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Sliding mode control (SMC) is known as a robust control method to maintain system performance and keep it insensitive to system
uncertainties. To achieve this objective, the knowledge of the uncertainty bound is usually needed, but sometimes it could be a hard task.
Hence, the adaptive technology is introduced to be synthesized with SMC. In this paper, a novel adaptive SMC (ASMC) scheme is proposed
to accommodate system uncertainties caused by actuator faults. An integral sliding mode controller is used as the baseline controller.
When actuator faults occur, there is no need to know the exact bound of the uncertainties in control effectiveness matrix. The post-fault
control effectiveness matrix can be estimated by the proposed adaptive control scheme, and the control inputs will be changed accordingly.
In such a way, the robustness of the controller to actuator faults is improved. With the help of adaptive change of both continuous and
discontinuous control parts, a minimum value of the discontinuous control gain can be guaranteed. In this case, the resulting control effort
is reduced accordingly to avoid control chattering effect. Owing to the minimized control effort to accommodate uncertainties compared
to the conventional SMC, the proposed ASMC can still maintain the system performance when severer faults occur. The effectiveness of
the developed algorithm is demonstrated by the simulation results based on an unmanned quadrotor helicopter under various faulty
conditions.
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1. Introduction demands for safety, reliability, and high system performance
have stimulated research in the area of fault-tolerant control
Unmanned aerial vehicles (UAVs) are increasingly becoming  (FTC) beneficial from the new developments in control
a topic of interest, not only in military applications but also  theory, computer technology, actuator, and sensor techni-
extended into civilian applications [1-6]. In order to make 65 Fault-tolerant capability is an important feature for
w1der' use Of_UA_VS and make 'them more 1ntelllgfent 'for safety-critical systems such as UAVs, chemical processing
practical applications such as fire detecting and fighting, plants, nuclear power plants, etc. The main objective is to
power-line inspection, and surveillance, safety is a big issue maintain the overall system stability and acceptable degree
to be considered [7, 8]. More recently, the fault-tolerant . .
- of performance in the presence of faults in the system [12].
capability of unmanned systems has begun to draw more , .
From the point of fault occurrence location, faults can be

and more attention in both industrial and academic com- L
munities, due to the increased demands for safety and re- classified into actuator faults, sensor faults, and other sys-
’ tem component faults [12, 14]. Partial loss of control ef-

liability [9-11]. As argued in [12, 13], the increasing i i o
fectiveness of actuator is a common fault occurring in

aircraft systems. Since the actuator plays an important role
Received 1 September 2016; Revised 24 June 2017; Accepted 24 June of connecting control signals to physical movements of the
2017; Published 1 November 2017. This paper was recommended for  gugtem to accomplish specific objectives, actuator fault is
publication in its revised form by editor-in-chief Ben M. Chen. . i i i i
considered in this paper. One way to accommodate this kind

Email Addresses: *npuwangban@gmail.com, Tymzhang@encs.concordia.ca,
tCorresponding author. of fault is to use the robustness of the control system which
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does not require on-line detection of fault as opposed to
active FTC system [12, 15, 16]. This so-called robust con-
troller treats faults as uncertainties in the system, which can
be incorporated in controller design [17]. Therefore,
a trade-off between system performance and robustness is
unavoidable. Moreover, if a large fault is considered during
the design stage, it will lead to an unacceptable perfor-
mance in normal (fault-free) conditions, due to the big
trade-off for taking such a large uncertainty into consider-
ation. Since real systems mostly work under normal
conditions and fault does not occur all the time, the con-
sideration of fault during design stage will sacrifice certain
degree of performance.

