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Abstract

In this paper, the control problem for a quadrotor helicopter which is subjected to modeling uncertainties and unknown
external disturbance is investigated. A new nonlinear robust control strategy is proposed. First, a nonlinear complementary filter is
developed to fuse the raw data from the onboard barometer and the accelerometer to decrease the negative effects from the noise
associated with the low-cost onboard sensors Then the adaptive super-twisting methodology is combined with a backstepping
method to formulate the nonlinear robust controller for the quadrotor’s attitude angles and the altitude position. Lyapunov based
stability analysis shows that finite time convergence is ensured for the closed-loop operation of the quadrotor’s roll angle, pitch
angle, row angle and the altitude position. Real-time flight experimental results, which are performed on a quadrotor flight testbed,
are included to demonstrate the good control performance of the proposed control methodology.
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1 Introduction It has been widely used in a variety of situations in-
cluding surveillance, fire flighting, environmental mon-
itoring, etc. [3-5]. Comparing to the flapping-wing air-

craft and other configurations, quadrotor UAV is sim-

The navigation and control of unmanned aerial ve-
hicles (UAVs), also known as drones, has become an

important research area over the past decades [1,2]. As
a micro helicopter, the quadrotor UAV attracts great at-
tention from military and civil applications due to its
special advantages such as simple structure, vertical
taking off and landing (VTOL), and rapid maneuvering.
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ple in mechanism, and its four identical rotors are the
only moving parts onboard. The simplicity in mecha-
nism is a trade-off with the dependency of sophisti-
cated flight controller [6, 7]. However, the quadrotor
is a highly nonlinear and time-varying system, and it has
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an unstable open-loop dynamics [8]. Additionally, due
to its small size and weight, the quadrotor is very sensi-
tive to external aerodynamic disturbances such as wind
gusts and ground effect. Therefore, the design of high-
performance nonlinear control mechanisms for quadro-
tors in the presence of structural uncertainties and un-
known external disturbances is still a challenging task.

To guarantee a safe and steady flight against exter-
nal disturbances, various control methods have been
developed for quadrotors in recent years. In [9], the
authors developed an H,, based attitude controller for
the quadrotor’s attitude subsystem. In [10], the time-
varying disturbance was treated as a new unknown state
and estimated by an extended observer. Then, a sliding
mode based feedback controller was employed for the
attitude stabilization, and numerical simulation results
were included. An integral sliding mode based robust
controller is proposed for the control of a quadrotor
n [11], though the proof of the stability and numeri-
cal simulation results were presented, the control gains
were not very easy to be tuned. In [12], the authors
developed a nonlinear robust attitude control algorithm
for a quadrotor with uncertain dynamics by combing
a PD controller with a robust compensator, and ulti-
mately bounded attitude tracking result was proven.
Based on these works in [12], the authors former extend
the control strategy in [13], where both position and
attitude controllers were developed, the tracking error
were proven to be kept within a known neighborhood
of the origin ultimately. A nonlinear robust adaptive was
developed in [14] for a quadrotor with linear parame-
terized (LP) uncertain-ties and bounded disturbances,
semiglobally asymptotic tracking of a time-varying posi-
tion trajectory and yaw angle trajectory was proved via
a Lyapunov-based stability analysis. In [15], authors de-
signed an attitude controller by using exponential coor-
dinates to avoid singuarlities, and trajectory linearization
method was employed to facilitate the control design
procedure.

Though a lot of controller have been developed for
the control of quadrotors, most of them can not guar-
antee the convergence time for the quadrotor’s outputs.
The super twisting algorithm, which is a second order
continuous sliding mode control technique that ensures
robustness in the presence of the smooth matched dis-
turbance with bounded gradient, is implemented for at-
titude control of a quadrotor in [16] with known knowl-
edge of the boundary of the disturbance gradient.

