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Abstract—This study presents a robust integral of the
sign of the error (RISE)-based controller for an aerial ma-
nipulator consisting of a multi-rotor and a robotic arm
which guarantees tracking error convergence to zero in the
presence of uncertainties. To rigorously address underac-
tuatedness issue, the system dynamics is decomposed into
the two subsystems for which a robust controller is derived.
As an intermediate result, if there exists no uncertainty, we
show that the nominal closed-loop system with the pro-
posed nominal controller is asymptotically stable without
assuming that the attitude error term in the underactuated
part is zero by cascaded system analysis tool. Then, a
robust controller combining a nominal controller and a
RISE controller is proposed and applied to both subsys-
tems. Tracking error convergence is strictly proved through
Lyapunov-based stability analysis. The performance of the
controller is demonstrated in simulation with comparative
studies where the proposed controller outperforms the
other compared controllers in error convergence.

Index Terms— Robotics, Robust control, Control applica-
tions, Aerial manipulator

[. INTRODUCTION

N aerial manipulator, which is a robotic platform com-

bining a multi-rotor and a robotic arm, has been a con-
sistently studied research topic in the recent decade [1]. The
combination of a multi-rotor and a robotic arm innately allows
the aerial manipulator to perform various interactive tasks, by
exploiting hovering ability and high mobility of a multi-rotor
and dexterity of a robotic arm. Various demonstrations have
been conducted including door opening [2], plug pulling [3],
pick-and-place [4], and contact-based inspection [5].

Despite the aerial manipulator’s vast potential, controller
design has been remaining a challenging problem due to its
highly complex dynamics. In contrast to a conventional multi-
rotor, which is in general modeled as a single rigid body,
a coupling effect from the robotic arm’s motion should be
suitably addressed which would otherwise incur instability
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[6]. To handle such issue, [7] proposes a stabilizing controller
based on the dynamics described in the body coordinate, and
asymptotic stability is proved using the singular perturbation
theory. To handle the complexity of the aerial manipula-
tor’s dynamics, [8—10] introduce coordinate transformations
through which dynamics is decoupled, and motion controllers
based on such decoupled dynamics are derived. These con-
trollers could guarantee asymptotic stability (AS), but they all
assume no uncertainty nor disturbance in the model.

To consider uncertainty which prevails in actual experiments
especially when interacting with an environment, various
robust/adaptive controllers have been proposed. Existing ro-
bust/adaptive controllers can be classified into two categories
by whether the motion of the robotic arm is regarded as
disturbance or not. The first approach designs a robust/adaptive
controller for a multi-rotor only, and it is more convenient than
the other approach to design a controller thanks to the reduced
complexity of the system model. [11,12] utilize the multi-
rotor dynamics but with additional modeling of the robotic
arm’s effect as a CoM shift. To guarantee boundedness of the
tracking error, sliding mode control and disturbance observer
are applied in [11] while [12] proposes an H., controller.
[13, 14] use the CoM position of the aerial manipulator instead
of the multi-rotor and apply a nonlinear disturbance observer
by which transient performance recovery against various un-
certainties is verified using a coordinate transformation and the
singular perturbation theory. Assuming that the inertia of the
robotic arm is negligible, [15, 16] consider only the dynamics
of the multi-rotor and the end-effector and provide a nonlinear
controller which guarantees boundedness of the tracking error.

On the other hand, the second approach exploits the full
knowledge of the coupled dynamics between the multi-rotor
and the robotic arm and therefore, the coupling term between
the two needs no longer to be deemed as disturbance. Thanks
to this property, it is a merit of the second approach that
better performance can be expected by virtue of the reduced
source of disturbance. [17] designs a robust controller based
on IDA-PBC method, but with a restriction that only a 2-
dimensional quadrotor model with an n-link robotic arm is
considered. [18] models the aerial manipulator using recursive
Newton-Euler formulation, and designs an adaptive controller
for attitude, altitude, and joint angle tracking, but without
position tracking controller. [19,20] adopt adaptive sliding
mode controller and show that the system is asymptotically
stable under the assumption that external disturbance is suf-
ficiently slowly varying. [21] designs a cascade controller



