IMAV2017-12
http://www.imavs.org/pdf/imav.2017.12

International Micro Air Vehicle Conference and Flight Competition (IMAV) 2017 81

Robust Attitude Control for Quadrotors with External
Disturbances

H. Nemati; A. Naghash, S. Mozafari, and A. Jamei
Amirkabir University of Technology (Tehran Polytechnic), 424 Hafez Ave., Tehran 15875-4413, Iran

ABSTRACT

This study investigates a design procedure for
a robust nonlinear control algorithm based on
sliding mode control (SMC) to stabilize the atti-
tude of a 3-DOF quadrotor UAV subject to exter-
nal disturbances. Since traditional sliding mode
controllers are sensitive against external distur-
bances in the reaching phase, a new algorithm
is proposed to enhance the robust performance
of an SMC strategy. Dynamic equations are ob-
tained using Newton-Euler formalism and the
quadrotor’s centre of mass is assumed not to be
coincident at the origin of body frame. The ro-
bust stability and the robust tracking property are
achieved using the Lyapunov’s direct method.
Experimental results are given to highlight the
effectiveness of the designed control strategy.

1 INTRODUCTION

Flight control of Unmanned Aerial Vehicles (UAVs) have
received considerable attention from researchers recently be-
cause of numerous applications ranging from transportation
(such as Amazon delivery system), security, rescue mission,
agriculture, construction, traffic surveillance, image process-
ing over nuclear reactors, management of natural risks, en-
vironment exploration, mapping, aerial cinematography, bor-
der prohibition and military. To accomplish these features
which are executed in hazardous and inaccessible situations,
the designed controller must be robust against environmental
disturbances (such as wind gust) and parameter uncertainty
(such as inertia variation).

Real systems exhibit hard nonlinearities such as Coulomb
friction, actuator saturation, valve dead zones, gear backlash
and hysteresis which may possess some discontinuous fea-
tures that do not lend themselves to the linear approximation
[1]. Nonlinear control systems provide a level of dynamic
capabilities when dealing with parameter variations and un-
modeled dynamics that linear approaches cannot deal with.
Indeed, the success of a UAV mission strongly depends upon
the precision of its attitude control in spite of the presence
of environmental disturbances and large parameter uncertain-
ties. Hence, the designed controller must be somewhat im-
mune to variations across parameters in the model and be able
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to overcome the above inaccuracies. Sliding mode control
(SMC) has been recognized as a robust control technique for
quadrotor’s attitude motion because of its inherent advantages
of strong stability, disturbance rejection and low sensitivity to
plant parameter variations [2].

The quadrotor is a four-propeller Vertical Take-Off and
Landing (VTOL) rotorcraft which has been proven to be one
of the efficient vehicles to achieve rapid turns and strong ma-
neuverability compared to traditional aircraft. Over several
years much research has been devoted to design of the atti-
tude controller for the quadrotor UAV. In [3], a robust flight
controller for a 6-DOF quadrotor model has been designed
based on the sliding mode control driven by sliding mode
disturbance observer (SMC-SMDO). This controller has been
relied on the knowledge of the limits of the disturbance. Since
the determination of the coefficients used in the sliding sur-
face is difficult in practice, Hurwitz stability analysis has
been employed in [4, 5] to obtain the nonlinear coefficients
of the second order sliding manifold. Besides, the nonlin-
ear sliding surface has been simplified by linearizing around
the desired equilibrium points and then the nonlinear coeffi-
cients were calculated by Hurwitz stability. A super twist-
ing sliding mode controller has been designed in [6] by uti-
lizing a cascaded inner-outer loop structure for a quadrotor.
Its robustness has been also compared against a traditional
SMC, a popular linear controller (LQR-PD) and a nonlinear
feedback linearization based controller subject to wind turbu-
lence conditions and modeling uncertainties. Active distur-
bance rejection control are often used to eliminate the effect
of the state coupling and uncertainties. The robust trajectory
tracking problem of an autonomous quadrotor with obstacle
avoidance based on the active disturbance rejection control
has been introduced in [7]. The problem of attitude regula-
tion for a quadrotor with parametric uncertainties and exter-
nal disturbances has been studied theoretically by employing
a novel adaptive fuzzy gain-scheduling sliding mode control
approach in [8].