Motivated by the control methodology presented in
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[17], we develop a new nonlinear robust controller for
the quadrotor with the attitude angles and altitude po-
sition selected as the system’s outputs. An adaptive
super-twisting algorithm is combined with backstep-
ping method to formulate the controller. The proposed
controller does not require the exact knowledge of the
boundary of the disturbance or its gradient. By using
the super-twisting algorithm, the control inputs to the
quadrotor suffers little from the chattering phenomenon,
and the adaptive laws ensure that the control gains will
be easy to be tuned. Lyapunov based stability analysis is
employed to show that the closed-loop operation is sta-
ble, and the tracking errors converges to a neighborhood
of the origin with finite convergence time. Moreover,
to increase the measurement accuracy for the altitude
channel where low-cost onboard sensor were very sen-
sitive to noise, a nonlinear complementary filter is devel-
oped to fuse the raw data from the onboard accelerome-
ter and barometer. The stability and convergence of the
filter is also proven via Lyapunov based analysis. Real-
time experimental results are implemented on a self-
made quadrotor helicopter testbed, the results show
that the proposed control strategy has achieved good
control performance for the quadrotor.

Therefore, the contribution of the proposed design
includes that: 1) a nonlinear complementary filter is de-
signed to provide accurate estimation for the quadrotor
helicopter’s altitude based on raw data from the onboard
low cost sensors; 2) the super-twisting based nonlinear
controller can achieve finite time convergence of the
attitude tracking error under the effects of unknown
external disturbances without exact knowledge of the
disturbances’ upper bound; and 3) real-time flight ex-
perimental results have testified the good performance
of the proposed methodology.

This paper is organized as follows: The dynamics
model of the quadrotor helicopter and control objec-
tive are described in Section 2. Section 3 presents the
design of the nonlinear complementary filter design for
the altitude channel. Section 4 provides details of the
control development and stability analysis. Real-time ex-
perimental results are included in Section 5 to validate
the controller’s performance. Finally, some conclusion
remarks are included in Section 6.

2 Dynamic model of the quadrotor

The quadrotor UAV can be considered as a rigid body
with 6 degree-of-freedom (DOF): three translational
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motions and three rotational motions As illustrated in
Fig. 1, two frames are utilized to represent the motion
of the quadrotor. Let I = {x1, 1, z1} denote the right-hand
inertia reference frame, and B = {x3, y3, zp} denote the
right-hand body-fixed reference frame. The altitude of
the UAV with respect to I is denoted by z(t) € R, and
Euler angle vector of the UAV with respect to I is de-
noted by n(t) = [¢(t) 0(t) ()" € R where ¢(t), O(t)
and y(f) are the quadrotor’s roll angle, pitch angle, and
yaw angle, respectively. The rotation matrix from B to |
is presented as follows [18]:

cOcp —cpsy + spsOcyp  spsip + cpsOctp
R(n) = |cOsy cpcp +spsOsy  —spc + cdpsOsy |,
—s0 s¢pco cpcO
(1)

where ¢(-) is the abbreviation for cos(-), and s(-) is the
abbreviation for sin(-). In Fig. 1, fifori=1,...,4, rep-
resents the independent thrust force generated by the
four rotors of the quadrotor.

f$ i %;w

X, (North)

%»Y1 (East)
(Down)

1
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Fig. 1 Schematic of a quadrotor UAV.

The attitude dynamics of the quadrotor considered in
this paper can be modeled via the following differential
equations [18]:

JO+Ox(JQ)=1+4d,
=o)L,

where Q(t) = [p(t) q(t) r(t)]" represents the angular
velocity vector of the quadrotor with respect to B, 7(t) =
[Tqr,(t) To(f) T¢(t)]T € R3 denotes the control torque
input vector, d(t) = [dy(t) do(t) dy(t)]" € R? is the un-
known external disturbance moment vector. In (2), | =
diag([Js Jo Jy1} € R¥? denotes the inertia matrix with
Jo, Jo, and ], being some positive constants, the matrix
®(n) € R¥S represents the rotational velocity transfer

matrix from B to I which has the following form [4]

1 spsO/cO cpsp/cP
om=10 o —s¢ | (3)
0 sp/cO  cp/cO

The following assumption will be employed in the
subsequent control development.

Assumption 1 The disturbance term d and its time
derivative d are bounded such that ||d||c < 61, [|d]lec < 02
where 07 and 0, are some unknown positive constants.