Sliding mode control (SMC) is an approach to design
robust control systems dealing with large uncertainties
with discontinuous control strategy which can demonstrate
invariance to so-called matched uncertainties while on a
reduced order sliding surface [18, 19]. More precisely, SMC
synthesizes one design parameter in the discontinuous
control part to deal with uncertainties which leads to sig-
nificant control performance in both fault-free and faulty
conditions. Studies by Wang et al. [20], Li et al [21], Alwi
et al. [22], and Hamayun et al. [23] show some of the most
recent researches on reconfigurable flight control using
SMC techniques. The property of insensitivity to parametric
uncertainties makes SMC as one of the most promising
approaches [24]. However, for using this traditional SMC,
the bound of uncertainty is always needed at the design
stage. For some applications, fault could occur at any time
with unknown magnitude, and it is hard to obtain the exact
uncertainty bound in advance. This stimulates a new con-
trol strategy, which incorporates adaptive schemes into SMC
to accommodate faults without knowing the exact uncer-
tainty bound [25-27]. In [27], with the proposed adaptive
SMC (ASMC), it shows a good tracking performance when
an actuator fault occurs in the system. However, as the fault
becomes larger, a bigger tracking error occurs, and the
system performance cannot be maintained anymore. This is
because, the considered actuator fault is related to the un-
certainty in control effectiveness matrix, and after a fault
occurs, the control effectiveness matrix should be changed
correspondingly. The existing ASMC for accommodating
actuator fault only incorporates the adaptation parameter
into the discontinuous control part. However, when a fault
occurs, the continuous control part, i.e. the equivalent
control part, should also be changed. To solve this problem,
the estimation of the post-fault control effectiveness matrix
needs to be obtained properly.

In this paper, a novel ASMC with integral type sliding
surface is introduced. An adaptive scheme is synthesized to
estimate the post-fault control effectiveness matrix, which
has an effect on both continuous and discontinuous control

parts. Like other ASMC algorithms, the exact value of the
uncertainty bound is not required to deal with the uncer-
tainty caused by an actuator fault. Compared to the existing
ASMC schemes in the literature, the main contributions of
the proposed control scheme are listed below. Firstly, the
proposed control scheme can adaptively generate appro-
priate control inputs without merely relying on the ro-
bustness generated from the discontinuous control strategy,
i.e. the equivalent control part will also be changed adap-
tively to achieve a better tracking performance. Secondly,
due to the lesser use of the discontinuous control strategy,
the control effort is significantly reduced which means
larger faults can be tolerated, and control chattering effect is
also pacified.

The rest of this paper is organized as follows. In Sec. 2,
an ASMC is proposed, and for comparison, a traditional SMC
with bounded uncertainty in control effectiveness matrix is
introduced as well. The modeling of an unmanned quad-
rotor helicopter is presented in Sec. 3. In Sec. 4, simulation
results are presented to verify the effectiveness of the
proposed algorithm. Finally, general conclusions of this
paper are summarized in Sec. 5.

2. Adaptive Sliding Mode Controller Design

2.1. Problem formulation

Consider a general uncertain linear system subject to
actuator faults of the form:

x(t) = x1(t), (1)
X1(t) = Ax(t) + Bo(I — H(t))u(t), (2)

where A € R™" is the state matrix, By € R™™ with 1 <
m < n is the control effectiveness matrix, and both of them
are known. u(t) € R™ is the control input vector and the
diagonal matrix H(t) = diag([h,(t),...,h,(t)]) represents
the loss of control effectiveness in the actuators, where h;(t)
is scalar satisfying 0 < h;(t) < 1. Thus, if h;(t) = 0, the jth
actuator works perfectly, whereas if h;(t) > 0, the jth ac-
tuator suffers some level of fault. Note that the state x(t) is
assumed measurable.

In order to make the fault clear and easy to present, one
can define AB = —H(t)B,, then Eq. (2) can be rewritten as

1 (t) = Ax(t) + (By + AB)u(t), (3)
B =B, + AB, (4)

where B, is the control effectiveness matrix before the
faults occur.

Assumption 2.1. rank By = m.
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Assumption 2.2. The pair (4, By) is controllable.

Remark 2.1. The actuator fault AB can be treated as a
matched uncertainty and it satisfies the so-called matching
condition:

AB € Im By,

i.e. there exists a matrix (t) € R™™M, such that AB =
Byy(¢).

2.2, Integral-type sliding surface design

Typically, the design of a sliding mode controller is com-
posed of two steps. The first step involves the design of a
sliding surface, on which the system performance is main-
tained as expected. The second one is concerned with the
selection of a control law that will make the sliding surface
attractive to the system states. Once the sliding surface is
reached, the states are kept in the close neighborhood of the
sliding surface.