which consists of feedback linearization and H., control and
shows robustness against various types of uncertainties, but
without rigorous stability analysis. [22] applies a finite-time
geometric control with adaptive law which shows finite-time
convergence to a small region around the origin and robustness
against external disturbance. A combination of prescribed
performance control and disturbance observer is presented in
[23] where model/parametric uncertainties are considered as a
lumped disturbance term in the model.

As discussed above, robust/adaptive control for an aerial
manipulator has been an active research topic in both robotics
and control communities. Among various robust/adaptive con-
trol methods, this paper aims to develop a robust integral
of the sign of the error (RISE) feedback controller for the
full aerial manipulator system. The RISE control, which was
first proposed in [24], is a robust control technique which can
guarantee asymptotic stability or exponential stability even if
there exist model uncertainties and disturbance [25]. Since
the controller could guarantee convergence of the tracking
error to zero which was not possible in other previously
mentioned controllers applied to the aerial manipulator, the
RISE controller is expected to have strength in accurate
manipulation. Despite such strength, to the best of the authors’
knowledge, the RISE control has not been applied to an aerial
manipulator as opposed to its employment in various other
aerial robots [26-29].

To address underactuatedness! of the aerial manipulator,
we first decompose the aerial manipulator dynamics into
the underactuated and fully actuated subsystems with coordi-
nate transformation. Then, a nominal controller guaranteeing
asymptotic stability of the nominal system is constructed and
augmented to a robust controller based on the RISE method.
Tracking error convergence to zero is verified with strict
Lyapunov-based stability analysis where exponential stability
is proved. Comparisons with other robust controllers, adaptive
sliding mode control [20] and disturbance observer-based
control [14], are also conducted in simulation to validate
performance of the proposed controller.

The contribution of this research can be summarized as
follows:

« reformulation of the full dynamics of the aerial manipu-
lator for the ease of controller design and analysis

« asymptotic stability analysis with thorough consideration
of the underactuatedness of the nominal closed-loop
aerial manipulator system

« first approach to apply RISE control to the aerial manip-
ulator guaranteeing tracking error convergence to zero in
the presence of uncertainties

A. Notations

In this work, we use I,, diag{a,b}, blkdiag{A, B}
to denote an identity matrix in R™*", a diagonal matrix
composed of scalars a,b, and a block diagonal matrix com-
posed of matrices A and B. For a vector v and a diagonal

I'This is a mechanical property of a multi-rotor where all 6 degrees of
freedom cannot be independently controlled. This property can be observed
from the fact that a multi-rotor cannot translate in X,y directions without
rolling or pitching.

Fig. 1. Aerial manipulator prototype. Note that we do not assume a
particular robotic arm configuration in dynamic modeling and control
design.

matrix D, v; denotes the i*" element of v, and D; is the i*"
diagonal element of D. Also, for a column vector a and b,
[a;b] == [a" bT]T. Lastly, c(-), s(-), and ¢(-) denote shorthands
for cos(+), sin(-), and tan(-), respectively.

1. DYNAMIC MODEL

Assuming a multirotor-based aerial manipulator as in Fig.
1, a control input is defined as u = [T’; 74; 79] € R4+ where
TeR, 1y € R3, and 7y € R™ are multirotor’s total thrust
in body z axis, multirotor’s torque in body coordinate, and
joint torques of the robotic manipulator. We take a generalized
coordinate as ¢ = [p; ¢; 0] € Rt where p € R?, ¢ € R?,
and § € R™ are CoM position, ZYX Euler angles of a
multirotor base, and joint angles of a robotic arm, respectively.
ng denotes the number of revolute joints in the robotic
arm. Regarding the aerial manipulator as a serially connected
linkage where the multirotor base is considered as the O-th
link, mass and moment of inertia of the j-th link about their
CoM expressed in their body frame are denoted as m; and Z;.
For notational simplicity, we separately define configuration
related to rotational motions as r = [¢; 0], and CoM position
of the aerial manipulator as p. € R>.