The dynamic model for the altitude channel of the
quadrotor is shown as follows [18]:

mz = —ucos ¢ cos O + mg + dy, 4)

where m € R represents the mass of the quadrotor,
uy € R is the total thrust in the z-direction, g is the
acceleration of gravity, and di(tf) € R denotes the un-
known external disturbance force in the z-direction. The
following assumption will be utilized in the subsequent
control development.

Assumption 2 The disturbance item d, and its time
derivative d, are bounded such that ||d|le < 621, l|dillee <
022 where 6,1 and 0, are some unknown positive con-
stants.

Assumption 3 Theroll angle ¢(t) and the pitch angle
O(t) satisfy the following inequalities:

o(t) # /2, O(t) # m/2. (5)

This assumption has also been employed in [13].

The relationship between the control inputs [74 Tg Ty

u]" and the rotor thrusts force [f; f f3 f1 is given
by

1o =li(fa+ f3— f1— fa),

o =l(fi+ fs— o= fa),

T =pi(fit o= fs— fo),
=f+h+fi+fy

where [ is the distance from each rotor to the center
of the quadrotor, and ps is the force-to-moment scaling
factor.

The main control objective is to design control inputs
(T, uy) to drive the quadrotor’s outputs (1(t), z(t)) to track
some pre-defined reference trajectory (n4(f), za(t)).
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3 Nonlinear complementary filter for the
altitude measurement

In this paper, two low cost and light weight onboard
sensors are employed to provide altitude measurements
for the quadrotor, the first one is the barometer, and the
other one is the accelerometer. The onboard barome-
ter can provide a rough relative altitude measurement
with an accuracy of about +0.5m which is not good
enough for accurate hovering control of the quadrotor,
and the onboard accelerometer returns an acceleration
measurement in the altitude direction which is char-
acterized with high noise levels and biases. A nonlin-
ear complementary filter is introduced to deal with the
misalignment of the accelerometer axes and factitious
placement failure as well as some other nonlinearities,
thus good altitude estimation can be obtained via the
raw outputs from the barometer and the accelerometer.

To implement the nonlinear altitude fusion algorithm,
an altitude measurement dynamics model with consid-
eration of the proposed nonlinearities is introduced as
follows:

5= Y(PAm-Q)+3g, (7)

where z(t) is defined in (4) and denotes the real alti-
tude value of the quadrotor, P € R¥3 denote a ma-
trix relevant to the misalignment of the sensor axes
and measuring sensitivity differences among each axis,
Y = elR € RP denotes the transpose of the third col-
umn of the rotation matrix R defined in (1), Q € R3
denote the bias vector, and A, € R® denotes the out-
puts from the accelerometer.

Remark 1 In an ideal circumstance where the ac-
celerometer’s outputs reflect the real acceleration value
of the quadrotor, P will equal to an identity matrix I3,
and Q will be a zero vector.

Assumption 4 The matrix P and Q in (7) are un-
known constant terms such that P = 03y3, Q = Oax1.
And the altitude channel is assumed to be measurable
for low frequency such that zy,(f) = z(t) where zy(t)
denotes a reconstructed altitude measurement [22].

Let the auxiliary estimation errors e (t), om(t) € R be
defined as follows:

em = Zm — 2,
{ (8)

Om = €m + Azlm,

where 2(t) € R is the output of the following nonlinear
complementary filter, and A, is a positive constant. The
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nonlinear complementary filter for the altitude channel
is designed as follows:

;\:A+ 2+ AL)em,
{ D+ (o )e ©)

0=Y(PAn — Q)+ g+ aAen,

where a; is a positive constant, 9(t) denotes the estima-
tion for the vertical speed. The adaptive laws of P(t) and
O(t) are designed as

(10)

é = _klomYT/
P =kyom(AnY)".

Let the auxiliary error signals e,(t) € R, 0, € R,
b(t) € R®*3, and Q € R be defined as follows:

e, =2—2, 0, =6+ Ae,,
{Z z Z yAA (11)

P:P—P, QzQ_Q‘

Taking Assumption 2 into account, (9) and (10) can be
rewritten as

S=0+(a. + Aes, 12)
0=Y(PAn— Q)+ g+a.de
and
: = _k ZYT/
Q= ho (13)
P = kyo,(Am)T.
Theorem 1 The proposed filter in (9) and (10) en-

sures an accurate estimation for the altitude and vertical
speed such that 2(t) — z(t) and 9(t) — 2(t) as t — oo.

