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Adaptive Tracking Control for Quadrotor Unmanned Flying Vehicle

S. Islam, J. Dias, L. D. Seneviratne

Abstract—In this work, we introduce adaptive tracking sys-
tem for quadrotor flying vehicle in the presence of uncertainty.
The uncertainty is assumed to be associated with the vehicles
payload mass, inertia matrix, actuator faults, and aerodynamic
damping force-moment effects and flying environment. The
control input combines desired acceleration and proportional-
derivative(PD) like auxiliary signals with an adaptation law
to learn and compensate uncertainty. Lyapunov method is
employed to analyze the closed loop stability of the translational
and rotational dynamics of the vehicle. This analysis shows that
the tracking error of the translational and rotational dynamics
are bounded to zero. Simulation results on a quadrotor vehicle
are presented to demonstrate the effectiveness of theoretical
arguments of this paper.

I. INTRODUCTION

In recent years, the use of small scale quadrotor un-
manned aerial vehicle (UAV) is growing in military and
civilian applications, such as, surveillance, inspection, search
and rescue mission in dangerous or awkward environments
that are inaccessible for human intervention. In practice,
accurate autonomous flight tracking system design for such
small scale quadrotor vehicle capable of flying in uncertain
environment against uncertainty is challenging because of
its underactuated property, coupling between translational
and rotational dynamics and nonlinearity associated with the
kinematic and dynamical model. Various automatic control
methods for quadrotor UAV have been proposed in the
literature to achieve desired control stability and tracking
performance. These existing results can be classified into two
categories as model based linear control and partial model
based nonlinear control methods. Classical proportional-
integral-derivative (PID) and linear quadratic regulator type
controllers were proposed in [2, 3, 4]. In [5, 6, 7], authors
used backstepping control technique to address the problem
of nonlinear coupling between translational and rotational
kinematic and dynamical model of the vehicle. To reduce the
steady state tracking errors, authors in [8, 9, 10] included
an additional integral action term with the backstepping
algorithm [5, 6, 7]. Recently, model based dynamic inversion
mechanism have proposed in [11] to achieve hovering flight
of the quadrotor UAV system. The existing linear algorithms
were designed only for acheiving simple hovering flight
control strategy by assuming that the miodel of the vehicle
is known a priori. As a result, these linear designs may not
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be able to achieve desired control stability and tracking per-
formance in the presence of modeling errors and disturbance
uncertainties.

Most recent research efforts have been focused on adaptive
design to deal with the modeling error uncertainty. Sliding
mode technique was applied in [12] to guarantee the stability
of the attitude dynamics of the quadrotor UAV vehicle. In
[13], authors designed nonlinear control law to guarantee
the tracking errors of the linear position and yaw angle of
the quadrotor UAV system against a priori known distur-
bance uncertainty. Adaptive backstepping technique was also
applied for quadrotor UAV system against modeling error
uncertainty in [14, 15].

In this paper, we develop adaptive flight control strategy
for quadrotor UAV system to deal with modeling errors
and disturbance uncertainty. The proposed design allows the
vehicle to fly in uncertain flying environment against the
variation of the mass, inertia, actuator faults and nonlinear
aerodynamic damping force-moment effects. The altitude,
virtual position and attitude controller combines damping and
PD like linear control terms with adaptive and robust control
terms. Adaptive controller learns and compensates paramet-
ric uncertainty associated with the vehicle’s model while
robust adaptive control deals with the bounded external dis-
turbance uncertainty. The control algorithm and convergence
analysis is designed by using Lyapunov second method. It
shows that the tracking errors of the altitude, position and
orientation are bounded and their bounds converge to zero
asymptotically in the Lyapunov sense. To demonstrate these
theoretical arguments, simulation example on a quadrotor
vehicle is presented.

This paper is organized as follows. In section II, kinematics
and dynamics of the four rotor flying vehicles are briefly
presented. Algorithms are developed in section III. Various
evaluation results are presented in section IV. Finally, con-
clusion is given in section V.