The integral sliding surface for the system is defined by
the following set:

S={x(t) e R": o(x(t),t) = 0}. (5)

The switching function o(x(t),t) € R" is defined as
a(x(t),t) = 0o(x(¢),t) + 2, (6)
oo (x(t), ) = CTx(t), (7)

where C € R",0¢(x(t),t) is the linear combination of the
states, which is similar to the conventional sliding mode
design. z includes the integral term and will be determined
below.

First of all, assume that there is no fault, i.e. AB = 0, then
the ideal system can be given by the following equations:

Xo(t) = Axo(t) + Bouy(t), (8)
x(t) = xo(to), 9)

where x,(t) denotes the state trajectory of the ideal system
under control input ug(t).

The choice of z is determined by the following equations
which guarantee that o(xy(t), t;) = 0.

z= —CT(Ax(t) + Byuy(t)), (10)
2(0) = —C7x(ty), (11)

ie.
z=—CT|x(ty) —i—/t (Ax(7) + Byug(7))dT]|. (12)

Remark 2.2. The term x(¢;) + f:o (Ax(7) + Byug(7))dr in
Eq. (12) can be regarded as the trajectory of the ideal
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system under the nominal control input u,. That is, the
motion equation of the sliding mode coincides with that of
the ideal system without perturbation.

Remark 2.3. With this definition of z, it is obtained that
o(x(to), ty) = oo(x(ty), to) +2(0) = 0. Thus, the system
trajectory under integral SMC starts from the designed
sliding surface and the reaching phase is eliminated
accordingly in contrast with conventional SMC.

Now, the problem is to design a control law that, pro-
vided x(ty) = x¢(to), guarantees the identity x(t) = x,(t) for
all the time t > 0. Then the control law can be formulated in
the following form:

u(t) = uo(t) + uy(t), (13)

where u(t) is the continuous nominal control part to sta-
bilize the ideal system, which is assumed to be fault-free
and in absence of uncertainties as shown in Eq. (8), such
that the ideal system follows a given trajectory with
satisfactory accuracy. uq(t) is the discontinuous integral
SMC part to compensate the perturbations that satisfy
the matching condition in order to ensure the sliding
motion.

Denoting x,(t) as the desired trajectory, another variable
x(t) = x(t) — x4(t) can be defined. Then the sliding mani-
fold is redefined as

o(X(t),t) = o + 2, (14)
where
oo = X(t) + X(t), (15)
7= —x(t) + Kix(t) + K,%(t),
2(0) = —x(to) — X(to), (16)

with diagonal matrices K; and K, denoting design
parameters.

2.3. Fault-tolerant control with bounded uncertainty

In this section, the traditional SMC is introduced to make a
comparison with the proposed ASMC. Assume that the
bound of the uncertainty is known during the design stage,
and it is incorporated into the design of the discontinuous
control gain. In this case, in order to compensate the pre-
sumed fault, the discontinuous control gain needs to be
increased which will stimulate significant control effort.

Assumption 2.3. The uncertainty in control effectiveness
matrix caused by an actuator fault is known within a certain
margin and satisfies

IAB-Bg| < <1, (17)
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where B is the pseudo inverse of B, defined by
By = (BgB,) 'Bg, (18)
and (3 is a positive constant representing the upper bound

of the uncertainty induced by an actuator fault.

In order to analyze the sliding motion associated with
the switching surface in Eq. (14) in the presence of the
actuator fault, the time derivative of the sliding manifold is
computed as follows:

a(X(t), t) = x(t) + K1 x(t) + K, (¢t). (19)
Equalizing &(X(t),t) = 0 yields

up = By (a(t) — Kix(t) — KoX(¢) — Ax(t)).  (20)

Then, substituting Eq. (20) into Egs. (1) and (3) yields

%(t) = Ax(t) + BB (%4(t) — Ky % (t) — KoX(€) — Ax(2)).
(21)

Remark 2.4. Note that in the case of no fault in the system
(AB =0), there exists (By+ AB)B§ =1. Equation (21)
becomes X(t) + K;x(t) + K,X(t) = 0, so the sliding motion
is achieved for the ideal system.