Proof After taking the time derivative of (12) and
substituting (13) into the result, the following dynamics
for 2(t) can be obtained

2=Y(PAn - Q)+ g+ Aé. + a.0.. (14)

Let the Lyapunov function candidate V,(f) € R be de-
fined as
Lo, L mrs 11475
Vez = EGZ + Ekz tI'(P P) + Ekl Q Q (15)
By taking the time derivative of V,(t) and substituting
(8), (11) and (14) into the result, it can be obtained that

3 .
1ﬁij(azyiﬂj - k5pij)

X 3
Ver = Z
=1

0" YT + k') - a.0? (16)
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considering that P, Ap, and Y in (15) can be denoted by
P = {pijlaxs, Y = {yihix3, and A, = {aj}3x1. By substitut-
ing (13) into (16), it can be obtained that

Ve, = —a,0%. (17)

From (17) and (15), it is not difficult to show that
0.(t) converges to zero asymptotically. Recalling that
0, = é; + Aze; with A, being a positive constant, then it
can be shown that e,(t), é.(t) — 0 as t — oo. Thus, it
can be shown that £(t) — z(t) and 4(t) — z(t) as t — oo
via (11). Finally, since e,(f) — 0 as t — 0, we know that
0(t) — z(t) as t — oo based on the firstentry of (12). O

4 Control development

This section presents the control design procedure
for attitude angles and altitude position of the quadro-
tor under modeling uncertainties and unknown external
disturbances.

4.1 Design of the attitude controller

A modified backstepping method is combined with
the adaptive super-twisting algorithm to formulate the
proposed control strategy. Before presenting the control
laws, we introduce the following error signals:

er = nd_l— n, . . (18)
ey = @7 ()(1a = 1),

where n4(t) € R® denotes the desired attitude trajec-

tory vector. The stabilization of e; can be obtained by

introducing a virtual control input for e, as follows:

e2q = —D 7 (n)Key, (19)

where K = diag{k;} € R¥3 with k; > 0,i = ¢, 0, ¥ rep-
resent a gain matrix. By defining ¢ = exq — ey, the time
derivative of (18) can be obtained as

{61 = —Kel - (D(T])U, 20)

G=]Nt+d) +éyq—c.

Itis worth noting that if o = 0, then e; converges asymp-
totically to zero. Our control objective is to force ¢ to
stay in a bounded domain, and, therefore, ¢; is also
bounded in a domain.

The attitude controller is designed as follows:

T= ](—alal%sgna —éxq+c)+ J(v+H),
. B (21)
V= —Esgna—kﬂ,

where a and  denote some diagonal positive-definite
adaptive gain matrixes such that @ = diag{a;} and g =
diagi{B;} for (i = ¢,0,1), sgn(-) denotes the standard
signum function. The gains a; and f; have the following
adaptive laws

& = { Vyisgn(loil — wi), i > dim, (22)

Pis Q; < Qjm,
Bi = €iai, (23)

where ¢;, Yil, Wi and pi are some positive constants.
The parameter a;y, represents an arbitrary small posi-
tive constant which is used as the switching threshold
value. In (21), the auxiliary function vectors IT € R®*!
and H € R*" are defined as follows:

1, = EiK(eliq)i(U)G)/ZMOil%SgnOi, loil > i, 04)
0, |Oi| < Ui,
h; = §|Gi|%ni, (25)

where the defined function K(x) = 0 for x > 0 and
K(x) = x for x < 0, e1; denotes the ith element of ¢; and
@;(n) represents the ith row of O(n).

The main stability result of the adaptive attitude con-
troller proposed in (21) is stated by the following theo-
rem.

Theorem 2 The proposed attitude controller in (21)
can drive e (f) and its time derivative é1(t) to the domain
W in finite time where W is defined as

W = e, é1: lletllo < Ci, lléallee < o} (26)

with {; and C; being some positive constants.