II. MODEL DYNAMICS

Let us first model quadrotor flying robot vehicle [1, 2].
To do that, we define the linear position and velocity of
the vehicle as z, = [z y 2|7 and vy = [vs1 Vs vs3]T. The
rotation and angular velocity of the vehicle is chosen as
n=1[p0 " and Q; = [Q1s Qg2 Qy3]. The transformation
from body frame to inertial frame is performed by using the
following rotation matrix R, € 2*3*3

C¢C¢ S¢S{-}C¢ — C¢S¢ C¢SQC@ + S¢S¢
R, = CgSw S¢S{-}S¢ + C¢CLP C¢SQCLP — S¢S¢
5, S4Cy CyCo



where Cy and Sy denotes cosf and sinf. The dynamic model
for quadrotor vehicle subjected to translational forces and
control torques can be written by the following equation

Ty = s 2
0
msts = —meg| 0 | +F+ Fy 3
1
Ry = R,5(Q) %)
190, — (s X IQ) + g + ug +ug, (5)

where m is positive constant, I € R3*3 = diag[l,, I,;, I,] is
the inertia matrix and S(£2;) is the skew-symmetric matrix
S(€s) as defined as follows

0 _Qs3 QSQ
S(Qs)=| Qs 0 —Qa (6)
_QSQ Qsl 0

The quadrotor model (2) to (5) can be further simplified as
follows [5, 6, 7, 16]

1
— (cos¢sinf cos ¢ + sinsin ¢) u; —

r =
Yo, (0a1)00st + e

Jj = 1 (cos ¢ sinfsinp — sin ¢ cos ) u; —
stz (vs1)8us2 + Udy

Z = pi (cosdpcos@)ur — g — Y., (Vs3)00s3 + Udz

o = m (9¢7) + prruz — pra f(w)6 — Yo, (Qa)ba,,
FUry

0 = pe(69) + paus + peaf(u)6 — Yo, (22)00,,
FUpy

$ = pd (9@5) + parus — Yo _;(Qs3)00,5 + Uz @)

P = (Iy_Iz)7 P2 = (Iz_Ix)7 pP3 = (Ix_Iy),

Pb1 = (i 5> Pel = ) Pd1 = (i)’ DPp2 = (% s

Pc2 = (f_;)’ szl(vsl)evsl = %’ }/Qsl(ﬂsl)ogsl =
1

7}111 > YUSQ (’052)0’052 - Ey7 }/5152 (952)05152 %’

%53(’053)9”53 = %’ }/953(953)9953 = %7 szl(vsl) =

Vs1, Usl|vsl|]7 }/vsg (USI;USQ) = [USQ; 'U52|'Usl|]7 }/1/53(053)

[
['053; US3|US3|]7 }/Qsl (Qsl) - [Qsla Qsl|Qsl|]7 }/ng (952)
[

QSQ; QS%JQSQ|]7 }/Qsa (953) T: [953; QS3|QS3|],I’1 9051 =
[%a %:| 5 9@52 = [%5 %:| > 9053 = [%’ %:| ’ 9051 =
T T T
5 B 0= [ 2] = [ ] s =

(w1 — w2 + w3 — wy), ug(t) =
Up(t) = [Urg(t), Ury (t), urz(t)]

III. CONTROL DESIGN AND STABILITY ANALYSIS

(1o (£), tay (1), ua- (O] and
T.

It is very challenging task to design autonomous flight
control system for a small size quadrotor flying vehicle
to ensure control stability and tracking against modeling
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error and disturbance uncertainties in uncertain flying envi-
ronment. This is mainly because of unpredictable variation
in flying environment, very strong dynamic coupling and
nonlinearities associated with the translational and rotational
dynamics of the vehicle. In view of the model (7), we can no-
tice that the mass, inertia, aerodynamic damping forces and
torques are uncertain as they may vary with uncertain flight
mission and flying environment. To deal with this problem,
we introduce adaptive tracking algorithms to learn and cope
with uncertain modeling error and disturbance uncertainties
entering into the system. The proposed design and stability
analysis are assumed to be satisfied the following conditions:
Al: The linear and angular position and their first and second
derivatives are bounded. A2: The linear and angular position
are available for measurement. A3: The external disturbances
and their time derivatives are assumed to be bounded.

