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Abstract In this paper, a novel fault tolerant control (FTC) approach is proposed
for a hypersonic unmanned aerial vehicle (UAV) attitude dynamical system with ac-
tuator loss-of-effectiveness (LOE) fault. Firstly, the nonlinear attitude dynamics of
hypersonic UAV is given, which represents the dynamic characteristics of UAV in
ascent/reentry phases. Then a fault detection scheme is presented by designing a
nonlinear fault detection observer (FDO) for the faulty attitude dynamical system
of UAV. Moreover, the fault tolerant control scheme is proposed on the basis of the
dynamic surface control technique, which guarantees the asymptotic output tracking
and ultimate uniform boundedness of the closed-loop dynamical systems of UAV in
the actuator LOE faulty case. Finally, simulation results are given to illustrate the
effectiveness of the developed FTC scheme.

Keywords Fault detection - Fault tolerant control - Dynamic surface control -
Loss-of-effectiveness (LOE) fault

M. Qian - B. Jiang (<) - D. Xu

College of Automation Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China

e-mail: binjiang@nuaa.edu.cn

D. Xu
e-mail: lutxdz@ 126.com

M. Qian

Research Institute of UAV, Nanjing University of Aeronautics and Astronautics, Nanjing 210016,
China

e-mail: gianmoshu2010@gmail.com

Birkhauser


mailto:binjiang@nuaa.edu.cn
mailto:lutxdz@126.com
mailto:qianmoshu2010@gmail.com

1714 Circuits Syst Signal Process (2012) 31:1713-1729

1 Introduction

The hypersonic unmanned aerial vehicle (UAV) is a kind of new aerospace vehi-
cle, which will play a very important role in future air space activity [15]. Different
from the traditional aerospace vehicle, the flight control system of hypersonic UAV
in ascent and descent modes involves attitude maneuvering through a wide range of
flight conditions, wind disturbances, and plant uncertainties including aerodynamic
surfaces and engine failures [3], meanwhile, the attitude dynamics of hypersonic
UAV includes serious multivariate coupling and strong nonlinearity [6]. As a new
aerospace vehicle, the hypersonic UAV attitude dynamics will inevitably be subjected
to all kinds of system fault, which are caused by all kinds of actuators, sensors or other
system components. To improve the reliability of hypersonic UAV, the fault tolerant
control (FTC) technique must be considered when we design a flight control system
of UAV [9, 18].

It is well known that the fault tolerant approach can be classified into two types:
passive and active [16, 23]. In the case of passive FTC, a fixed controller is proposed
to tolerate only a limited predetermined faults throughout the whole control process,
the very limited fault tolerance capability is the major drawback of this approach
[2, 13, 19, 20, 22]. In the case of active FTC, it relies on the fault diagnosis mecha-
nism to detect, isolate and identify the faults in real time, and then a reconfiguration
mechanism is synthesized to reconfigure the controllers according to the online fault
diagnosis information [8, 12, 26]. Generally speaking, active FTC is less conservative
than the passive one and has increasingly been the main methodology in the field of
FTC design.