By solving Euler-Lagrange equation, equations of motion
(EoM) can be written as

Mi+Ci+G=DBu+A
M, M, (D

Mt—l; M,

R(6+n8)><(6+ne), G ¢

|

where M,C € R6+ne B ¢
R(6+70)x(4+70) are mass matrix, Coriolis-centrifugal matrix,
gravity vector, and input matrix, respectively. Particularly,
input matrix can be derived as B = blkdiag{Rb3,Q",I,,}
where R € SO(3) is a rotation matrix describing orientation
of the multirotor base, b3 = [0;0; 1], @ € R3*3 is a Jacobian
matrix mapping Euler angle rate d) to body angular velocity
[20]. Lastly, M}, My,., and M, respectively have the dimension
of M; € RBXB,M“« c RSX(3+n9)7MT c R(3+n9)><(3+n9),
and A is external disturbance. We assume that disturbance
A is twice differentiable, and both disturbance and its time-
derivative are bounded.
Using S & —Mt_lMtr, define a new coordinate n € R6+7¢

satisfying ¢ = 5'77 where

= I3 S

s=[5 5]

Then, by pre-multiplying ST to (1) and using ¢ = 51,
Mij+Cn+G=S"Bu+S8"A )

where M = STMS, ¢ = §T(MS + C8), and G = §TG.
Now, we state the following:



Proposition 1 ([9]): A new coordinate 7 satisfying ¢ = 5‘77
can be taken as = [p.;r]|, and EoM is equivalent to the
following decoupled dynamics

mrpe +mpgbs = RbsT + A,
M, (r)it + Cp(r,7)i = [STRby Q] u+ A,

(3a)
(3b)

where mj, £ E;ﬁo mj, g € R is a gravitational acceleration
constant, M, £ M, — M,] M ' M,, is symmetric, positive-
definite, Q 2 blkdiag{Q",I.,}, Ay = [I3 S]A €
R3 A, =[0 I3in,]A € R3™, and C, € RG+ne)x(3+n0)

is defined from
~ x ok
“=la
Remark 1: By Proposition 1, the equations of motion (1) is
decomposed into translational dynamics of CoM of the aerial

manipulator (3a) and the remaining rotational dynamics (3b).

[1l. CONTROLLER DESIGN
A. Dynamics reformulation

In (3), compared to conventional multi-rotor dynamics [30],
the body thrust T affects the rotational dynamics (3b) due to
non-zero terms of ST Rbs in the input matrix. Therefore, if
we apply an inner-loop orientation control & outer-loop trans-
lation control strategy which is widely applied for controlling
multi-rotors [29, 30], the thrust T" should act as disturbance to
the rotational dynamics. To overcome this issue, we rearrange
the dynamics (3) such that the thrust 7' needs not to be
considered as disturbance.

Let us define g5 = [pc,3;7] € R and g, = [pe,1;pe2] €
R? which represent the configuration of fully actuated, and
underactuated subsystems, respectively. Then, by rearranging
(3), EoM of each subsystem can be obtained as

. b] Rb

my, 9 . TTELg o b;Rbd Q

[ 0 M,} ar+ [cﬂ'ﬁ} = [STRb3 glutar @D
where by = [1;0;0], by = [0;1;0], A, = [A¢1;A¢ 2], and
Ay = [Ay3;A0]. Ay, Af could include an error term arose
by uncertainty in the CoM position. For brevity, we define
T = b; Rb3T,

mr O s W}Lg N 1 Q
[ 0 MJ’ Cr= [Cr] By = {STRbg Q}’

2 [b] Rbs a |ch3  sp3 a | to2
o Rl oot R T ool

sp3

Then, by definition, B, T = W®T, and (4) can be rewritten
as

(4a)