Proof By substituting from (21) and defining w =
v+ J7'd = {wilsx, the closed-loop system dynamics
(20) can be rewritten as follows:

é1 = —Ker — @(n)o,

G = —alolisgno + @ + H, 27)
. __P d(~'d)
W = 2sgncf+ ar + 11

]
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To facilitate Lyapunov based stability analysis, we will
present the dynamics listed in (27) into a state-space
form. To this end, the following state vector is intro-
duced

1
xi =[x x21" = [loil?sgno; w;1", (28)
where ¢; and w; denote the ith element of ¢ and w,

respectively. Taking the time derivative of x;, it can be
obtained that

X = s (~aixp +xp + hy),
2lxi 29)
Xp = — ﬁ =X +D; + 11,
2xal
d(J;'d;)
where D; = <l:1t . Due to Assumption 1, we can

have the upper bound of D; as |D;| < 63 where 63 =

> rrl%xlp{ }62 with 6, being defined in Assumption 2.
1=(
Hence, we have
Pi pi Xi1
D; = Bsgno; = £ 2L 30
TR Dl oo

where p; is some bounded functions that 0 < |p;| < 263.
Substituting from (30), (29) can be rewritten in a vector-
matrix format

Xi =A1-x,- +Bi, (31)
where
1 —-a; 1
g i (32)
2|xi1] —ﬁi + pi 0
and
h;
B; = | 2lxal |. (33)
IT;

Note that if x; — 0, then g; — 0 (for i = ¢,0,¢),
since @;(n) is bounded (due to Assumption 3), then
®i(n)o — 0. In view of (27), the convergence of ey; is
guaranteed as well. Thus, the Lyapunov’s direct method
is employed for the convergence of x;. After that, the sta-
bility analysis for ey; is presented. The Lyapunov function
candidate V; is defined as

Vi=Viai+Vp, (34)
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1
where V;; = Eei. and the function V}, is defined as

1
Vio=Vie+ —(a; — )+ —(B; (35)
2 7/ﬂ( ) o (5 B’

with &, B; being some positive constants. The non-
negative function Vi, in (35) is defined as Vj, := xl.TPixi
where

p; = (36)

/\i + 61.2 —&;
—&; 1
is positive definite if A; > 0 and ¢; are real number.

Substituting from (31), the time derivative of V;, can be
obtained as

Vio = x] (ATP; + PiA})xi + 2x] P;B;. (37)

By substituting from (25), (33), (36), Vj, in (37) can be
rewritten as

Vio = ;rlez /\ lenzr (38)
2| 11| &j
where
Qi = qil iz (39)
ql21 281'
with

- (2 N —2¢(B: — D
{qn—Za(e +40) = 26i(6: = pi), o)

Ty = iy —aiei + i — Ai — pi.

Substituting from (23), The matrix Q; will be positive
definite with a minimal eigenvalue Awin(Q;) > &; if

—ei(405 +1) (203 + A+ €7)
> +

i 41
a 2/\1' 661'/\1' ( )

The right hand side of (41) is a bounded unknown con-
stant. If we assume (41) holds, then from (38), we can
obtain

. 1 2
Vjo < —T’iVl.f) + jxilﬁ, (42)
i

wherer; = ¢ /\;ln(Pi)/Z/\maX(Pi) (see proof in [17]).

Taking the time derivative of V;; and substituting from
(27) yields

Vi = =2k;Via — e @i(n)o. (43)
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By substituting from (35), (42), (43), V; can be rewritten

as follows:

1 1 ..
Vi, =Vio+ Vi + —¢ La + —s;ﬁi
Vil Vi2

el gl
- 2k,‘V1'1 - T’iV.Z e —
o \/7/_11 \VVi2
1, ot el |€ | +F
+ —elai+ ;
yil v b Vil \/7/1
—2kiVin — \/ 2+ Xi, (44)
. 2A;
where ¢, = a;—a;, e =Bi-B;, Fi = —xﬂH —e1iPi(n)o
, 1
and y; = —|él|(—a; — —) - |eb|(—pi — —=) + F..
()/il \/7/1‘1) p (7/1‘2'3 \/Vz‘z)

The following two cases will be considered to ob-
tained the result listed in Theorem 2.