A. Design and Convergence Analysis

Let us first introduce the following altitude tracking con-
trol algorithm [16]

w = B g Yo (0o s +
a.1é; +k.S.)
Upy = —stign(Sz)
5”53 = =Y, (vs3)S:
gz = Ypasign’ (S.)S. ®
with e, = (s0=2), é2 = (Za=2), @z = 0, O =

(évsii - 91}53)7 Bz - bz - l;z)y Ypa - 07 kz - 07 Q1 > Oy,
v, = diag[yz.1, V22|, 721 > 0 and 7.2 > 0. We now develop
virtual position controller for generating desired rolling and
pitching motion to keep the flying vehicle over the desired
point. The desired rolling motion in x axis is generated by
the following input

Pxi = Z_a(fc.d + }/vsl (Usl)évsl + axléx + Upz + kxMx)
1
évsl - _'-Yx}/vj;l (Usl)Mx; Upy = _BxSZgn(Mx)
by = Yazsign® (M )M, 9)
with M, = (é;+aze;), az = 0, Yar = 0, Ops1 =

( bx_l;x 5 kx - 07 Qg1 > Oy,

Yo = diag[Yae1, Ya2], Y21 > 0 and 7,2 > 0. The pitching
motion in y direction can be obtained by using the following

ovsl_ovsl P bx =

virtual input
Pyi = Z—a@d = Vi, (s2)Busa + 0ry1éy + upy + by M,)
1
évs2 = _”YvaTsz(Uﬂ)Myauby:_BySign(My)
by = aysign® (M,)M, (10)
with M, = (éy+ ayey), ay = 0, g = (xg—x), ey =

(yd - y)7 Ydy - 07 ést = (9052 - 91}52)7 By = (by - By)y
ky = 0, ayn > oy and vy, = diag[yy1, Yy2], Y1 > 0
and v, > 0. We now design algorithms for stabilizing
and tracking the attitude dynamics of the vehicle against



Fig. 1. State dependant disturbance uncertainty acting along with = axis
in newton.

modeling error and disturbance uncertainties. We propose the
following input for generating the desired rolling moment

1 . . .
p—b[¢d — MKy (Qs2, Qs3) + Mo M (u, Qs2) +

ug =
Ya., ()0, + trg + g, ég + kg Ny]
Uy = —Cgsign (Ny),0a,, = —7sYg. (1) Ny,
és = pwisign” (Ng)Ng, M1 =y K] (Qs1, Qu2) Ny
My = —yapeM] (u, Q)N (11)

with kg > 0, Ki(Qs2,Qs3) = 09, My(u, Qe) = f(u)b,

Ny = (ég +ageg), eg = (pa—¢), ap = 0, ag, >
a¢’:YZDb1 -~ O’ :Y¢ = dla’g[ﬂﬁﬁlav(ﬁz]’ YM2 > 07 75\41 -
0, bo,, = (0o, —0q. ), ¢o¢ = (cp—2Cp), My =

(Mz —M2), My = (M — M
rolling angle and calculated from the relationship ¢4
arcsin (pg sin(ypq) — py cos(pq)). We design the following
input to generate the pitching moment

) and ¢, is the reference

1 . . .
uz = p_[od — M3B; (21, Qs3) — MyCy(u, Q1) +
cl
Ya.,(Qs2)00., + trg + g, ég + koL
ug = —égpsign(Lo), Oa., = —70Yq.,(Qs2)Le,
¢o = persign® (Lg)Lg, My = yaraCi (u, Q1) L,
Ms = yusB (Q1,Q3)Lo (12)

with Cl(u,Qsl) = f(u)(b’ Bl(QslaQsl%) = (b(/)’ Ly
(g + cgeq), eq (04 —0), kg = 0, 65 is the ref-

erence pitching angle, ay > 0, ay, > oy, Ypel >
0, % € R¥% yus = 0, yma = 0, bg, =
(9952 —9952), ¢g = (—Cg+cp), Mz = (—M3+M3)

and ]\7[4 (—M4+M4 . Using ¢4, ¢gq, pr and

Dy, 0q can be calculated from the relationship 604

Pz 8in(pd)+py cos(pd)
cos(¢a)

arcsin ( ) Finally, the following input
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Fig. 2.  State dependant disturbance uncertainty included in y axis in
newton.
Fig. 3. State dependant disturbance uncertainty included with z axis in
newton.