(1>

My

MGy = T‘I"bd + T\I/((I) — (I)d) + A,
Mgy +Cf = Bfﬂ—FAf

(5a)
(5b)

where ®4 is ® with ¢y 4, ¢2q instead of ¢q,¢92, and u =
[T; 74; 79]. ®4 € R? will be used as a virtual control input to
control the underactuated subsystem (5a). This cascade control
approach is similar to existing works [19, 23] but differs in that
the attitude error term T'W (® —®,) is strictly considered in the

controller design and analysis. To denote nominal dynamics,
let % indicate * with nominal physical parameters. Then, the
nominal counterpart of (5) can be written as

Mgy =TY®y+ TV(P — dy)
Mf('jf +C'f = Bfﬂ.

(6a)
(6b)

(6) is obtained from (5) by inserting nominal parameters and
canceling external disturbance. Note that the orientation error
term in the underacuated dynamics TV (® — @) is not treated
as disturbance and is considered in the nominal dynamics.

Assumption 1: Roll and pitch angles of the multirotor base
are bounded by |p1], |p2| < 7/2.

Assumption 2: The total thrust T is not zero.

For notational consistency and the ease of controller design,
we reformulate (5) as

MuGu + fu = U (7a)
meGe + fr =uy (7b)

where
My 2 myp, fu2TU(Pg— D) — Ay, u, =TV, ®

my £ By 'My, fr £ By (Cr—Af), up =@

Thanks to Assumption 1, B;l always exists and therefore,
all variables in (8) are well-defined. Note also that with
Assumption 1, 2, a bijective map between u, € R? and
$1.d, 2.4 € (—7/2,m/2) can be obtained as

$2,q = tan~! (% (chsuu,1 + $P3uu2))

9
¢1,4 = tan™" (Cd%d (5¢3Uu,1 — C¢3uu,2)) . ©

For controller design, we combine control inputs of the
nominal controller and robust controller as w, = Uy, + Uy,r,
Uf = Uy, +uyr, where u, ,,uy, are nominal inputs which
stabilize the nominal system, and ., ., uy,, are robust control
inputs compensating model uncertainties and disturbance.

B. Nominal control design

In theory, RISE control [24] could guarantee AS even
without a nominal controller. However, since RISE control
relies solely on integrals of error signals, transient performance
could be degraded particularly for hovering control where un-
ceasing non-zero thrust is required. Hence, for better transient
performance, we design a nominal controller as in [26, 28]
for both underactuated and fully actuated subsystems, which
could guarantee AS of the nominal system.

The nominal controller is designed with 772, £ 1y, My =
B;'My, and fr £ B;'Cy as follows:

(10a)
(10b)

Uyn = fu + mu(qud + Kyaéur + Kupeul)
upn = fr+n(Gra+ Kraép + Kppeg)
where ey1 = Qu,d — Gu» €51 = qf,d — 45 Kup, Kua € R2%2

and Kpp, Kyq € RUFT70)X(E+10) are control gain matrices.
For control structure uniformity, f,, = 0 is added in (10a).



C. RISE control design

Similar to [28,29], we design a RISE controller for both
the underactuated and fully actuated parts. With control
gains p, € R, Ky, Aui,Au2,Ays € R**? and py €
R, Ky, Af1,Apa,Ap3 € R&+n0)x(4+10)  robust feedback
control inputs based on RISE are defined as

Uy, r = (Ku + puI2)(6u2(t) - euQ(O))+ (11)

t
/ (Ku + puIQ)Au2€u2 (T) + Au35gn(eu2 (T))dT
0

ufy = (Kg+ prlasny)(epa(t) —ep2(0)+ (12)

t
5+ i A paesar) + A pasen(ea()ir
0

where e, 2 = €,1 +Ay1€41, €2 = €51 +Ap1ep1, and sgn(-)
is a sign function.