So far, a large number of references have been devoted to
the theoretical analysis of a quadrotor flight controller based
upon the linear and nonlinear control methods. There is much
research for position/attitude control of a quadrotor in a real
time. Model based controller for position and attitude trajec-
tory tracking of a quadrotor have been introduced experimen-
tally in [9]. The problem of designing and experimentally
validating a controller based on a backstepping procedure for
steering a quadrotor system along a trajectory subject to ex-
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ternal disturbances has been addressed in [10, 11]. A high-
performance flight control approach utilizing an active dis-
turbance rejection technique for the quadrotors has been stud-
ied in [12]. Recently, second order sliding mode controllers
which are the simplest class of the higer order sliding mode
(HOSM) approach are taken into account experimentally by
many researchers. A popular type of the second order sliding
mode control, super twisting algorithm, has been utilized in
[13] to stabilize a quadrotor UAV experimentally. However,
HOSM is not able to ensure the finite time stability [14] and
the system trajectory in the second order sliding mode control
strategy is very slow when states are far away from the origin
[15]. Traditional SMC has been employed in [16] to stabilize
the translational motion of a quadrotor experimentally.

Generally, sliding motion consists of two phases: reach-
ing phase and sliding phase. In the reaching phase, the system
trajectory starts from a given initial condition of the prede-
termined sliding surface, moves towards it and reaches it in
a finite time. In the sliding phase, the motion is restricted
to the sliding manifold, lies on it and converges to the de-
sired condition. However, the control system trajectory in the
reaching phase is sensitive to external disturbances and uncer-
tainties while the system motion is insensitive against distur-
bances/parameter variations within sliding phase. There ex-
ists a method to enhance the robust performance of the SMC
technique by shortening the reaching phase known as Time-
Varying Sliding Mode Control (TVSMC). In [17] a stepwise
time-varying switching manifold has been introduced. How-
ever, this method cannot guarantee insensitivity of the system
subject to external disturbances and parameter uncertainties.

In this paper, the problem of attitude control of a 3-
DOF quadrotor UAV is investigated experimentally. Accurate
quadrotor model is considered such that the centre of mass of
the quadrotor does not coincide with the origin of the body-
fixed frame. The reminder of this paper is organized as fol-
lows: at first, preliminaries for deriving an attitude model of a
3-DOF quadrotor are introduced. Then, a design procedure of
an SMC law is developed. Thereafter, numerical simulations
and experimental implementations are performed to validate
the effectiveness of the designed controller in the presence of
the wind gust (as an external disturbance) using an experi-
mental wind tunnel. Finally, this paper is ended with some
concluding remarks.

2 DyYNAMIC MODEL

The dynamical model of a quadrotor consisting of four
propellers in cross-shaped frame is studied in this section, as
shown in Fig. 1. The attitude change of the quadrotor results
from variations on forces and moments produced by adjust-
ing rotors’ speeds. To calculate the dynamic model of the
quadrotor, the following assumptions have been considered:

e The quadrotor’s structure is supposed to be rigid and
symmetrical.
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Figure 1: Schematic of the quadrotor configuration with co-
ordinate axes

e The propellers are rigid i.e. propeller flapping does not
happen.

e The centre of mass does not coincide with the origin of
the body-fixed frame.

e Aerodynamic forces and moments are proportional to
the square of rotor’s speed.

e The axes of the body-frame are coincident with the
principle axes of the quadrotor i.e. the inertia matrix
of the quadrotor is diagonal.

Let & = {zg,yE, zp} be the Earth-fixed inertial frame
and 4 = {zpB,ys,2zp} denotes the body-fixed frame in
which its origin is located in the centre of mass of the quadro-
tor. The attitude of the quadrotor is described by ZY X Euler
angle notations where the Euler angles © = [ o 0 }T
are respectively known as roll (rotation around x —axis), pitch
(rotation around y—axis) and yaw (rotation around z—axis).