In the presence of fault, in order to maintain the sliding
motion, the discontinuous part is added and designed as

low:
below uy = —BJK,sign(c), (22)

where K, is a positive high gain matrix which makes the
sliding surface attractive.

Theorem 1. For the system described in Egs. (1) and (2),
assume that the uncertainty is bounded in Eq. (17). Then in a
faulty condition for any h;(t) > 0, by employing the following
feedback control:

u(t) = By (X4(t) — KqX(t) — KoX(t) — Ax(t))
— B{K_sign(o), (23)
the sliding motion will be achieved and maintained if

K > WO me/ur]

> et el (24

where u* = k,(t) — K;X(t) — K,%(t) — Ax(t) and 7 is a small
positive constant.
Proof. Substituting Eq. (23) into Eq. (19) gives
a(X(t), t) = Ax(t) + BB{ (%4(t) — K1X(t) — K>%(t)
— Ax(t)) — BB{ K,sign(o) — X4(t)
+ Ky X(t) + KX (t). (25)

Consider the candidate Lyapunov function as

V(t) = %U()?(t), t)To(x(t),t). (26)

The time derivative of the candidate Lyapunov function
satisfies

V = 0Ax(t) + 0BBy (%4(t) — K1X(t) — Ko (t) — Ax(t))
—0BB{ K,sign(o) — o%y(t) + oK X(t) + oKX (t)
= 0ABB{ (34(t) — Kix(t) — KoX(t) — Ax(t))
—oK_sign(o) — o ABB§ K_sign(o). (27)

Since the loss of control effectiveness of actuator fault is
considered here, the assumption ||AB-B{| < 3 < 1 holds.
Therefore,

V < ||ollB(%a(t) — Kax(t) — Kx(t) — Ax(t))

~[lol|K: — ||| BK.
= [|lof|(u*B - (1 + P)K.)
—nu*|a||
< W (28)

Thus, the system satisfies the standard 7-reachability
condition, which implies that the system can asymptotically
track the desired trajectory and the sliding motion is
maintained all the time. O

However, in order to account for the uncertainty, the
control discontinuity is increased which may lead to control
chattering. One can remove this condition by smoothing the
control discontinuity in a thin boundary layer neighboring
the switching surface:

B ={x,|lo(x;t)|| < @}, (29)

where @ is the boundary layer thickness with positive
value.
Accordingly, the feedback control law u(t) becomes

u(t) = By (%4(t) — Kix(t) — KpX(t) — Ax(t)
— K.sat(o/D)), (30)
where the sat function is defined as follows:

sign(o), if |lo]| > @
o/, if [|of| <@

sat(o/®) = {
2.4. Adaptive fault-tolerant control

As shown before, the integral SMC can achieve effective
tracking performance in the presence of parametric
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uncertainties in control effectiveness matrix while
avoiding exciting high-frequency dynamics. However,
for some real applications, an actuator fault could occur in
the system at any time, with unknown magnitude. It is hard
to know the uncertainty bound in advance. This stimulates
the authors to investigate the adaptive approach combined
with SMC to accommodate the unknown uncertainty
and fault. For large parametric uncertainties, which might
cause significant control efforts, the adaptive sliding
mode is also required to improve the control system per-
formance.

Intuitively, the actuator fault is related to the control
effectiveness matrix. When an actuator fault occurs, the
corresponding control gain will change accordingly. There-
fore, in order to be effective to accommodate the fault,
merely increasing the discontinuous control gain is not
enough. Because when the discontinuous control gain is
increased, the related control effort will be increased,
and the chattering phenomenon might be stimulated as
well. Therefore, both the continuous and discontinuous
control parts should be changed accordingly. In this section,
instead of using the pre-fault control matrix B{, the
post-fault control effectiveness matrix BT is used for
deriving the control law. The adaptive scheme is then
employed to estimate the post-fault control effectiveness
matrix. In this case, when an actuator fault occurs, both
the continuous and discontinuous control parts will be
adaptively changed to compensate the fault more effectively
(as shown in Fig. 1).

