 0 0 0 0 O
0 01 0 0 O
0 0 0 0 0 O
0 0 0 0 0 0
0 0 0 0 |
0 0 0 0
0 0 0 0
Ke Ke K K 0 00
B=|J, J, J, J, |, D=|0 0 O
IK IK
—ft _f 0 0 0 0 O
Jp Jp
IK, IK
0 0 —_— ——
L . I ]

B. Control Problem Description

Face with the case of external disturbance and actuator
failure, the model of the attitude control system of four rotor
UAYV with three degrees of freedom can be described:

% = (A+ AA)X(t) + Bu(t) + B, ao(t) ©)
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Where AAIs represent the parameter uncertainty of the
UAV system, B € R™" is represent the interference signal

of Parameter matrix, @(t) is represent the external
interference signal. These parameters satisfy the following

formula:

AA=BN(t),B, = BF .

Usually N(t) is unknown but is limited, F is not only
known but also is limited ||N (t)” <=1,

In this paper. Stuck fault, partial fault and unknown fault
are taken into account. Now let’s assume that uijF represent
the fault input signal when the actuator i occur fault type j,
u; (t) is defined as the input signal when when the actuator i

is on good condition, U (t) is defined as the input signal

when when the actuator i is stuck dead. So the input signal of
fault can be replaced by

uf = plu () +oiug(t),i=12,..,m j=12,..,L (10

Where U (1)=u, t>t;, je{l2,..,m}.

p) €[0/1] indicates the extent of the failure in the actuator,

in which

O'ij €[0,1] indicates the extent to which the agency is stuck,

and L indicates that the total number of failures that may occur
in the actuator, when actuator i get stuck, the fault input signal
can be regarded as:

T =pu®+ou®).0 4. A A o elo o0}

So the total input fault is

= pu; (t) + ou, () (11)

in which

p=diag(p,, p;..... Py)
o =diag(o,,0,,...,.0,
" sn(t)]

u (t) [usl(t)iusz(t)

in the last ,the system model can be described as
X =(A+AA)X(t) + B(pu, (t) + ou (t)) + B o(t) (12)

The target of this paper is design an adaptive fault tolerant
controller(FTC) based on state feedback and error adjustment,
so that the UAV can keep the state signal x(t) under certain
conditions, where the system model is not established, the
actuator failure and interference are uncertain , the state signal
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could still track the state of the reference system x_ (t).

The state of the reference system is as follow:
X (1) = ApXy, (1) + By r (1) (13)

A, ,B,, represent the state matrix and control matrix of
the reference system, respectively, the reference system is on
stably. All the characteristic roots of A, are located in the

left axis of the complex plane, r(t)eR' is uniformly

continuous and limited, which is input signal of the reference
system.

We can assume: in any failure, mode {A B, }
completely controllable, namely, there are matrix,
A+BpK,T = A,,and, BpK," =B, .The stuck fault of

actuator and the external disturbance is continuous segmented
and limited. There is a matrix K, € R™"and a constant

BpK; +Bpu, =0
|o(t)| <= @ ’
They are satisfy

[Fe®]<=[Flle®)] <=[Flo <=u a4

If any actuator get fault, the remaining controller can still
guarantee the realization of the control target. Then there are

e BB Pe| >= ueP" B[ (15)

C. Adaptive Fault Tolerant Controller Design

The structure of adaptive fault-tolerant control system is
just as follow:

Reference
system
Adaptive
fault-tolerant = - Bg Det=ct=d system
contraller
X ‘
compe nsation

FIGURE Il. THE STRUCTURE OF ADAPTIVE FAULT-TOLERANT
CONTROL SYSTE

Firstly, we can state the tracking error signal:

e(t) = x(t) - x, (t) (16)
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In this paper, the target controller can be defined as:

u(t) = KT X))+ KIr() +K +(k, +ko)et) @7)

Where K;,K,,K;were assumed to be the estimation of

k:,k;,k:, K,,K; were assumed to be the error feedback

matrix. There were used to compensate the influence of the
system uncertainties and external disturbances on the system.

When the designed controller replaced into the controlled
object.