IV. STABILITY ANALYSIS
A. Nominal closed-loop system analysis

We first show that the nominal dynamics with nominal
controller satisfies AS. Analysis of the nominal closed-loop
system is presented after the following lemma.

Lemma 1 ([7,31]): Consider a system

iy = fi(x1) (13a)
$.2 = fg(xl,xg) (13b)

where x1, fi € R™ and x, fo € R™, If 7 = 0 is AS for
T = fl(l‘l), and zo = 0 is AS for 9 = fg(o,l‘g), then (13)
is AS to x1 = 0 and x5 = 0.

Theorem 1: For positive-definite, diagonal matrices K,
Kuya, Kyp, Kyq, the nominal closed-loop system consisting
of EoM (6), control input (10) (ty = Uy,n, Uf = Uyg,y), and
roll, pitch desired values (9) is AS.

Proof: The nominal closed-loop system can be written
as

éul + Kudéul + Kupeul = T\I/(q)d - (b)/m[/’
€r1 + Kyraepr + Kppeyr = 0.

(14a)
(14b)

Then, since control gains are positive-definite, diagonal ma-
trices, (14b) is AS to [ef1;€51] = 0, and (14a) is AS to
[eu1; éu1] = 0 assuming [ef1;ér1] = 0. Therefore, by Lemma
1, the closed-loop system (14) is AS. ]

Remark 2: Theorem 1 shows that even in the presence of
attitude error term TW(® — ®,) in translational dynamics
which inevitably occurs due from underactuatedness, AS can
still be obtained.

B. Actual closed-loop system analysis

Since the system (7) and controllers (10), (11), (12) of the
underactuated and fully actuated part share the same structure,
we first analyze the following virtual system and control input:

mj=u—f (15a)
Up = [ +10(Ga + Kaér + Kper) (15b)
ur = (K + pl,)(e2(t) — e2(0))+

(15¢)

/0 (K + pl,)Asea(7) + Assgn(ea(7))dT

where [g; 4] € R?" is a system state, u = u, + u, € R" is a
control input, and p € R, K, Kgq, K, A1, Ay, A3 € R"*" are
diagonal control gain matrices. e; = qq — ¢, e2 = €1 + Aje;.
Note that the subscripts u, f are omitted in the virtual system
(15) to differentiate it from the actual system (7).

For the analysis, first define e3 = é3 + Ages. Then,

meés = N — (K + pl,,)es — Asgsgn(ez) — %Meg —ey (16)
where
N = (g — mia) — m(Kaqér + Kper) — m(Kqé1 + Kpér)
+(f - f) +(m =) § g+ m(Aiér + Agéa) + %mes + eg.
Let N, be defined as
Ny = (g — ma)da + (fa — fd) + (maq — Ma) ¢y

where we overload the notation *,; to denote * with the
desired state [gq; dq]. For f, and fr, fua = —Au, fra =
B;;(C’ﬁd —Ay). Thein, as in Remark 3 of [24], the following
can be obtained for N = N — Ny as

IVI < pCllelD el

where e = [e1; e2; e3] and p(-) is a positive, globally invertible,
non-decreasing function.

Lemma 2 ([27]): Take As; > |[Nailloo + Mgl Nailloo
Vi =1,--- ,n. Then, the following function

a7)

t n
Q(t) = / 2é;—A3Sgn(€2)dT + 22A311|62,i(0)| — NJ@Q
0 i=1
satisfies 0 < Q(t) < Y0 (2A3,; + || Na,illoo) le2,:(2)]-
Theorem 2: For the positive-definite, diagonal control gains
satisfying 2A5 > I,,, the closed-loop system of (15) is semi-
globally exponentially stable.
Proof: Consider the following Lyapunov candidate func-
tion:

1 1 1
V= 561—61 + 56;62 + 56;7’”63 + Q.