In [1], Benallegue et al. design a disturbance observer-based sliding mode control
scheme for UAV, which can increase the robustness to the model uncertainties and
external disturbances without using high control gains. In [4], Bollino et al. propose
a robust guidance and control architecture for a flight control system that incorpo-
rates elements of recent advances in the areas of optimal trajectory generation and
reconfigurable control. In [14], Natesan et al. present a trajectory tracking controller
design approach for an UAV using the linear parameter varying (LPV) method. In
[5], a gain scheduled-based attitude controller design approach is proposed for the
aircraft. In [21], an aerodynamic surfaces control allocation scheme is presented for
reusable launch vehicle (RLV). It is worth pointing out that the results developed in
[1, 4, 5, 14, 21] only consider the controller design problem for aircrafts in actua-
tor/sensor fault free case, those might not be suitable for aircraft attitude dynamics
in actuator/sensor fault case. In [11], Komatsu et al. design a passive fault tolerant
controller for aircraft attitude dynamics using a p-synthesis approach. In [27], Zhu
et al. present a direct fault tolerant controller method for the attitude control of air-
craft using a singular perturbation approach. However, the FTC schemes developed
in [11] and [27] do not depend on fault detection and control switching mechanism,
which belong to passive FTC. In [7], Jiang et al. investigate the problem of actuator
fault accommodation for a near space vehicle attitude dynamics via T-S fuzzy mod-
els, however, for the plant of consideration exists a model error, and the obtained
result might not be used for the nonlinear aircraft attitude dynamics. To the best of
our knowledge, the active FTC issue for aircraft attitude dynamics has not been fully
investigated yet, which remains challenging and motivates us to do this study.
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In [17], Wang et al. present an adaptive dynamic surface control for a class of linear
multivariable systems. We refer to the design approach obtained in [17] and use it to
design an active fault tolerant control scheme for a hypersonic UAV with actuator
loss-of-effectiveness faults. A nonlinear fault detection observer is designed to detect
the actuator fault occurring in the attitude systems of UAV, which determines the
switching time from normal controller to the FTC one. When an actuator fault occurs,
we design an dynamic surface control-based active FTC scheme which guarantees
the attitude of the faulty UAV asymptotically tracking the desired command signal.
Finally, simulation result shows that the proposed approach has good fault tolerant
capability.

2 The Attitude Dynamics of UAV

The attitude dynamics for a hypersonic UAV with parameter uncertainty and external
disturbance input is given by [15]

J+ADo=—-*(J+ADw+u+d, 1

where J € R3%3 is the nominal inertia matrix, AJ € R3*3 is an uncertain part of
the inertia matrix, which is caused by fuel consumption and variations of particular
payloads from a nominal one. w = [p ¢ r17 is the angular rate vector, u = [u] uy us]”
is the control torque vector, d = [d; d3 d3]T is the external disturbance vector. The
operator o™ denotes a skew-symmetric matrix acting on the vector v = [w] @) w3]F
and has the following form:

0 —w3 W)
0= w3 0 —w
—wy W] 0

For the simplicity of this study, The hypersonic UAV attitude dynamics (1) is rewrit-
ten as

Jo=—-o"Jo+u+n(w,d), 2)

where n(w,d) = —AJo — 0 AJw + d represents the combination of parameter
uncertainty and external disturbance. In the following, we introduce an assumption
condition for n(w, d).

Assumption 1 The combination of parameter uncertainty and external disturbance
represented by 7(w, d) in (2) is the unknown nonlinear function of @ and d, but
bounded by the known constant 7. Specifically, it is assumed that Yo € R?, d € R3,
ni(w,d)| <7; (i =1,2,3),7; is the known constant.

The attitude kinematics of a hypersonic UAV is described by

y =Ry)o. 3

The rotational matrix R(y) € {R1(y), R2(y)} is given by
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1 tan@sing, tan@cosgy ©p
Riy)=10 oS @p —singp |, y=|0 [;
| O singp/cos® cosgp/cost v
[cosa 0 sina [0
Raty)=1| 0 1 0 o v=|al,
| sina 0 —cosa B

where R1(y) is used in the ascent phase and R (y) is used in the reentry phase. y
represents the attitude angle of UAV. ¢y, 6, ¢ are roll angle, pitch angle and yaw
angle, respectively; ¢, o and B are bank angle, angle of attack and sideslip angle,
respectively.

It is well known that the command torque « is related to the deflection command
vector §, namely,

u = B§,

where B € R3*™ 1 is the number of the control-surface deflection variables. In this
paper, we choose the X-33 hypersonic unmanned aerial vehicle as the studied plant.
Figure 1 shows the configuration of the X-33 hypersonic unmanned aerial vehicle. It
has four sets of control surfaces: rudders, body flaps, inboard and outboard elevons,
with left and right side for each set. Each of the control surfaces can independently be
actuated with one actuator for each surface. The control-surface deflection variables,
collectively known as the effector vector, are given by

T
= [arei, Slei, 5rftv (Slft, (Srvrs Slvrv 8r€07 8160] s

where drei and Jy¢; are the right and left inboard elevons, . and djs are the right and
left body flaps, vy and 8y are the right and left rudders, §reo and §jeo are the right
and left outboard elevons. All of the control-surface deflections are in degrees. The
sign convention is positive body flap deflection is down, positive elevon deflection is
down, and positive rudder deflection is left looking forward.