T T

Attitude angles are bounded as follows: ¢ € (—3,7%),

0 € (—%,%) and ¢ € (—m,m) because the various acro-
batic flying is not admissible. w? = [ p q ]T repre-
sents quadrotor’s angular velocity in frame 2. The rotational
kinematics is obtained from the transformation of the Euler

rates © = [ qb 0 ¢ ]T measured in the Earth-fixed iner-

tial frame and angular body rates w® = [ p q r ]T as
follows:
wB=M®6
p 1 0 - Sg (b (1)
qg =10 Cy Se Co 0
T 0 - S¢> C¢ Cg 1/1

where “S” and “C” denote “sin” and “cos” trigonometric
functions, respectively. Euler angles are assumed to be small
around the hovering position. On the other hand, cos¢ =
cosf = 1, sin ¢ = ¢ and sin § = 0 are assumed.
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The attitude dynamics of the quadrotor can be derived us-
ing the Newton-Euler equations in the body frame with the
following general formalism:

JoB +wB x (JuwP)+ M, =7

where J is an inertia matrix (J

@

= dingl e, Ty, J-2))

of the quadrotor, M, is the propeller gyroscopic effect and

T .

T=|[7 7, 7. ] presents the total moments acting on
the quadrotor in the body frame. The gyroscopic moment re-
sulting from the propeller’s kinetic energies can be described

as:

My=wPx[0 0

YRR 3)

where J,- denotes the propellers’ inertia and 2,- represents the
relative propeller’s speed which can be defined as:

4
Q=> ()",

i=1

“

The aerodynamic forces (7') and moments (M) produced
by the i*” propeller can be expressed as:

T; = kpi Q2

M; = ki Q2

(&)

where k7; and kjs; are aerodynamic constants which can be
determined experimentally for each rotor. Then, the total mo-
ments 7 can be derived using the following relationship:

V2

T =——L(T1 —Tp —Ts+Ty)

2
V2
2
T, = My — M + M3

Ty

6)

L(-Th—To+T5+1Ty)

— M,

where L is a distance between the propeller and the centre of
mass of the quadrotor. Hence, control inputs can be described
by combining Eqs. (5) and (6) in a vector form as:

U1
Uz
us
Uy

1 1 1 1 Ty
2 2 2 2
-5 L %L 5L 5L Ts
kay _kno kms _kuma Ty
k1 kT2 kT3 kT4
(N

Eventually, the quadrotor attitude dynamics can be writ-
ten using Egs. (2) and (7) in the following form:

0
i | =
(G

Joz—Jpw—mc? QWJ

3
Jyy+mc?

M Jyy+me®—J.. 91?

Jrz+mc?

Jyy+mc?
zz—Jyy 10
T vy ¢9

U2

Jzz+mc?
o

+ mgc
Uy
Jzz

6
Jzz+mc?

- Q.| -9 |+

Jyy+mc?

0
sin ¢

J;r;nfmez
sin
PJ
Jyy+mc

0

®

IMAV 2017, Toulouse, France, 18-22 September 2017

83

where c is a distance between the centre of mass and the cen-
tre of rotation of the quadrotor. Since propellers are very
light, their moment of inertia can be ignored.

3 CONTROLLER DESIGN

In this section, sliding mode control (SMC) is designed
for stabilization of the attitude of an over-actuated 3-DOF
quadrotor.

3.1 Conventional Sliding Mode Control (Conv. SMC)

A conventional sliding surface (0..n,.) can be expressed
as follows:

i=1,2,3 )

Oconv.,i = -(i'z + >\z j'z ;

T . .
where x; = [ ¢ 0 Y ] is a state vector, Z is a pertur-
bation from the reference (z = x — z4) and A is a positive
constant.