is designed to develop the desired yaw moment

ug = Zi[“d — M5Dy(Qu1, Qs2) + Yo, ()00, +
Upyp + Q€ + Kk, P)
Upy = —Cysign (Py), égsg = —”y@YQTSs (Qs3) P,
ép = parsign” (Pp)Po, Ms = 1uDf (1, Qu2)Py
(13)
with Dy(Q1, Q) = 09, P, = (é, +agey), e, =

(0a =), ky = 0, @q is the reference yaw angle, ay, >~ 0,
atfl > Qyp, Ypdl >: 0, YMm > 0, "Ygi = diag[%ol ) %02]’ 9953 =
S@Qsa — 9(153), M5 = (M5 — M5) and 5¢ = (édj _Cd))'

sing Lyapunov analysis, we can show state that all the error
states in the closed loop tracking error systems formulated
by equations (7), (8) to (13) are bounded and their bounds
asymptotically converge to zero [16].

IV. EVALUATION RESULTS

In this section, we evaluate the proposed algorithms on a
simulated model of quadrotor flying robot vehicle. Extensive
simulation studies have been conducted to evaluate the
flight control stability and tracking property of the proposed
algorithms with respect to varying mass and inertia matrix,
aerodynamic damping effect and external disturbances. The



Fig. 4. State dependant disturbance with roll angle axis in newton-meters.

Fig. 5. State dependant disturbance uncertainty with pitch angle axis in
newton-meters.

time varying de51red trajectories x4, yq and 24 are. chosen as
xzq(t) = (1 — e5t” )sin(10t), ya(t) = (1 — e5t° )eos(10t)
and z4(t) (1 — tg). The desired trajectory for vy is

generated by using the output of the transfer function H (s) =
m. The control design parameters are chosen arbitrar-
ily as yp1 = 0.5, yar2 = 2, ym3 = 2, Yma = 2, Yus = 2,
Ve [50;03], 74 = [50;03], 7. = [0.010;00.01],
Ypa = 2, Ypbl = 2, Ypel = 2, Ypd1 = 2, oz = 10, oy = 10,
0, =70, =2, =2, 009 =2,k =1, ky, =1k, =1,
kg =1, k¢ =1 and ky = 1. It is noted that these parameters
can be increased to improve the tracking performance fur-
ther. The mass, inertia and nonlinear aerodynamic damping
parameters of the vehicle are considered relatively large

e~

Valuesasm—Skg, I, =2 Nm. 2d, I, =25 Nm.2=,
I.=3Nm. 2=, I, =03 Nm.2=, (1 =2 N.>, (=5
N.E,<3—6N (4:6]\].5,(5—7]\] , (6 =3
N2 &G =1N>,6=3N2,85=6N.",84 =6

N.2, & =8 N'H and g = 3 N.>. In our evaluation,
the state dependant disturbance uncertainties along with the
translational and rotational dynamics (7) are choses as E
ysin(pit) + zsin(pit), E, = zsin(pit) + zcos(pit), E.
ysin(pit)+xzcos(pit), Ey = Osin(2pit)+1psin(2pit), Eg
¢cos(pit) + Ysin(pit) and E, = ¢cos(pit) + Osin(pit).
The time history of these disturbances is shown in Figs. 1
to 6. Using with these parameters, we implement the design
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Fig. 6. State dependant disturbance with yaw angle axis in newton-meters.

Fig. 7. Desired and actual attitude tracking of roll, pitch and yaw angles.

on the simulated quadrotor flying vehicle. The evaluation
results are depicted in Figs 7 to 8. From these results, we
can observe that the position, altitude and attitude of the
flying vehicles converges to the given reference position,
altitude and attitude even in the presence of large modeling
errors and disturbance uncertainties. These evaluation results
demonstrate the validity of the control stability and tracking
property of the proposed design.

V. CONCLUSION

In this paper, we have introduced adaptive tracking system
for quadrotor flying vehicle to deal with the modeling errors
and disturbance uncertainties. Algorithm designs and their
stability analysis have been established through Lyapunov-
like energy function by assuming that all the states are
available for feedback. The design can learn and compensate
the bounds of the modeling errors and disturbances while
maintain the bounded stability and tracking control property
of the whole closed loop system in Lyapunov sense. To
illustrate these arguments, simulations results on a quadrotor
vehicle have been presented.
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