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Modular Adaptive Aerial Manipulation Under
Unknown Dynamic Coupling Forces

Rishabh Dev Yadav , Swati Dantu , Wei Pan , Member, IEEE, Sihao Sun, Spandan Roy ,
and Simone Baldi , Senior Member, IEEE

Abstract—Successful aerial manipulation largely de-
pends on how effectively a controller can tackle the cou-
pling dynamic forces between the aerial vehicle and the
manipulator. However, this control problem has remained
largely unsolved as the existing control approaches either
require precise knowledge of the aerial vehicle/manipulator
inertial couplings, or neglect the state-dependent uncer-
tainties especially arising during the interaction phase. This
work proposes an adaptive control solution to overcome
this long standing control challenge without any a pri-
ori knowledge of the coupling dynamic terms. In addition,
in contrast to the existing adaptive control solutions, the
proposed control framework is modular, that is, it allows
independent tuning of the adaptive gains for the vehicle
position subdynamics, the vehicle attitude subdynamics,
and the manipulator subdynamics. Stability of the closed
loop under the proposed scheme is derived analytically,
and real-time experiments validate the effectiveness of the
proposed scheme over the state-of-the-art approaches.

Index Terms—Adaptive control and unknown dynamic
coupling forces, unmanned aerial manipulator.
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I. INTRODUCTION

AN UNMANNED aerial manipulator (UAM) is a coupled
system where a quadrotor (or multirotor) vehicle carries a

manipulator: the presence of the manipulator greatly improves
the dexterity and flexibility of the quadrotor, making it capable
to accomplish a wide range of tasks, from simple payload
transportation to more complex tasks such as pick and place,
contact-based inspection, grasping and assembling, etc., [1], [2],
[3], [4], [5], [6], [7], [8].

The UAM control problem faces considerable challenges
due to the uncertain effects arising from i) nonlinear cou-
pling forces/wrenches between the quadrotor and the manip-
ulator [9], [10] and ii) dynamic changes in the center of mass
and mass/inertia distribution when the manipulator arm swings
and/or interacts with the environment (during grasping, pick-
and-drop, etc.) [11], [12], [13]. Such inertial couplings are
inescapable yet difficult to model with sufficient precision due
to their state dependence. In the following, we discuss the state-
of-the-art controllers developed for UAM and their limitations
which lead toward the motivation of this work.

A. Related Works and Motivation

As observed in the reviews [12], [14], the control approaches
neglecting the coupling dynamic forces (cf., [15], [16]) or the
approaches requiring precise knowledge of the system model
(cf., [17], [18], [19], [20], [21]) often fail to meet the required
performance. Therefore, although in limited numbers, various
approaches have been recently developed to tackle model uncer-
tainties and external disturbances (e.g., payload wrench, wind)
either by robust control methods such as linear estimator [19],
extended high-gain observer [22], disturbance observer [23],
RISE-based method [24], or by adaptive control methods such
as adaptive disturbance observer [25], [26], adaptive backstep-
ping [27], adaptive sliding mode observer [28], adaptive sliding
mode control [29], [30]. However, robust control methods re-
quire nominal knowledge of the system model and on bounds
of the uncertainties, while most adaptive control methods re-
quire the uncertainties or their time-derivatives to be bounded
a priori (cf., [25], [26], [27], [28], [29]), which cannot capture
state-dependent uncertainties. It is worth mentioning that even
when the a priori boundedness requirement is removed as in [30],
precise knowledge of the inertial couplings is required. Unfortu-
nately, dynamic changes in the center of mass and mass/inertia
distribution are very difficult, if at all possible, to model and

1083-4435 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on August 20,2025 at 09:53:19 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0005-0054-8230
https://orcid.org/0009-0003-8895-3462
https://orcid.org/0000-0003-1121-9879
https://orcid.org/0000-0002-2238-9542
https://orcid.org/0000-0001-9752-8925
mailto:rishabh.yadav@postgrad.manchester.ac.uk
mailto:wei.pan@manchester.ac.uk
mailto:wei.pan@manchester.ac.uk
mailto:dantuswa@fel.cvut.cz
mailto:s.sun-2@tudelft.nl
mailto:spandan.roy@iiit.ac.in
mailto:simonebaldi@seu.edu.cn
https://doi.org/10.1109/TMECH.2024.3457806


YADAV et al.: MODULAR ADAPTIVE AERIAL MANIPULATION UNDER UNKNOWN DYNAMIC COUPLING FORCES 2689

the same holds for the dynamic coupling forces between the
quadrotor and the manipulator (cf. [31, Ch. 5.3] and detailed
discussion in Remark 2 later). Hence, the issue of unknown
state-dependent inertial forces in aerial manipulation remains
largely unsolved in the literature.