3 Main Results
3.1 Fault Detection Scheme

It is noted that the hypersonic UAV attitude dynamics described by (2) is in actuator
fault free case. To formulate the fault tolerant control problem, the faulty attitude dy-
namics of hypersonic UAV must be established, the type of actuator fault considered
in this study is the loss of control effectiveness. A hypersonic UAV attitude dynamics
under actuator fault case is given by

Jo=—w*Jo+ B(I — F)8 + (o, d), )

where F =diag{f;} (i=1,2,...,8) and f; € [0, &1, f; is an unknown constant, &;
represents the maximum percentage of the admissible loss of control effectiveness
satisfying 0 < ¢; < 1.
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Vertical rudders

« Rudders: 60° outboard and
30° inboard deflection

« Electromechanical actuators

+ Function: yaw control and
pitch trim bias

Elevons Body flaps
« Elevons: +25° inboard and + Electromechanical actuators
+30° outboard + Pneumatic load assist device

» Electromechanical actuators

+ Function: pitch control and
roll control at all speeds

+ Flaps: —15° to 26°
/ « Function: pitch control at all
speeds, yaw control and entry

Fig. 1 The configuration of the X-33 hypersonic unmanned aerial vehicle

For the simplicity of this study, the faulty attitude dynamics of UAV (4) is rewritten
as

o=—J'o*Jo+J'Bs+ J 'n(w,d) — I 'BFS. (5)

In any position, a fault detection scheme is presented based on an intuitive algorithm.
For the faulty system (5), a nonlinear fault detection observer is designed as

b=—-1d—0)—J 0 Jo+ J "B, (6)

where @ is the estimated angular rate, and A = diag{A1, A2, A3}, —4; <0(@ =1,2,3)
are the poles of fault detection observer (6), which are determined in advance.

Note that J ' = [(J~"'m)1, (U7 'n)2, (J~'n)3]17. Let @ £ w — & be the observer
error vector, the adaptive thresholds € for fault detection can be chosen as

t
Eiée_)""d)i(O)—i—/(; e HETD(JTIg) dr (1=1,2,3). (7

The second term of €; in (7) can be implemented as the output of a linear filter (with
transfer function ﬁ and zero initial conditions) with input given by (J _lﬁ)i. The
decision for the occurrence of a fault (detection) is made when the modulus of at
least one of the observer error components |®;| exceeds its corresponding adaptive
threshold. More precisely, the fault detection time 7y is defined as the first instant of

time such that |@;| > €; (i =1, 0ri =2, ori = 3) for r > Ty; that is,

3
T, =it J{t> Ty : |ay] > &} )

i=1
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Y. o o o [62)
df\ Virtual d Normal Y\F Dynamic Equation
\/ Control Input Control Input N of UAV
Normal Controller 1))

Fault Detection
Observer

Compensation Control Input

Kinematic Equation of UAV

Fig. 2 Block diagram of UAV using dynamic surface control

Remark 1 For an active FTC system, fault detection is necessary to determine the
time that the system faults occurred. Therefore, it is a prerequisite for fault identifica-
tion and fault tolerant control design. Compared with the constant detection threshold
provided in [7], it can be seen that the fault detection threshold € described by (7) is
the adaptive one, and thus can reduce the missing alarm and false alarm rates of ac-
tuator fault detection, which is less conservative than that presented in [7].

3.2 Fault Tolerant Tracking Scheme

The main objective of this study is to design a fault tolerant controller for the faulty
system (5), to ensure that the closed-loop signals are bounded and the attitude of UAV
y asymptotically tracks a reference command y.

In this section, a normal control input 5y is first designed for the attitude dynam-
ics of hypersonic UAV in actuator fault free case using both adaptive and dynamic
surface control techniques. when an actuator fault occurs, a compensation control in-
put 8¢ is designed and added to the normal control input 6 for reducing the effects
of actuator fault. Figure 2 shows the configuration of the fault tolerant control scheme
for UAV using the dynamic surface control scheme.