The sliding surface in Eq. (14) is employed, and the
derivative of the sliding surface can be found in Eq. (19).
Then the continuous control part is given by

ty = B* (%4(t) — Kix(t) — KoX () — AX(t)),  (32)
where B+ is the pseudo inverse of B given by
B+ =(B"B) BT, (33)

and B is the available estimation of the post-fault control
effectiveness matrix.

S / Fault
Slidi ® 4 o
iding = u(t) | Xt
Manifold sMC Ay’;“/itor Plant
L %
Adaptive
.| Parameter

Fig. 1. Schematic of the proposed ASMC.

Adaptive Sliding Mode Fault-Tolerant Control 213

Theorem 2. Define the adaptive law for estimating the
uncertain control effectiveness matrix as

.+

B = [—&q(t) + KiX(t) + KX (t) + Ax(t)
+ Kesat(o/®)]oa, (34)

where o, = o — ®sat(o/®) is the measurement of the
algebraic distance between the current state and the
boundary layer.

Assume that after fault occurrence, the control effective-
ness matrix B is unknown but constant

AB=E, (35)

where E is a constant matrix.
Then, the system trajectory is guaranteed to remain on
the sliding surface with the choice that,

K>
[Ju* |
Remark 2.5. Compared to the discontinuous control gain
K, in the traditional SMC with bounded uncertainty, the one
in the proposed ASMC is reduced due to the change of the
continuous control part. In this case, the chattering effect is
suppressed.

(36)

Proof. In order to ensure the sliding motion convergences
to the boundary layer, a Lyapunov function is defined as
follows:

V= % ooy + BB —B)T(Bt—BY)].  (37)

When the sliding motion is inside the boundary layer,
o = 0 holds, in this case the derivative of the Lyapunov
function becomes

V=0. (38)

When it is outside the boundary layer, 5, = &, and there
exists

V—ipon+ BB —B)B . (39)
Substituting Egs. (25) and (34) into Eq. (39) gives

V = [Ax(t) + BB (k4(t) — K1x(t) — K>%(t) — Ax(t))

—BB K sat(c/®) — k4(t) + K1X(t) + K>%(t)]o 4

+BBF[—5y(t) + K1X(t) + KoX(t) + Ax(t)]o s

BB [—54(t) + Ki(t) + Ko (t) + Ax(e)]o s

+(BB* — BB)K,sat(c/®)o4. (40)
Furthermore, it can be obtained that,

V = —K.sat(c/®)o,

—Kclloall- (41)

IN



Un. Sys. 2017.05:209-221. Downloaded from www.worldscientific.com
by NATIONAL UNIVERSITY OF SINGAPORE on 01/15/18. For personal use only.

214 B. Wang & Y. Zhang

Finally, with the physical control law obtained below

u(t) = —B*[k4(t) + K1 X(t) + KX (t)
+ Ax(t) + K sat(o/®)], (42)

the sliding motion is maintained all the time. O

Remark 2.6. Since the construction of the sliding surface is
based on the tracking error of the concerned state and its
derivative, and the desired sliding surface is defined as ¢ = 0,
if the desired sliding surface can be achieved and maintained,
it means that the tracking error and its derivative converge to
zero. In this case, the stability and tracking performance of
the original system can be maintained.

3. Modeling of an Unmanned Quadrotor Helicopter

The mathematical model of an unmanned quadrotor heli-
copter is described in this section, which will be used as a
testbed for the demonstration of the developed algorithms.
The quadrotor helicopter used in this paper is called Qball-
X4, produced by Quanser. The quadrotor helicopter is very
well modeled with four motors in a cross configuration. All
the propellers’ axes of rotation are fixed and parallel. Fur-
thermore, they have fixed-pitch blades and their air flows
point downwards. These considerations point out that the
structure is quite rigid and the only thing that can vary is
the speeds of the propellers. Each pair of opposite pro-
pellers turns the same way. The front and rear propellers
rotate clockwise, and the left and right ones spin counter-
clockwise (see Fig. 2) [28]. In this configuration, two op-
posite propellers contribute to the motion in x- and y-axes,
respectively. Therefore, the rotations about these two axes
can be decoupled.