Then, by Lemma 2, V satisfies the lower and upper bounds of

(18)

n
nlel? <V < yallell® + D (285 + [ Nailloo)le2,i(t)]
i=1
where 71 = 1 min{l,m} and o = §max{1,m}. Positive
constants m, m are defined to satisfy m < m < m. Computing

the time derivative of V/,

V< —el Aer —eg Apey + e €1 —eq (K + ply)es

+ EJN — Z A27Z‘A37¢
i=1
where O(t) = —6;<Nd — AQNd) — Z?:l A2,iA3,i|e2,i|~ From
the condition on A3 presented in Lemma 2, O(t) < 0, and by
additionally applying (17),

2 ([lell)
Ak

+O(t)

€24

V<

—(A" = Mell> =~ As i ileas|
i=1

where we used eJer < i(|leal|* 4+ |le1]|?). Therefore,
there exists a positive constant c satisfying V. < —cV



TABLE |
PHYSICAL PARAMETERS AND CONTROLLER GAINS IN SIMULATION
(DIAGONAL ELEMENTS FOR MATRICES)

Parameter Value (kg)  Parameter Value (kgm2)
o 2.4 I 10 2[2.5, 2.5, 5.0]
My 0.41 I, 10~2[0.5, 1.0, 1.0]
g 0.16 Iy 10=4[0.0, 2.3, 2.3]
Gain Value Gain Value
Kup [6, 6] Kfp 102[1,4.8,4.8, 8,5, 5]
Kud [4,4] Kiq 101(5,4,4,4,10,10]
Ku, pu [0.5,0.5], 0.1 Kfopp 1071[1,6,6,6,1,1],0.05
Autl [20,20] Af1 [2,45, 45,45, 1.5, 1.5]
A2 [3,3] Afo 10— 1(30,8,8,8,1,1]
Ay3 [0.1,0.1] Afs 1072[100, 4,4, 4,1, 1]

for |le]| < p='(2Vk*A\*) where k* = min;(K;), \* =
min{1 min;(A;;), min;(As;) — 3, p}. Thus, by referring to
the process in [24], the region of attraction S = {e €
DIW(e) < yi(p t(2VEk*A*))?} can be obtained where
W(e) = yallell? + 1, (28, + | Nalloo) ez ()] and D =
{e € R*™||le| < p'(2vVk*A\*)}, and this completes the
proof. ]

Remark 3: Rigorous treatment for the discontinuous right
hand side of V due to é3 (16), which is based on Filippov
solution, can be found in [27]. Note that similar Lyapunov-
based closed-loop system anaylsis was conducted in the paper,
and the analysis can also be applied to validate current
development.

Remark 4: By referring to Lemma 2 and the definition of
Ny, it is noteworthy that the nominal controller contributes to
reducing the required lower bound of the control gain Ags.

Theorem 3: Given that external disturbances A,, Ay and
their time derivatives are bounded, with proper control gains
of both underactuated and fully actuated subsystems satisfy-
ing premises of Theorem 1, Lemma 2, and Theorem 2, the
closed-loop system composed of (7), (10), (11), and (12) is
exponentially stable.

Proof: Constructing a candidate Lyapunov function V, =
Vu+V; where V,,, V; are Lyapunov functions of underactuated
and fully actuated parts defined in the same way as (18),
the stability result in Theorem 3 can be obtained by the
same procedure presented in the proof of Theorem 2. Note
that although (17) for the underactuated subsystem should be
modified to [[Nul| < pur(flewl)llell + puz(llesl)lef]l due
to the orientation error term TW(®,; — ®) in f,, this does
not limit the stability analysis since there exists a positive,
globally invertible, non-decreasing function pu,(-) satisfying
[Null < pa(lleal])lleall where eq = [eu; ef]. €y, ef are defined
in the same way as e appeared in (17). ]

Remark 5: Due to the use of Euler angles, which suffers
from singularity, only local result is acquired in Theorem 3.
However, note that within the singularity-free region F :=
{ea € R™2¥214]|¢y|, |¢2] < 7/2}, the region of attraction ap-
peared in Theorem 2 can be expanded by taking larger control
gains to increase £*, \*.