Case 1 Suppose that |oj] > p; and ai(t) > aim,
VYt > 0. Then, in view of (22), we have

o = \/7/_11 (45)

Selecting yi» = e7y;1 and differentiating (23), we obtain

Bi = €idi = Vv (46)

Substituting from (24), F; is computed such that F; < 0.
Substituting from (45), (46), the first two terms on the
right hand side of (44) are cancelled. Thus, it is easy to
have x; <0 and

—zkiVﬂ =1 RY; V,‘z. (47)

As soon as (41) is satisfied, o; converges to the do-
main |o;| < p; in finite time tg; (see Lemma 1 in the
appendix).

Case 2 Suppose that |o;| < p;, then the control gain
a;i(t) is reducing in accordance with (22) such that

i = {_\/7/_1'1; Qi > Oim, (48)
Pis o < Qim.

Note the term F; included in x; becomes —e;;Di(17)0, and
in view of the structure of x; when substituting from
(48), xi becomes sign indefinite as well as V; which
comprises x;.

Thus, the above two cases for V; ensure that after a
finite time fg;, o; will always stay in a domain |o;| < p;
with p; > p; (See the discussion presented in [17]).

In other words, ¢ converges to the domain W, in finite
time tg = max{tg;} (for i = ¢, 0,1)) where

W, ={o : ol < p} (49)

with || - [l denoting infinity norm, p being defined as
p = max{p;} (fori =¢,0,9).

Notice that @(n) = {@ilsxs is bounded due to As-
sumption 3 such that |p;| < &, & > 0, we have the
second term on the right side of (27) bounded such that
|Di(n)o] < 3&p. Then, according to (27), we can con-
clude that e; converges to the domain |e;| < 6&p/k; as
well as its time derivative é1; to the domain |é1;] < 9&p in
finite time ty; (see Lemma 2 in the appendix). In other
words, the finite time convergence of e; and its time
derivative é; to the domain W is guaranteed where

W={e, &1 :llerllo < Gy llealle < G2}, (50)

where (;

9¢p.

= 6&p/k, k = minfk;} fori=¢,0,¢, and (, =

4.2 Design of the altitude controller

To facilitate the control objective for the altitude chan-
nel of the quadrotor, the altitude tracking error signal
e-(t) and its sliding mode manifold o.(t) are introduced
as follows:

0, = €, + Aey,

{ezzzd—z, 51)

where A is a positive gain.
By taking the time derivative of o.(t) and substituting
(4) into the result, it can be obtained that

07 = uycos pcos 0/m —di + ¢z, (52)

where ¢, = Zq — ¢ + Aé;. Similar as the control devel-
opment for the attitude controller z(t), the altitude con-
troller is designed as follows:

m 1
U = —————(—azloz|?sgno; — c; +vz),
cos ¢ cos O
(53)
. z
vz = —sgnoz,

where a; and §, are the adaptive gains with the following
updating laws:

& = { Vyzsgn(loz] — pz), az > aum, (54)

pZI az < azm/
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ﬁz = Ez0; (55)

with &;, y21, pz and p, being some positive constants.
The parameter a.,, denotes an arbitrary small positive
constant which is employed as the switching threshold
value.

The main stability result of the adaptive altitude con-
troller proposed in (53) is stated by the following theo-
rem.

Theorem 3 The proposed controller can drive e,(t)
and its time derivative ¢,, to the domain W in finite time
where W, is defined as follows:

W, = ez, é; : llello < G, llézlleo < Coo} (56)

with ;1 and (2 being some positive constants.

Proof The proof of Theorem 3 can be completed by
the following the similar steps for the proof of Theo-
rem?2.

5 Experimental results

In this section, the proposed control strategy in Sec-
tions 3 and 4 is implemented on a self-built quadrotor
helicopter flying testbed in an indoor environment to
validate its performance as shown in Fig. 2. The physi-
cal parameters of the quadrotor helicopter are listed in
Table 1. The control loop runs at a frequency of 1kHz
to ensure high performance of real-time response.