O,

Fig. 2. Configuration of the unmanned quadrotor helicopter.

The relationship between the thrust T; and the ith motor
is given by [29]

T, — K—

P u;, (43)
where K is a positive gain, w is the actuator bandwidth,
and u; is the ith motor’s PWM input.

In order to make it easier to model the actuator
dynamics, a state variable v is defined to represent the
actuator dynamics

w
= . 44
VI S+wul ( )

Thus, the thrust can be represented as:
Ti = Kl/,‘. (4‘5)
The generated torque by each motor is defined as:

Ti = Ky Vi, (46)

where K, is a positive gain.
Therefore, the forces and moments along with each axis
can be obtained as:

u, = K(Ul + vy + V3 + V4)7
Ll¢7 = KL(V3 — 1/4,),
up = KL(v1 — 1),

Llu = Ky(l/l + Vy — V3 — 1/4_)7

(47)

where L is the distance between the propeller and the
center of gravity of the quadrotor helicopter.

According to Newton’s second law, the nonlinear dy-
namics of the quadrotor helicopter in hybrid-frame can be
written as follows:

X = (cos¢sin9cosz/1+Sing““”/’)%»
Y = (cos¢sin051nw—sin¢cos¢)%

)

Z= (cos¢>cos€)%—g,

. L, — 1, L (48)
IXX IXX ’
q — IZZ IXX r + ﬁ ,
IY)’ Iyy
—1 u
xx — lyy ¥
r= q +— )
IZZ IZZ

where I,,,1,, and I,, is the inertial moment along with each
axis, respectively, and m is the weight of the quadrotor. p is
the roll angular rate, q is the pitch angular rate, and r is the
yaw angular rate.

By now, the nonlinear model of the quadrotor helicopter

has been obtained as shown in Eq. (48). However, in order
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to facilitate the controller design, the nonlinear dynamics
should be simplified. Since the changes of roll and pitch
angles can be assumed to be very small, the transfer matrix
T, shown in Egs. (49) and (50), which defines the rela-
tionship between the angular velocities in the body-
fixed frame and those in the earth-fixed inertial frame,
is very close to an identity matrix. Therefore, the angular
velocities can be replaced directly by the Euler-angle rates
as shown in Eq. (51). Associated parameters of the quad-
rotor helicopter used in the above equations are listed
in Table 1.

A
q|=Te| 6 |- (49)
r .
(G
1 0 —sind
To =10 <cos¢ cosfsing |. (50)

0 —sin¢ cosfcoso

X = (cos¢sin9cos1/1+sin¢sinw)%7

Yy = (cosqbsin@sinzﬂ—SinqﬁCOSi/J)%a

Z= (cosqﬁcos@)%—g,

Gty Tl U (51)
IXX IXX

. L,—1I, . Uy

0 — zz XX d)r[/) + -,
Iyy Iyy

b _ ey 30+ 22
IZZ IZZ

In order to linearize the mathematical model of the
quadrotor for the controller design, the motion of the
quadrotor is assumed to be close to the hover condition,
yaw angle is fixed to zero (¢ = 0), and small angle changes
occur for roll and pitch. Based on this trim condition, the
linearized dynamic model of the quadrotor helicopter can

Table 1. System parameters.

Parameter Description Value
K Thrust gain 120N
w Motor bandwidth 15rad/sec
M Mass 1.4kg
L Distance 0.2m
K, Torque gain 4N-m
Ly Inertial moment along x axis  0.03 kg-m?
L, Inertial moment along y axis  0.03 kg-m?
I, Inertial moment along z axis  0.04 kg-m?
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be summarized as follows:

X =gb, o=-2,

e
.. u .- /y
Z=-g+-—= ==,
g+ ¥ L
Thus, for the position and attitude control of the quad-
rotor helicopter, the state vector is defined as
x=[XY Z ¢ 0]". In this case, the matrix 4 is a null matrix

and matrix B, is calculated as follows:

g 0 0 0 0 0
0 —g 0 0 0 0
0 0 K K K K
0

KL KL
0 0 0 — ——
By = L L (53)
KL KL
o 0 — —— 0 0
Iyy Iyy
0o 0 & &K K K
I, I, I, I,