V. SIMULATION RESULTS

To validate the proposed controller, we perform two dif-
ferent simulations where the aerial manipulator is considered
to have a 2 degrees of freedom robotic arm. Nominal inertial

€p2 [m]

€p3 [m]

time [s]1 time [s]

Fig. 3. Tracking error plot of scenario 2. ep := p—pg, ep = ¢ — ¢gq.
parameters and gains of the proposed controller used in simu-
lation can be found in Tab. 1 where only the diagonal elements
are listed for matrix-valued parameters/gains. Definitions of
m;,Z; can be found in II.

The first scenario is to regulate position deviation from
zero where pg = [0;0;0] for all time, while the robotic arm
is commanded to oscillate as 3 = [7 cos(§t); 7 sin(51))].
On the other hand, in the second scenario, the aerial ma-

nipulator is commanded to follow a circular trajectory as

pa = [cos(Et);sin(Zt);0] in the presence of robotic arm’s
oscillation as 64 = [7 cos(§t); 7 sin($t))]. The desired yaw

angle is defined to be 0 in both scenarios, for all time. To test
robustness against model uncertainty and external disturbance,
in both scenarios, 30% uncertainty is applied to all inertial
parameters as m; = 1.31h;, 1; = 1.3@ V3 = 0,1,2. Time-
varying external disturbance is applied as A = [A,; Ap] where
A, = [sin(Et);cos(£t); 1], Ap = 0.1sin(E¢)[1;1;1;0.1;0.1]
in both scenarios.

For comparison, we choose two robust controllers from
each category discussed in I, which are disturbance observer
(DOB)-based controller [14] and adaptive sliding mode con-
troller (ASMC) [20]. Due to the page limit, only tracking
errors of position p and orientation ¢ of the multi-rotor is
illustrated in Figs. 2, 3. The left columns of Figs. 2, 3
denote Xx,y,z directional position tracking error from the top
to the bottom, and the right columns denote roll, pitch, yaw
orientation tracking error, again from the top to the bottom.
Traversed position trajectories during both scenarios can be
found in Fig. 4. The proposed controller is plotted in black
dashed lines and denoted with the legend RISE while DOB
and ASMC controllers are plotted in red dotted lines and blue
dash-single dotted lines, respectively. In all simulations, as
can be observed in Figs. 2, 3, 4, the proposed RISE method
outperforms the other comparing two in error convergence.
In the error bound perspective however, DOB shows better
performance in attitude tracking, and this results from the fact



y [m]

x [m]

Fig. 4. Position trajectories traversed during the operation time of 15
seconds. The left figure shows the result of scenario 1 and the right
figure is the one from scenario 2. The objective of scenario 1 in the left
is to regulate the position at the origin while that of scenario 2 in the right
is to track a circular trajectory of radius 1 centered at the origin.

that DOB [14] can guarantee the boundedness of error during
the transient response, though not the asymptotic convergence.
Note that each controller utilizes the same control gains in
both scenarios, and sufficiently high gains are selected in
all controllers to show comparable performance to the other
two controllers. For each controller, a uniformly positive total
thrust 7" is obtained in both scenarios.

VI. CONCLUSION

In this paper, we presented a RISE-based controller for
an aerial manipulator which guarantees exponential stability
in the presence of uncertainties. To formally consider the
underatuatedness issue of the aerial manipulator, dynamics
decomposition into the two underactuated and fully actuated
subsystems was proposed on which a robust controller was
designed. We first showed that the nominal feedback controller
could guarantee asymptotoic tracking if there exists no uncer-
tainty. A robust controller was then proposed by combining
a nominal controller and a RISE controller, applied to both
subsystems. Through Lyapunov-based stability analysis, we
proved that the tracking error converges to zero exponentially,
and comparative studies with existing robust controllers for
an aerial manipulator demonstrated that the proposed method
surpassed the others in convergence property.
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