Another issue in adaptive control methods is that the adaptive
gains are common to all subsystems (cf., [25], [28], [29], [30]),
i.e., to the manipulator subdynamics, the position subdynamics,
and the attitude subdynamics of the quadrotor. As a result, it be-
comes impossible to tune the gains to improve the performance
of one subsystem without affecting the performance of all the
other subsystems. The flexibility to tune control performance at
the subsystem level is lost.

B. Contributions of This Study

Summarizing the above discussions, the state-of-the-art adap-
tive control designs for UAM face two bottlenecks: i) coping
with unknown state-dependent dynamics terms including iner-
tial coupling terms, and ii) designing noninterlacing adaptive
laws for the UAM subsystems. Toward this direction, a modular
adaptive control framework is presented, which brings out the
following novelties:

� We propose an adaptive control scheme that does not
require a priori knowledge (nominal or upper bounds)
of state-dependent uncertainties (unlike [19], [22], [23],
[24], [25], [28], [29]) or of coupling inertial dynamic terms
(unlike [15], [16], [30]).

� We propose novel modular adaptive laws that allow tuning
the adaptive gains of the quadrotor position subdynamics,
quadrotor attitude subdynamics, and manipulator subdy-
namics independent to each other (unlike [25], [28], [29],
[30]).

Associated with the control design is a novel stability analysis
that, in contrast to the state-of-the-art, captures a new way to
model the uncertainties and novel auxiliary gains that take into
account the couplings between the UAM subsystems. Compara-
tive real-time experimental results demonstrate the effectiveness
of the proposed scheme over the existing solutions.

The rest of the article is organized as follows: Section II de-
scribes the UAM dynamics and the control problem; Section III
details the proposed control framework and its stability analy-
sis, respectively; Section IV provides comparative experimental
results while Section V provides concluding remarks.

II. SYSTEM DYNAMICS AND PROBLEM FORMULATION

The following notations are used in this article: ||(·)|| and
λmin(·) denote 2-norm and minimum eigenvalue of (·), respec-
tively;I denotes identity matrix with appropriate dimension, and
diag{·, . . . , ·} denotes a diagonal matrix with diagonal elements
{·, . . . , ·}.

Let us consider a quadrotor-based UAM system with an n
degrees-of-freedom (DoF) manipulator system as in Fig. 1 with
symbols and system parameters given in Table I, and having the

Fig. 1. Schematic for a quadrotor-based UAM system with an n-link
manipulator and the corresponding frames.

TABLE I
NOMENCLATURE

Euler–Lagrangian dynamical model as [32]

M(χ(t))χ̈(t) +C(χ(t), χ̇(t))χ̇(t) + g(χ(t)) + d(t) = τ
(1)

where χ =
[
p� q� α�

]�
, τ =

[
τ�p τ�q τ�α

]�
∈ R

6+n.

The system dynamics terms can be decomposed as

M =

⎡
⎢⎣Mpp Mpq Mpα

M�
pq M qq M qα

M�
pα M�

qα Mαα

⎤
⎥⎦ ,

Mpp,M qq,Mpq ∈ R
3×3

Mpα,M qα ∈ R
3×n

Mαα ∈ R
n×n

(2a)

C =

⎡
⎢⎣Cp

Cq

Cα

⎤
⎥⎦ , Cp,Cq ∈ R

3×(6+n)

Cα ∈ R
n×(6+n) (2b)

g =

⎡
⎢⎣gpgq
gα

⎤
⎥⎦ , d =

⎡
⎢⎣dpdq
dα

⎤
⎥⎦ , gp, gq, dp, dq ∈ R

3

gα, dα ∈ R
n.

(2c)

Here τα � [τα1 τα2 .. ταn
]� is the control input for the

manipulator; τq � [u2(t) u3(t) u4(t)]
� is the control input

for roll, pitch, and yaw of the quadrotor; τp = RWB U is the
generalized control input for quadrotor position in Earth-fixed
frame, such thatU(t) � [0 0 u1(t)]

� ∈ R
3 is the force vector

in body-fixed frame and RW
B ∈ R

3×3 is the Z − Y −X Euler
angle rotation matrix from the body-fixed coordinate frame to
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Fig. 2. Sequence of operations of the quadrotor during the experiment with the proposed controller: (a) takeoff from the ground; (b) follows the
trajectory and expand arm to pick the payload; (c) picking the payload and stabilizing itself; (d) moving to the drop location while orienting the arm
to the opposite direction; (e) dropping the payload and stabilizing itself; and (f) reaches to origin. The quadrotor is tied to the floor using a rope for
safety reasons.

the Earth-fixed frame, given by

RW
B =

⎡
⎢⎣cψcθ cψsθsφ − sψcφ cψsθcφ + sψsφ

sψcθ sψsθsφ + cψcφ sψsθcφ − cψsφ

−sθ sφcθ cθcφ

⎤
⎥⎦ (3)

where c(·) and s(·) denote cos (·) and sin (·), respectively.
The following standard system properties hold from the

Euler–Lagrange mechanics [33].
Property 1: The matrix M(χ) is uniformly positive definite

and ∃m,m ∈ R
+ such that 0 < mI ≤ M(χ) ≤ mI .