4. Simulation Results

In this section, in order to demonstrate the performance of
the proposed ASMC, simulations based on the unmanned
Qball-X4 quadrotor helicopter under different faulty sce-
narios are carried out. Firstly, the longitudinal motion of the
quadrotor helicopter is considered to track a pitch angle
command 6, in the presence of actuator fault. In this case, it
is assumed that the quadrotor helicopter is in a hover mode.
The desired pitch command is generated from the following
pre-filter [27]:

04 + 30, + 40, = 40*, (54)

where 6* changes from 0 to 5° at 55, and goes back to 0 at
10's, then changes to —5° at 15 s, and goes back to 0 at 20 s,
after that, remains on 0 for 10 s. Three different faulty cases
are considered. In the first case, 20% loss of control effec-
tiveness fault occurs in actuator #1 at 14 s. In the second
case, 50% loss of control effectiveness fault occurs in ac-
tuator #1 at 14s. Finally, the quadrotor helicopter is com-
manded to track a circular trajectory, and 50% loss of
control effectiveness faults occur in two different actuators
at 50s and 70 s, respectively.

4.1. Case 1: 20% loss of control effectiveness
in one actuator

For the nominal SMC (NSMC), parameters are chosen as K; =
diag([4 4 10 20 20 10]), K, = diag([4 4 25 100 100 25]),
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K.=[551012 12 10]", 5n=0.1, and & =0.1. For
comparison, the same values of K1, K,, K., and ® are chosen in
the proposed adaptive sliding mode controller.

Figures 3 and 5 show the tracking performance of the
pitch angle with the nominal sliding mode controller and
the proposed adaptive sliding mode controller, respectively,
with 20% loss of control effectiveness in actuator #1. Since
the changed elements in matrix B have the same absolute
value, only the adaptive parameter with positive value is
illustrated in Fig. 7, which stops changing when the tra-
jectory of the sliding motion is inside the boundary layer.
The simulation results show that, after the occurrence of
such a relatively small magnitude of the fault, both sliding
mode controllers can make a quick compensation to main-
tain a good tracking performance. Moreover, the NSMC
presents a lesser tracking error than the ASMC. This is
achieved by using more control effort as can be observed in
Figs. 4 and 6.

Remark 4.1. At the beginning, the actuator fault has been
considered for designing the NSMC. If the fault is within the
bound, the controller will have a quicker response to it and
ensure less tracking error. But in the meantime, in order to
accommodate the fault, it will sacrifice more control
efforts than the ASMC. This is because, the NSMC uses the
robustness of the discontinuous control strategy, and the
control gain is chosen to be larger due to the consideration
of the presumed fault.
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Fig. 3. Tracking performance using NSMC with 20% loss of
control effectiveness in actuator #1.
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Fig. 4. Control input of the faulty actuator using NSMC with 20%
loss of control effectiveness in actuator #1.
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Fig. 5. Tracking performance using ASMC with 20% loss of
control effectiveness in actuator #1.

4.2. Case 2: 50% loss of control effectiveness
in one actuator

In this section, the performance of both controllers are
demonstrated when a large fault occurs in actuator #1. In
order to maintain the control performance in the fault-free
condition, the discontinuous control gain cannot be en-
larged ceaselessly. So the gains of both controllers are se-
lected the same as the previous case. 50% loss of control
effectiveness fault is now injected at 14s. As shown in
Figs. 8 and 10, for the NSMC, when the actuator fault is
increased to 50% loss of control effectiveness, the system
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Fig. 6. Control input of the faulty actuator using ASMC with 20%
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Fig. 7. Adaptive control gain using ASMC with 20% loss of control
effectiveness in actuator #1.

still shows a quick response but it cannot track the desired
pitch command well with obvious tracking error. What is
worse, the chattering appears as shown in Fig. 10. This
might stimulate other unmodeled dynamics and make the
system performance worse. On the contrary, by using the
proposed ASMC, a good tracking performance is maintained
and there is only one small overshoot at the initial stage
after fault occurrence as shown in Fig. 9. The variation of
one of the adaptive elements is shown in Fig. 12, which
becomes bigger compared to the one dealing with 20% loss
of control effectiveness fault to compensate the larger fault
magnitude. As to the control inputs shown in Figs. 10
and 11, the one in the NSMC almost reaches the limit, while
the one in the proposed ASMC is maintained much lower.
This feature of the proposed ASMC shows its ability of
making the system more robust to large uncertainties.