The nonlinear complementary filter proposed in Sec-
tion 3 provides the altitude estimation information for
the closed-loop operation. Its reliability is validated by
a comparison between the estimated value and true
value as shown in Fig.3. A OptiTrack motion capture
system is employed to provide ground truth values for
the quadrotor helicopter during the flighting test, these
ground truth information is used only for the purpose of
comparison, but not utilized in the closed-loop control.
In Fig. 3, 2(t) and 9(t) represent the altitude estimation
and vertical velocity estimation values obtained from the
nonlinear complementary filter in (12), z.(t) and v.(t)
represent the real altitude and vertical velocity values
obtained from the motion capture system. From Fig. 3,
it can be seen that the maximum estimation error for
the quadrotor’s altitude position is less than +0.2 m, and
the maximum estimation error for the quadrotor’s ver-
tical velocity is less than +0.18 m/s. Considering about
the fact that the accuracy for the direct altitude mea-
surement from the onboard barometer is about £0.5m,
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the nonlinear complementary filter proposed in (12) has
achieved a good accuracy for the altitude position and
vertical velocity measurement.

Fig. 2 Quadrotor helicopter flight testbed.

Table 1 Parameters for the quadrotor helicopter

testbed.
Parameter  Description Value Units

m Mass 0.944 kg
Jo Rollinertia  6.6x10°  kg-m?
Jo Pitch inertia 6.6 x107°  kg-m?
Ty Yaw inertia  1.19x 1072  kg-m?

E 2.5 T T T LI o —

‘N\ ~

R

02 T T T T T

E
Nh 1 1 1 1 1

-0.2

s 029 10 20 30 40 50 60
t(s)

Fig. 3 Comparision between the estimation values (z(t), v(t))
and real values (z.(t), v.(£)).

To validate the performance for the attitude and al-
titude controllers proposed in Section 4, a stabiliza-
tion flight test is implemented on the quadrotor he-
licopter testbed. The control objective is to stabilize
the quadrotor’s attitude angle (¢(t), O(t), P(t)) to be
[pa 04 val" = [0 0 0]", and the quadrotor’s alti-
tude z(t) to be some desired value as zq4 = 1.94m. The
quadrotor is first taken off manually to a proper position,
and then the pilot flips the switcher on the RC controller
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to turn the quadrotor into automatic stabilizing control
procedure, and the automatic control period lasts about
60 seconds. The control gains for attitude and altitude
controllers are selected as follows for the best control
performance:

koo =45, ky =48, Aype=0.013, Ay =0.038,

Az =13, uepe =0.064, uy=0.058, p,=0.02,

apm =790, agn =790, ay, =585, am=0.1,

€p,0p =039, vpo =924, vy =841, y,=159.
(57)

Fig. 4 shows the actual attitude response and its de-
sired value. It can be seen that maximum stabilization
error for the roll channel is about +1.1°, the maximum
stabilization error for the pitch channel is about +0.8°,
the maximum stabilization error for the yaw channel
is about +1.2°, thus the proposed control strategy has
shown good attitude control performance. The stabiliza-
tion performance for the altitude channel is shown in
Fig. 5 where 2(t) is used as the closed-loop response for
the quadrotor’s altitude position. It can be seen that the
maximum altitude stabilization error is about £0.12m,
and the maximum vertical velocity stabilization error is
less than +0.12 m/s, thus the proposed control strategy
has achieve good altitude control performance for the
quadrotor. From both Fig.4 and Fig.5, it can be seen
that the quadrotor’s outputs (¢(t), O(t), P(t), z(t)) con-
verge to their desired values very quickly. The adaptive
control gains (@, ag, ay, ;) designed in (22) and (54)
are depicted in Fig. 6, they are all bounded. The control
inputs (14, Tg, Ty, uy) are illustrated in Fig.7, they all
stay with some reasonable values.