To guarantee the asymptotic stability of the system, con-
sider the following positive-definite function of o.oy,. as a
Lyapunov candidate:

1 2
Vvi = 5 Oconv.,i
The time derivative of the Lyapunov candidate can be written
in the following form:

(10)

8gconv4 K3
ot (11)

= Oconwv.,i (sz + )\’L jL)

‘/i = Oconw.,i

According to the Lyapunov’s direct method, the negative def-
initeness of V' implies that the equilibrium state at the origin
is asymptotically stable i.e.,

aaconv. K3

Oconwv.,i ot = —H ‘Uconv.,i|

(12)
= -i'z + >\z -i'z = —lq Sign Oconv.,i

where p is a positive constant. sign o denotes a signum func-
tion and can be determined as:

+1 o>0
signo = 0 oc=0 (13)
-1 o <0

As a consequence, the nonlinear control inputs are designed
using Egs. (8) and (12) as:
U2 :(me + mCQ) |:¢d — M1 Sigl’l Oconv.,1 — )\1(¢ - ¢d)i| +

(Joz — Jyy — mc?) 09 + J,Q,.0 + mgc sin ¢

(14)
us :(Juy + mc2) |:9d — K2 Sign Oconv.,2 — AQ(H - 0d)i| +

(Jxx + me? — Jzz) wa - J7Q7¢ + mge sin 6
(15)
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and

Uyg :']zz QLd — M3 Sign Oconv.,3 — )\3(¢ - wd) +
(‘]yy - Jﬂcm) (Z)@

As it can be seen from Egs. (13) to (16), signum function is
a discontinuous function which can switch the control sig-
nal at an infinite frequency and therefore excite the unmod-
eled fast dynamics or undesired oscillations called chattering
(or ripple). The chattering phenomenon is undesired in prac-
tice because it can reduce the system’s performance or even
lead to instability. Particularly, for a system with flexible ap-
pendages, the chattering may disintegrate the whole system.
To solve this problem, one may approximate the discontinu-
ous function with a hyperbolic switching function as:

(16)

U2 :(Jxm + mc2) |:¢d — M1 tanh Oconv.,1 — )\1(¢ - ¢d):| +

(Jos — Jyy — mc?) 0y + J,9,.0 + mgce sin ¢
a7

s

ug =(Jyy + mc?) [éd — potanh ocony. 2 — )\2(9 — éd)} +

(Jow +mc? — J..) & — J.Qpd + mge sin
(18)

and

Ug :Jzz [1/)d — M3 tanh Oconv.,3 — )‘3(1/} - wd) +
(Jyy - Ju) ¢9

3.2 Nonsingular Terminal Sliding Mode Control (NTSMC)

Conventional SMC utilizes a linear switching surface
which cannot guarantee the finite time convergence of the
state variables. On the other hand, the convergence rate to
the desired state variables has an infinite settling time expo-
nentially. In [18], a hierarchical control strategy has been pre-
sented theoretically based on the adaptive radical basis func-
tion neural networks and an integral SMC for the position and
attitude tracking of a quadrotor UAV. Though, the hierarchi-
cal control scheme offered fast convergence, it employs larger
control domain. To enhance the convergence performance of
the traditional sliding mode controller, terminal sliding mode
control (TSMC) has been introduced [19]. TSMC uses non-
linear switching manifold in which output errors converge to
zero in a finite time. However, TSMC has a critical disadvan-
tage of a singularity problem. Hence, nonsingular terminal
sliding mode control (NTSMC) [20] is employed to stabilize
the attitude of a quadrotor UAV.

Without loss of generality, a nonsingular terminal sliding
manifold can be described as:

19)

Bi

ONTSMC, = Ti + & 7T ; 1=1,2,3 (20)
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where o and 3 are positive odd integers and must satisfy
a < [ < 2a«. € is a positive scalar. The nonlinearity term
B

#;“ in Eq. (20) can improve the convergence speed and as-
sure a bounded control input toward an equilibrium point. To
guarantee that the state trajectory remains around the non-
singular terminal switching surface, the following condition
should be satisfied:

OONTSMC,i

ONTSMC,i ot <0 (21)

Taking the time-derivative of Eq. (21) along Eq. (20) leads to:

OONTSMC,i
ONTSMCi — g~

: Bi = = (-1
=ONTSMC,i|Ti + 61‘5 T4
3

(22)

As a result, to ensure the Lyapunov stability, the following
relation should be satisfied:
- (2-£%) Bi =

Z; + fi; Ty = —p; signonrsmc,:  (23)
3

Finally, nonsingular terminal sliding mode controllers can be
rewritten as:

. . . . (2_%)
Ug :<¢d — i signonrsac, — (¢ — ¢a) ! )

(Jow +mc?) (Joz = Jyy — mc?) 64 (24

(0%} +
&151
JTQTQ + mgc sin ¢

. ) . . (2,(%2)
u3 =(9d — pgsignonrsmc,e — (0 — 0q) 2 )

(Jyy + M) 22 4 (Jpw + me? — Joz) dy— (25)
&2
JrQrd; + mgc sin 6

and

(4 : ) (222
Uy —(1/&1 — pssignonrsmes — (Y —q)" @3 )

(%} ..
&3 Jie) 96
As can be observed from Egs. (24) to (26), nonsingular termi-
nal sliding controllers still include the discontinuous signum
function which may cause the chattering phenomenon. To
avoid this problem, the signum function can be easily re-
placed by the hyperbolic function as discussed from Eqs. (14)
to (16).

(26)

. . . (2_571)
U =(¢d — py tanhonrsvct — (¢ — ¢a) ! )

(Jaw +me®) - 4 (I, — Jyy — me?) i+ 2D

&161
J-Q,0 + mge sin ¢
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a . . (2_272)
us :(901 — potanh onrsarce — (0 — 0q) 2 )

(Jyy + M) 2 4 (T + me? — J2) dp— (29

2
_ +

§252

J Q¢ + mge sin 0

and

[ . (2—Bs)
ug =(1g — psgtanhonrspmcos — (Y — q)~ o3

Jor 3 (Jyy — Juw) $O @

zz7+ yy — Yxx

3P "

3.3 Slope-Varying Nonsingular Terminal Sliding Mode
Control (SVNTSMC)

In this subsection, a new continuous time-varying switch-
ing surface is introduced. The main feature of the proposed
time-varying sliding mode control approach is to shorten the
reaching phase via continuously rotating switching manifold
(known as slope-varying). Therefore, the following sliding
manifold is suggested as:

™

i
i

osyNTsMCi = T+ fi(t) & % ;

Q

i=1,2,3 (30)

where f;(t) is a nonlinear time-varying function. It should
be noted that the proposed time-varying switching mani-
fold is applicable to any types of SMC approaches, although
NTSMC has been chosen because of its aforementioned ad-
vantages.

Then, the design procedure of the proposed nonlinear
function f(t) is studied. First, the initial values for f(t) func-
tion must be described such that the initial states lies on the
sliding surface i.e.,

fi(0) = —% ;
& 2:(0)™

Thereafter, the function f(t) must be chosen such that the
slope-varying sliding manifold approaches the desired sliding
surface in a finite time. As an example, one may select the
following nonlinear function:

i=1,23 @31

fi(t) = £i(0) + (1 - £:(0) ) tanht 5 i=1,2,3 (32)

As a result, slope-varying nonsingular terminal sliding mode
controllers can be derived as:

@-ah) _

aq

Uy = (qﬁd — pitanhogynrsme,1 — (¢ — ¢a)
¢ g 2 L
51 fl(t)(¢ (bd)) (sz + mc )5161 fl(t)—‘r
—mc?) 0 + J,9,0 + mge sin ¢
(33)

(JZZ - Jyy
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B8
@i

uz = (éd — pg tanh osy nTsace — (0 — 0q)
o (¢ 0—0 Jyy + mc? L—O—
& J2()(0 = 00)) Uy + me) 55 s
(Jea +mc® — J.2) dtb — Jo Q¢ + mge sinf
(34)
and

(2—-£53) _

Uy :<1Z}d — pztanh osy nrsaos — (1 — Ua)

& Ja(O) () = ha) ) J.c + (Tyy — Joa) 06
(35)

%
&3P f3(t)

To calculate a first component of the control input vector
(u1), let’s rewrite T; from Eq. (7) as:

_ 1 V2 oV2 k11

Bo=gut g qn s T T,
T, lul — QUQ — @W _ ks
4 4L 4L 4 ko (36)
T3 1ul Q'UQ + @w, Py Uy
4 4L 4L 4 ks
T, = im + guz + gus — 4kkT1:[4 4