In order to design a normal control input §y, we define the following new vari-
ables:

xi=yeR’,  xx=weR. 9)

Then the attitude dynamics of UAV (1) and (3) are transformed into the following
form:

x1 =R(x1)x2, (10)

G =—J "% Txa+ T BS+ T n(xa, d). (1)

It can be easily seen that (10)—(11) is a general nonlinear system, which will be used

for the attitude tracking control design. From (10)—(11), it can be seen that the attitude

control systems of UAV (1) and (3) have been transformed into a class of triangular

nonlinear form. Then the standard dynamic surface control approach with adaptive
technique is applied to the design of normal control input §y.
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Theorem 1 Consider the healthy UAV attitude dynamics (1) and (3) under Assump-
tion 1, and the following normal control input and adaptive update law:

5y =BT (B-B") ™ [~koza + xJ T2 — sign(z2)7 + Jéa), (12)
n=ciz2 (13)
can guarantee the asymptotic output tracking of UAV attitude control system in actu-
ator fault free case.
Proof Step 1. In (10), we assume that x» is a virtual control input, and we let
21=X1—Vd (14)

which is called the first error surface, y; € R? is the desired attitude angle of UAV.
Taking the time derivative of z;, one has

Z1 =51 — g = R(xD)x2 — ya = R(x)[x2 — R (x1)7a]. (15)
Selecting an appropriate virtual control x4 as
x2a=—kiz1 + R (x1)7a. (16)

Introduce a new state variable oy and let xo4 pass through a first-order filter with time
constant £, to obtain ay:

€200 + a2 = X24, a2(0) = x2(0). (17)
Step 2. Consider system (11), and let
=Xx—a (18)

which is called the second error surface. Taking the time derivative of z,, we have

="' Txo+ T B+ T n(x2, d) — 6. (19)

From (19), the normal control input and the parameter updating law are designed as
sn =BT (B-BT) ' [~kaza + 2} Jxz — sign(z2)i) + J &), (20)

h=ciz. 1)

The adaptive dynamic surface control technique has been developed in [17] for a
class of linear multivariable control systems. In this paper, this method is modified
and applied to the design of the UAV attitude control system; the stability analysis of
the closed-loop control system is given in the following.

Firstly, we define the filter error as ¢ = ap — x24. After some manipulations, we
have

L - o} . . _ . _ ..
¢=m—w2=—5+kmr4z%mnu—n‘uom. (22)
Considering a Lyapunov function candidate as follows:
1 1 |
V=V1+V2é5(z%+¢2)+§<z§+c—n2), (23)
1

where V; = %(Z% +¢2), Vo= %(Z% + %flz) with 7 =7 — 7.
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Firstly, one takes the time derivative of Vi, and one can obtain
. 7. T
Vi=ziz1+9¢" ¢

=zl R(xD)[x2 — R (x1)74] +¢T[—:¥2 +kiz1 — RN xn)va —R—lmm}.

(24)
Meanwhile, subtracting (15) from (24), one has
Vi < —kiR(xp)llz1ll* + 2f R(x1) (x2 — x24) + ¢
x [—g +kizr — R ) ya — R”(xlwd}
1 2
< —ki|RGD|llz111> = o Lt (25)
where k = z{ R(x1)(x2 — x20) + k17 21 + 9" R (x1)ya + T R (x1) .
Similar to the derivative of Vi, one can obtain the following:
o=zl + 770
=2 [~J 7% e + T B+ T T n(xa, d) — én] + 774 (26)
Subtracting (20) into (26), which can be transformed into the following form:
. 1 _ i
Va < —kallzall* + a’?T(Clzz — ) =—kallzal*. 27
From (24) and (27), it can be easily found that
; y . » 1 2 2
V=Vi+Vy < —ki|RG&D) |21l — 521" —kallz2l” + . (28)