Property 2: ∃c̄, ḡ, d̄ ∈ R
+ such that ||C(χ, χ̇)|| ≤ c̄||χ̇||,

||g(χ)|| ≤ ḡ, ||d(t)|| ≤ d̄. This implies, from (2b)–(2c),
∃c̄p, c̄q, c̄α, ḡp, ḡq, ḡα, d̄p, d̄q, d̄α ∈ R

+ such that ||Cp(χ, χ̇)|| ≤
c̄p||χ̇||, ||Cq(χ, χ̇)|| ≤ c̄q||χ̇||, ||Cα(χ, χ̇)|| ≤ c̄α||χ̇||,
||gp(χ)|| ≤ ḡp, ||gq(χ)|| ≤ ḡq, ||gα(χ)|| ≤ ḡα, ||dp(t)|| ≤
d̄p, ||dq(t)|| ≤ d̄q, ||dα(t)|| ≤ d̄α.

In the following, we highlight the model uncertainties con-
sidered in this work.

Remark 1 (Uncertainty): Both the system dynamics
terms M ,Cp,Cq,Cα, gp, gq, gα, dp, dq, dα and their bounds
m,m, c̄p, c̄q, c̄α, ḡp, ḡq, ḡα, d̄p, d̄q, d̄α defined in Properties 1–2
are unknown for control design. Thus, we depart from state-
of-the-art methods [19], [22], [23], [24], [25], [28], [29], [30]
requiring a priori system knowledge.

For the proposed modular control design, the UAM dynamics
(1) can be rewritten using (2) as

Mppp̈+Mpq q̈ +Mpαα̈+Cpχ̇+ gp+ dp = τp, τp =RW
B U

(4a)

M qq q̈ +M�
pq p̈+M qαα̈+Cqχ̇+ gq + dq = τq (4b)

Mααα̈+M�
pαp̈+M�

qαq̈ +Cαχ̇+ gα + dα = τα (4c)

where (4a), (4b), and (4c) represent the quadrotor position
subdynamics, quadrotor attitude subdynamics, and manipulator
subdynamics along with their interactions, respectively.

Remark 2 (Unknown Inertial Couplings): The inertial cou-
pling terms Mpα and M qα in (4) represent the interaction
between the manipulator-quadrotor position subdynamics and
the manipulator-quadrotor attitude subdynamics, respectively.
These terms cause state-dependent forces (via acceleration terms

p̈, q̈, α̈) that, if neglected, may result in poor control performance
or even instability. Unfortunately, these coupling terms are very
difficult, if at all possible, to model in a uniform and precise
way, as they depend on how the manipulator interacts with the
environment (cf. [31, Ch. 5.3]). This work departs from the
existing literature (cf. [19], [22], [23], [24], [25], [26], [27], [28],
[29], [30]) as it does not neglect the inertial coupling terms, but
avoids their knowledge by considering them as state-dependent
uncertainties.

The desired trajectories χd = [p�d q�d α�
d ]

� and their time-
derivatives χ̇d, χ̈d are designed to be bounded. Furthermore,
χ, χ̇, χ̈ are considered to be available for feedback. Let us define
the tracking error as

e � χ(t)− χd(t), ξ(t) �
[
e�(t) ė�(t)

]�
. (5)

Control Problem: Under Properties 1–2, to design an adap-
tive control framework for the UAM system (4) with modular
adaptive laws to stabilize the tracking errors (e, ė)while tackling
uncertainties described in Remark 1.

The following section solves the control problem.

III. PROPOSED MODULAR ADAPTIVE CONTROL DESIGN AND

ANALYSIS

The proposed control framework consists of designing the
quadrotor position control (Section III-A), the quadrotor attitude
control (Section III-B), and the manipulator control (Section
III-C) as per the dynamics (4). Note that, being the dynam-
ics coupled, such design process is not decoupled: thus, Sec-
tion III-D and the Appendix cover the overall stability analysis.