It is apparent from Eq. (36) that each T includes a fixed term
(iul) and a variable term (%;) as:

Lo V2 o V2 kn
YTUr T AL P T Ak
——Qu —ﬁu _ P U
2 AL 2 AL Ak a7
G V2o V2 kg
3 AL 2T AL P T Ak
U, :@u —l-@u — Py U
YTUL P T AL Ak
Therefore, the minimum value of u; can be obtained as:
up =4 |(min @;) — Tnin (38)

where T,,;,, is a minimum thrust that can be computed exper-
imentally as T, = 0.096 N.

4 SIMULATION AND EXPERIMENTAL RESULTS

This section is dedicated to simulation and real-time
experimental validation of the nonsingular terminal sliding
mode control (NTSMC) approach for stabilizing the attitude
of a 3-DOF quadrotor UAV. The designed experimental test
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bed is demonstrated in Fig. 2. The quadrotor under investiga-
tion consists of an inertial measurement unit (IMU) and an in-
ternal computer with a 1 GHz 32 bit ARM Cortex A8 proces-
sor. All the measurements collected by the micro-processor
with a frequency of 500 Hz is sent to a ground station us-
ing a Wi-Fi connection. The testing architecture is devel-
oped utilizing a Paparazzi UAV to merge sensors, control
law and the communication with the quadrotor. The identi-
fied parameters for the experimental test bed are as follows:
m = 0.42kg, L =0.18 m, J,, = Jy, = 1.8 x 1073 kg m?,
J., = 4.7 x 1073 kg m?, J, = 1.85 x 107 kg m?,
kr; = 5.7x 1079, kppy = 1.7 x 1077, g = 9.81 m/s? and
¢ = 3 x 1072 m. In this work, attitude Euler angles are re-
stricted as: —g << % and —% <6< g Sliding gains
are chosen as & = & = &5 = 0.5, ug = po = psz = 6,
a1:agzagzllandﬁlzﬁgzﬁgzl&

In this paper, two sliding mode controllers (NTSMC and
the proposed SVNTSMC) are applied to a quadrotor subject
to the maximum wind velocity (18 m/s). Then, a roll com-
mand (¢4 = 10 deg) is executed to the system and attitude
stabilization is performed during this maneuver. It is neces-
sary to mention that the wind gust is provided in the AUT
wind tunnel, DANA Laboratory.

Attitude tracking of the quadrotor by experiments are
shown in Figs. 3 and 4. Fig. 3 displays time history of Eu-
ler angles experimentally using NTSMC. Time history of Eu-
ler rates are demonstrated in Figs. 5 and 6 based on NTSMC
and the proposed SVNTSMC approaches, respectively. From
Figs. 3 and 5, one can simply observe that the NTSMC ap-
proach is not able to handle large disturbance at the final time.
Figs. 4 and 6 prove that the proposed SVNTSMC could suc-
cessfully enhance the robust tracking performance. In addi-
tion, there are some high frequencies present in practice such
as unmodeled dynamics, sensor noises and so on that show
up in the experimental results.

Figure 2: Experimental test bed of a 3-DOF quadrotor in the
AUTMAYV laboratory.
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Figure 3: Time history of Euler angles using NTSMC.
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Figure 4: Time history of Euler angles using the proposed
SVNTSMC.

5 CONCLUSION

In this paper, an effective implementation of a nonsin-
gular terminal sliding mode control (NTSMC) approach has
been developed for attitude stabilization of a 2-DOF quadro-
tor. Furthermore, the mathematical model of a quadrotor is
derived accurately by considering that the centre of mass of
the quadrotor does not coincide with the origin of the body-
fixed frame. Traditional sliding mode controllers are not able
to tackle any disturbances in the reaching phase. Therefore, a
new sliding mode control approach known as Slope-Varying
Nonsingular Terminal Sliding Mode Control (SVNTSMC)
is proposed to enhance the robust performance of the plant
subject to external disturbances. The applied NTSMC and
SVNTSMC can assure the finite convergence time of the
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Figure 5: Time history of Euler rates using NTSMC.
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