Selecting an appropriate &2 > 0, such that V <0, then the Lyapunov stability theory
guarantees the global uniform boundedness of z; and z. It follows that z; — 0 as
t — 00. Since z1 = x| — ¥g4, X1 is also bounded and lim;_,o x; = y4. Therefore, the
asymptotic output tracking of the UAV attitude control system can be guaranteed by
Theorem 1. g

From the above analysis, the proposed normal controller (12) and adaptive update
law (13) can achieve the asymptotical tracking of the closed-loop attitude control sys-
tem of UAV in actuator fault free case. In the following, we extend the above result
to deal with the fault tolerant control problem of UAV attitude control system, a com-
pensation control input §¢ will be developed on the basis of the nominal controller 8
to compensate for the effects of actuator fault. Thus, the fault tolerant control input
& of the faulty attitude control system (5) consists of two parts, that is,

Sp =8N —+dc. (29)

For the fault tolerant controller design, the same procedure of the first design step is
as the design of the nominal control input é 5. Here, the detailed description to step 2
is developed. In terms of (5) and (19), we can obtain
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=—J"' T+ T BU = F)$+ T 'n(x2,d) — o
=—J "I+ T BN +8c) — JT'BF (SN +8¢) + T 'n(xa,d) — 2
=—J"'% I+ T 'Béy — JT'BFSN + JT'BU — F)dc + T n(x2, d) — é
=—J"'% I+ ' Béy — JT'BFSN + T BsSc + T n(x2, d) — 2, (30)

where ¢ = I3 — F. It can be easily known that ||| < 1.
Now a compensation control input §¢ is designed as

_ AllBS
8¢ = —sign(z2) BT (B~ B”) 1[||135N|| +w] 31)

where ¢ = 1 —max{f;}(i =1,2,3), A > 0 is a positive constant.
From (29)—(31), the time derivative of V; is given by
Vo= Z;Zz + ﬁTfI
=2 [-J " Ixa + T 'BSy — J ' BFSy + T Bgsc + T n(xa, d) — 6]
+7l'5
< —klzl*+23[J ' Bssc — I ' BFsy]
< —kallz2l® + 23 [J 7' Bséc — J ' BF5y ]
_ _ MBSy
<—klnl* =3 J7'BFsy — |23 ||J lg[nBsNu T
< —kllzal? =23 T ' BFsy — |23 |77 — F)IBsyIl — A |23 |77 IIBéw |
< —kollzal® = |22 |7 BN Il — A |23 | T IIBSw |
< —kallz2l> = (L +2) |22 17~ Bl
< —kallz2ll*. (32)

Note that the inequality 0 < ¢ < || |lmin < 1 is used in the operation of (32). From

(32) and the similar stability analysis in Theorem 1, the following result can be ob-
tained.

Theorem 2 Consider the faulty UAV attitude control system (3) and (5); the fault tol-
erant control input §f described in (29) can guarantee the asymptotic output tracking
of UAV attitude control system.

Proof This can easily be obtained from the above analysis and the proof is thus omit-
ted here. g

Remark 2 The control input (5) is discontinuous due to the use of sign function
sign(-), which may lead to the chattering effect. It is well known that a chattering
effect often excites the unmodeled high frequency dynamic or even makes system
unstable. In order to overcome this shortcoming, the varying boundary layers is em-
ployed to substitute for function sign(-), and then the normal control input §y can be
modified as
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sy=BT(B-BT)™! |:—kzzz + x5 Jxy — n+ sz], n=ciz2 (33)

22
21l + o1

the compensated control input §¢ can be modified as

-1 2 MBSy |l
sc=-B"(B-B") —[||B$N||+f , (34)
21l + o2 S

where p; > 0 and p> > 0 are two positive constant scalars.

Remark 3 In [10], Jiang et al. designed a nonlinear fault tolerant controller for flex-
ible spacecraft with unknown bounded disturbances and actuator failures using both
adaptive and backstepping control techniques. It is well known that dynamics sur-
face is an improved backstepping control method, the primary advantage of dynamic
surface control is that it can avoid the problem of “explosion of terms” inherent in
the backstepping design procedure, by introducing a first-order low pass filter of the
synthetic input at each step of the traditional backstepping approach. In this study,
we modify the fault tolerant control method developed in [10] and design a fault
tolerant tracking control scheme for UAV attitude dynamical systems utilizing dy-
namic surface control technique, which can eliminate the phenomenon of explosion
of complexity.