— 2 T T T T T
o\é g)»w\ ATV prhon, })\\ 1\ V//‘L/'\;
< -1t W Al W\/‘VW A
_2 1 1 1 1 1
0 10 20 30 40 50 60
t(s)
1.0
= 8:8' A Afh 'VVMJ\ ) Aw wmwﬂ J\M Y
I AR
0 10 20 30 40 50 60
t(s)
Py 2 T T T T T
g 81 PPV AN A A /”\-\
= -1t R AV
_2 1 1 1 1 1

0 10 20 30 40 50 60
t(s)

Fig. 4 Actual attitude angles (¢(t), 6(t), Y (t)) and their desired
values.
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Fig. 5 Actural altitude 2(t), vertical velocity 9(t) and their de-
sired value (zq4, vq).
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Fig. 6 Adaptive gains (ay, ag, ay, a).
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Fig. 7 Control inputs (74, Tg, Ty, ).

6 Conclusions

This paper considers the control problem for a
quadrotor helicopter which is subjected to modeling
uncertainties and unknown nonvanishing external dis-
turbances. The quadrotor’s roll angle, pitch angle, yaw
angle, and altitude are selected as the system’s outputs.
To improve the measurement accuracy for the altitude
channel, a nonlinear complementary is developed and
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its convergence is proven. Based on the adaptive super-
twisting scheme, a nonlinear adaptive controller for the
quadrotor is developed and its finite time convergence
is proven via the Lyapunov-based stability analysis. Real-
time flight experimental results are presented to validate
the performance of the proposed control strategy. Fu-
ture work will focus on developing position controller
together with the attitude controller for the quadrotor
helicopter to achieve finite time convergence of the po-
sition tracking error under effects of parametric uncer-
tainties and external disturbances.
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Appendix
Lemma 1 As soon as (41) is fulfilled in finite time to;, 0;(t)
converges to the domain |o| < ; in finite time fg;.

Proof In view of (34), (35), it is easy to obtain

Viz Vi 2 xIPixi > AminP)IIxP = Amin(P)loil, (a1)

1

Now, all we need to do is to find fg; that ensures Vi(t) <
Amin(Pi) i, Yt >t + to;. Note that the (41) is satisfied and
Case 1 holds, in view of (47) we have the time derivative of V;

Vi< —ci(Via+ Vo), (a2)

where ¢; = min{2k;, 13;}. The following two cases are investi-
gated.

Casea) V;;>1orV,> -, wecan derive

Vi + \/V_zz 2 Vi +Vp, (a3)

=

then finite time convergence of V; is guaranteed such that

Vi< =iV (a4)

1
Caseb) Vi<landV;< T we have

Vii+ Vi 2 Vi + Vp, (a5)
then exponential convergence of V; is guaranteed such that

Vl' < —C,'V,'. (ab)

It can be observed that Case a) holds when V; > Z and Caseb)

holds when V; < 31 Whenl < V; < Z, either of the two cases
holds so that

Vi < —¢;min{/V;, Vi} = —¢; \/71 (a7)

whereas we have V; < —¢;V; when i < Vi < 1. Thus, V;

decreases from its initial condition V(t,;) with decreasing rate
satisfying
. —C; V,', Vl‘ >1,
Vi< Vi (a8)
-V, Vi<l

and converges to the domain [V;| < Amin(P;)i; with conver-
gence time fy; satisfying

1
2V 2 (toi
tri < ’(0)+lln(
Ci Ci

Vi(toi)
Amin (PZ)HI

) (@9)

Then, in view of (a1), |o;(f)| < y; is guaranteed for V't > tg; + ty;.
Thus the result listed in Lemma 1 is proved. o

Lemma 2 The error signal ¢;;(t) converges to the domain
le1i] < 6Ep/k; as well as its time derivative ¢é;; to the domain
lé1i] < 9&p/2 in finite time tyy;.

Proof Recalling (27), where the term @;(n)o is bounded
such that |®;(n)o]| < 3&p, it is obvious that |ey;| < 3&p/k;, as
t — oco. Now, we assume that |ey;(ts;)| > 6Ep/ki. In view of
(27), it is easy to have |ey;(t)| < 6&p/k;, for Vt > ty;, where

1 n kie(tr;) — 359'

ti = by + — 10
Hi Fi ki 35‘0 (a )
Furthermore, we have the time derivative of e;;
el < | = kieri + @i(n0)]
< | = kiewl + |@i(n)o]
< 9&p. (a11)
Thus the result listed in Lemma 2 is proved. ]
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