X =[A+BpK, Ix(t) + BpK] r(t) + BpK,
+AAX(t) + Bp(K, + Ky )e(t) + Bou, (t) + B, a(t)

The error variable for the system is

Ky (1) =k, (t) —k;

*

R2 (t) = kz (t) - kz (18)
ks (1) =ky(t) —k;
Then the state change of controller is
%= A X(t)+ B, r(t)+Bo(K x+KIx+K,) 1s)

+AAX(t) +Bpo(k, +ks)e(t) + B, aXt)

Once replaced the state change of controller with the
derivative of tracking error, we can get this:

e(t) = X(t) - X, (t)

=A (t)+B_ ('[)+Bp(KTX+K2T]/+K) (20)
+AAX(t) + Bp(K, + K;)e(t)+ B, (t)
According to  the regulation  of  adaption:
Kyj Kyj: K355 1 =12,...;m should be designed as:
k= E Ty x(t)e" (t)Pb,
Ky, = ky; =T, X(t)e" (t)Pb, (21)
k3j =Ky :—;/sj.eT (t)Pb;
In which
I x(t) =Tx(t) >0, T, x(t)=T;x(t)>0 are

arbitrary constant matrix, 73; >0 s arbitrary constant,

P=P" ¢ R™" is arbitrary constant positive symmetric

matrix, For any arbitrary constant positive symmetric matrix Q,
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thereis AP+ PA, +1(1+5):—Q,5>0.
n

We can introduce a system parameter |, =1°/u .
According to the the paper [10],we can make a conclusion; the

parameter can should set to be
B I’B"P
kg = — %nl 2B"P
Where S(t)e R™ is is an arbitrary uniformly
continuous and limited function, and

t
|imj5(t)dr <=0 <oc, |1, is the estimated value of

t—>oc to

Il* N ; respectively, The adaptive rate can be expressed as

dl,
=—7,6(0), +2y,[eTPB |
dt
dl, (23)
= 7,801, + 27, [eTPB
dt
The error were defined as
.Il = I1 - Il* (24)
Iz = Iz - Iz
There a law: for closed loop system (9) , if it’s control

structure is expressed as (11), the control rate is expressed as
(22), the parameter adaptive rate is expressed as(21)and (23).
Then we can make conclude that the state of the controlled
system is limited that can track the output state of the
reference system.

1. THEORETICAL DEMONSTRATION
Proof: we can construct a L yapunov function [12]

-wPHZ@m Ik + P Tk, + ok
1 (25)
+— U( |1 +7/51| )

We can take the derivative of the above formula

V =2e"PA e+2¢' PAAx(t)+2e PBpo(k, +k )e(t)
+2¢'PB a)(t)+u(7fll +7/51I I, ,)
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Because

M=+ x)" (e+x,) =[ef +|x, | +2¢",

<=(1+ g)||e||2 +(1+ g‘l)||xm||2 <=(+ g)||e||2 +(L+eM)A,

is on the ground. So

2e" PAAX=2¢" PBN(t)x <=2I"[e" PB]|¥]
L P

<=%[(1+e)||e||2 +(+&")2 1+ o PE[
e’ PB"2

Where 77 > 0. according to the formula (14),

:%[(1+ aef + @+ )4, 1+un”

2'PB(t) =2" PBR) <=2¢' PHH <=2 PRu[
We can take formula (27) and (28) into (25)
. 1 *

V, <=e"[A'P+PA +77(1+g)]e+U7ﬁZ”eTPEﬂ2

+2ul’

eTPIj‘+1(1+g’1)/1m+2eTPE;o(k4+k5)e
/A
+U(7;l|1|1+7/5_1|2|2)
Then we take (22) into the control rate (15).
V. <= ¢ [ATP+PA +1(1 Lasety
o <=€[A P+ Am+;( +g)]e+;( +e)A,

2ul, 6" PB|’
. “gT PB[l, +5(t)
~url,Je"PB[ +u( T, + 5L 1,)

+Uu nI;HeT PBH2 +2ul;

eTPB“—

@7

(28)

(29)

(30)

31)

According to (23), the formula (22) can be replaced with

% = 78Ok + 271" PB| - .5 O)1]
0 SO+ 2y PB - (0

We take (6-42) into (6-41), the get

(32)
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. 1 1 §
V, <=e'[ATP+PA, +;(1+ g)]e+;[(1+e Y4,

2ule"PB|1,5()
e"PBJI, +5(t)