Remark 4 In this study, a simply FTC approach is proposed for the attitude control
systems of hypersonic UAV, which does not rely on the fault estimation information,
so it only deals with the limited actuator fault. In [25], a decentralized fault diag-
nosis approach of complex processes is proposed based on multiblock kernel partial
least squares technique. In [24], a novel fault detection scheme is given using the
improved kernel principal component analysis and the improved kernel independent
component analysis approach. In our future work, we will improve the fault tolerant
control design so as to increase the fault tolerant capability by referring to the fault
diagnosis approach proposed in [25] and [24].

4 Simulation Results

This section describes the numerical evaluation of the designed FTC scheme for the
attitude control system of X-33 hypersonic UAV in reentry phase. The moment of
inertia tensor is given by [15]

554486 0 —23002
Jo= 0 1136949 0
—23002 0 1376852

In Matlab simulation, it is assumed that the UAV flight altitude H = 40 km and
V =2500 m/s, and UAV attitude tracking commands y, (bank angle, angle of attack
and sideslip angle) are 2 deg, 4 deg and O deg, respectively. We select the parameter
uncertainty and external disturbance input 7(w, d) = 103 sinw + 103 sin and upper
bound 7 =2 x 103.
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Fig. 3 The attitude tracking ;
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Fig. 6 The attitude tracking ;
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Fig. 9 Fault detection residuals x 107
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To verify the superior performance of the FTC approach proposed in this study, it
is assumed that the right body flap loses 50 % control effectiveness at 10 second in
the simulation, namely,

diag{0, 0, 0, 0, 0, 0, 0, 0} t <10s,
diag{0, 0, 0.5, 0, 0, 0, 0, 0} ¢>10s.

To design the fault tolerant control input §f, we select the learning parameter
c1 = 1.2, and the positive constant scalars p; = 2.5 and po = 2.5. The Matlab simula-
tion results of UAV attitude tracking responses and fault detection curves are shown
in Figs. 3—12. When all actuators are in healthy case, the simulation result about
UAV attitude tracking response is depicted in Fig. 3 by using the normal control 8.
The virtual control input x4 and the final control torque u are shown in Fig. 4 and
Fig. 5, respectively. When the actuator fault described above occurs, the X-33 attitude
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Fig. 9 (Continued) x107*
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tracking responses and the control input responses using normal control input § are
depicted in Figs. 6, 7, 8. It can be seen that the designed normal control input §y
could not guarantee the asymptotical output tracking of UAV attitude control system.
By utilizing the designed fault detection observer, it could easily be found that an
actuator fault occurs; the corresponding fault detection residual curves are depicted
in Fig. 9, where it can be seen that the fault detection residual 1 is more than its corre-
sponding adaptive detection threshold, and then produces a fault alarm. By means of
the designed fault tolerant control input 8, it can be seen from Figs. 10, 11, 12 that
the UAV attitude tracking responses and the control input responses have a satisfac-
tory performance in spite of the actuator fault, which demonstrate the effectiveness
of the developed FTC scheme.

5 Conclusions

This study presents a fault tolerant control approach for a class of unmanned aerial
vehicle attitude dynamical systems with actuator loss-of-effectiveness fault. For the
faulty UAV attitude control system, a fault detection scheme is proposed using the
nonlinear fault detection observer technique. By utilizing the dynamic surface con-
trol technique, a fault tolerant control strategy is developed for the faulty UAV atti-
tude control systems. On the basis of Lyapunov theory, the stability of the closed-loop
control system is proved. Finally, the simulation results are given to show the effec-
tiveness of the proposed FTC scheme.
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Fig. 10 The attitude tracking
responses with § ¢ in actuator
fault case

Fig. 11 The virtual control
input x4 in actuator fault case

Fig. 12 The fault tolerant
control torque u in actuator fault
case
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