Remark 4.2. During the design stage, if a large fault is
considered for NSMC, the system performance cannot be
guaranteed in fault-free condition, although it can accom-
modate a large fault. However, if only a small fault is
considered for NSMC in order to maintain system
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Fig. 10. Control input of the faulty actuator using NSMC with
50% loss of control effectiveness in actuator #1.

0.05 T T T T T

0.04

0.03

Motor input (PWM)

0.02 . . . . .

0 5 10 15 20 25 30
Time (s)

Fig. 11. Control input of the faulty actuator using ASMC with

50% loss of control effectiveness in actuator #1.

performance in both fault-free and faulty conditions, when
the uncertainty caused by the fault exceeds the presumed
bound, the system performance cannot be maintained
anymore. On the contrary, there is no such a worry for
the proposed ASMC, and it shows the strong ability of
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Fig. 12. Adaptive control gain using ASMC with 50% loss of
control effectiveness in actuator #1.
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Fig. 13. 3D trajectory tracking with 50% loss of control effec-
tiveness in actuators #1 and #4 sequentially.

maintaining the system performance seamlessly in the
presence of large actuator faults.

4.3. Case 3: 3D trajectory tracking with 50% loss of
control effectiveness in two different actuators

In order to demonstrate the effectiveness of the proposed
ASMC in the case of multiple different actuator faults
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Fig. 14. x position tracking and tracking error with 50% loss of
control effectiveness in actuators #1 and #4 sequentially.
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Fig. 15. y position tracking and tracking error with 50% loss of
control effectiveness in actuators #1 and #4 sequentially.

occurring in the system, a circular trajectory is commanded
to the quadrotor helicopter as shown in Fig. 13. The
tracking performance of the NSMC is also shown as com-
parison. The diameter of the circle is defined as 1 m. Firstly,
the quadrotor helicopter is lifted up to 0.7 m, and then it is
commanded to move along the y-axis to the tip of the circle.
After that, it follows a clockwise circular trajectory. 50%
loss of control effectiveness fault occurs in actuators #1
and #4 at 50s and 70 s, respectively. The detailed transla-
tional position tracking performance for each direction is
shown in Figs. 14, 15, and 16, respectively, and the inner
loop attitude control performance is shown in Figs. 17
and 18, respectively. From the simulation results, it can be
seen that, after faults’ occurrence, the proposed ASMC can
make a quick compensation to maintain the inner loop at-
titude control, and then it results in a smaller impact on the
outer loop position tracking performance.

Remark 4.3. Since the output of the outer loop controller
is the desired attitude angle, so there is no direct
relationship between the position control and the actuators.
Then, for x and y position controls, when an actuator fault
occurs, the most important issue is to maintain the inner
loop attitude control performance. This is because, as long
as the desired attitude angle is tracked, the performance of
the whole system is guaranteed.
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Fig. 16. z position tracking and tracking error with 50% loss of
control effectiveness in actuators #1 and #4 sequentially.
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5. Conclusions

In this paper, a novel ASMC method is proposed to control
an unmanned quadrotor helicopter in the presence of
actuator faults. When faults occur, the proposed ASMC
scheme is able to automatically provide robustness and
maintain good tracking performance with even a large fault
magnitude. The main contribution of the proposed method
is that it does not require the bound of the uncertainty to be
known. Meanwhile, the control effort is reduced and the
chattering phenomenon is eliminated especially when a
large fault is considered with the help of the adaptive
change of both continuous and discontinuous control parts.
The control scheme is validated under different faulty sce-
narios. The simulation results show that the proposed
ASMC achieves a good tracking performance in both fault-
free and faulty conditions.
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