+U77I;HeT F’BH2 +2u|fHeT PBH+ (33)

—usE)( + L 1,7+ 1)

1
Because of A,P+PA,+—(1+¢&)=-Q,&>0, then
n

we can get

V, <=e'[ATP+PA, +717 A+ g)]e+717(1+ eNA,
20}’ PB[ 1,5t
|e"PBJI, +5(t)
—uSE)(I7 + 1L + L2+ 1) <= —eTQe+717(1+gl)/1m

+U77I;HeTPBﬂ2 +2ul;

&P%+
(34)

2
2ule"PB| L5 (1) e -
+ﬂBﬂ1+u§(t)(|l2 L+ 12+ 1)
|e"PBJL +5(t)
We can simplify the formula as follow according to the

ab
formula 0 <=
a+b

<=a,Va,b>0,

A <=—eTQe+1 L+&M)A, +2u8() +us(t) (; +;)
n 4 4

*2 *2

<=—amifq’ A A+&)A, +5(t)u(2+|14 +IZ) (35)
n
<= AmifQ 2 (Lt )4, + S
n
Where
*2 *2
(36)

K=U Q+1-+2%)
4 4

V. SIMULATION AND ANALYSIS
The parameters of the reference system are as follows:

O 0 0 1 0 0 00
0O 0 0 0 1 0 00
o o o0 0o 0 1 |5 00
A= 605 0 0 305 0 0 tBhT4
0 6004 0 0 -2005 O 44
|0 0 6010 0 0 -2005 |00
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000 -003-035 013
|000 003 —035 013 B
NO=1000 005 035 -013] F=l+
000 005 035 —013

u,(t) :[0.1,0.2,0.2,0.1]T , Q=10*1, , I}, =10*1 ,
I,, =10*1,,7,; =20,y, =y, =0.05,7=100.
Initialize the Simulation:
x(0) = x,,(0)=[0,0,0,0,0,0]", k,(0)=[0,0,0,0,0,0]",
x(0) = x.(0)=[0,0,0,0,0,0]" ., k,(0)=[5-5]"
ky(0) =[LL-1-1]",1,(0) =1,(0) =0.
According to the above parameters and initial conditions,

the tracking error of the attitude angle of the four rotor UAV
can be obtained as follows[8]:

o4

i if{deg)

o 20 ] a0 B0
us)
—, o2
T
=g 1i
- |
-0.1
oz
o 20 a0 a0 &0
tis)
a.zl )
o 20 a0 80 a0

t{sh

FIGURE Ill. ATTITUDE ANGLE ERROR BEFORE INTERFERENCE

20 40 (-] aa
t(s)
035 20 40 60 80
t{s)
0.2,
g .,
20 a0 60 80

t(s)
FIGURE IV. ATTITUDE ANGLE ERROR AFTER INTERFERENCE

We assume that the system fails at t=40s.In the fig1l,
p =diag(0,111), o = diag(1,0,0,0) ,actuator u, get stuck fault,
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UAV is under the control of Uy, U, ,Only the yaw angle and the

pitch angle tracking error appear obvious transient response,
but the roll angle is not get affected obviously. In the fig2,

p = diag (1,1,0,1), 0 = diag (0,0,0,0) , actuator U, get stuck

fault, when it goes to 40s,UAV is under the control of Uu,,U,,

Only the yaw angle and the roll angle tracking error appear
obvious transient response, but the pitch angle is not get
affected obviously.

Under the action of Adaptive fault tolerant controller in
this paper, the tracking error decreases rapidly, and stay in a
small community, or even close to zero. simulation results
show that the algorithm is effective and has good performance.
compare with the controller in the paper [11], we introduce the
feedback of reference system state, and then get a fault
tolerant control system with excellent control performance.

V.SUMMARY

Faced with uncertainty of system parameters of linear
continuous system, the paper[11] design a kind of robust
adaptive algorithm, which can be used to compensate the
actuator faults and external disturbances. on the base of that
paper, we do some research on the problem of fault tolerant
control of four rotor helicopter attitude control system with
uncertainty of system parameters, and then design a kind of
adaptive fault tolerant controller, which can use to track the
state of the reference system, we also use the Lyapunov
stability theory to analyze the performance of the system.
Finally, through the simulation results, it is verify the
effectiveness and feasibility of the proposed algorithm.
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