A. Quadrotor Position Control

For control design purpose, the quadrotor position subdynam-
ics (4a) is rearranged as

M̄ppp̈+ Ep = τp (6)

where M̄pp is a user-defined constant positive definite matrix
andEp � (Mpp − M̄pp)p̈+Mpq q̈ +Mpαα̈+Cpχ̇+ gp +
dp. The selection of M̄pp would be discussed later (cf., Re-
mark 3). Let us define the position tracking error as ep(t) �
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p(t)− pd(t) and an error variable rp as

rp � B�
pP pξp (7)

where ξp(t) �
[
e�p (t) ė�p (t)

]�
, Bp �

[
0 I

]�
; P p > 0 is

the solution to the Lyapunov equation A�
pP p + P pAp = −Qp

for some Qp > 0 with Ap �
[

0 I

−λp1 −λp2

]
. Here, λp1 and λp2

are two user-defined positive definite gain matrices and their
positive definiteness guarantees that Ap is Hurwitz.

The quadrotor position control law is designed as

τp = M̄pp(−Λpξp −Δτp + p̈d) (8a)

Δτp =

{
ρp

rp
||rp|| if ||rp|| ≥ �p

ρp
rp
�p

if ||rp|| < �p

(8b)

where Λp is a user-defined positive definite gain matrix and
�p > 0 is a scalar used to avoid chattering; ρp tackles the
uncertainties, whose design will be discussed later. Substituting
(8a) into (6) yields

ëp = −Λpξp −Δτp + σp (9)

where σp � −M̄
−1
ppEp is defined as the overall uncertainty.

Using system Properties 1–2, one can verify

||σp|| ≤ ||M̄−1
pp ||

(||(Mpp − M̄pp)||||p̈||+ ||Mpq||||q̈||
+||Mpα||||α̈||+ ||Cp||||χ̇||+ ||gp||+ ||dp||) . (10)

Using Property 2 and the inequalities ||χ̈|| ≥ ||p̈||, ||χ̈|| ≥ ||q̈||
and ||χ̈|| ≥ ||α̈||, ||ξ|| ≥ ||ė||, ||ξ|| ≥ ||e|| and substituting χ̇ =
ė+ χ̇d into (10) yields

||σp|| ≤ K∗
p0 +K∗

p1||ξ||+K∗
p2||ξ||2 +K∗

p3||χ̈|| (11)

whereK∗
p0 = ||M̄−1

pp ||(ḡp + d̄p + c̄p||χ̇d||2),
K∗
p1 = 2||M̄−1

pp ||c̄p||χ̇d||, K∗
p2 = ||M̄−1

pp ||c̄p,
K∗
p3 = ||M̄−1

pp ||
(||(Mpp − M̄pp)||

+||Mpq||+ ||Mpα||)
are unknown scalars. Based on the upper bound structure in (11),
the gain ρp in (8b) is designed as

ρp = K̂p0 + K̂p1||ξ||+ K̂p2||ξ||2 + K̂p3||χ̈||+ ζp (12)

where K̂pi is the estimate of K∗
pi for each i = 0, 1, 2, 3, and ζp

is an auxiliary stabilizing gain (cf., Remark 4). The gains K̂pi

and ζp are adapted via the following laws:

˙̂
Kpi = ||rp||||ξ||i − νpiK̂pi, i = 0, 1, 2 (13a)

˙̂
Kp3 = ||rp||||χ̈|| − νp3K̂p3 (13b)

ζ̇p =

⎧⎪⎪⎨
⎪⎪⎩

0 if ||rp|| ≥ �p

−
{

1 +
(
K̂p3||χ̈||+

∑2
i=0 K̂pi||ξ||i

)
||rp||

}
ζp + εp

if ||rp|| < �p

(13c)

K̂pi(0) > 0, K̂p3(0) > 0, ζp(0) > 0 (13d)

where νp0, νp1, νp2, νp3, εp ∈ R
+ are user-defined scalars.

B. Quadrotor Attitude Control

To achieve the attitude control, the tracking error in quadrotor
attitude is defined as [34], [35]

eq =
1
2

(
(Rd)

�RW
B − (RW

B )�Rd

)v
(14)

ėq = q̇ −R�
dR

W
B q̇d (15)

where (.)v is vee map converting elements from SO(3) to R
3

and Rd is the rotation matrix as in (3) evaluated at (φd, θd, ψd).
The quadrotor attitude subdynamics (4b) is rearranged as

M̄ qq q̈ + Eq = τq (16)

where M̄ qq is a user-defined constant positive definite ma-
trix (cf., Remark 3) and Eq � (M qq − M̄ qq)q̈ +M�

pq p̈+
M qαα̈+Cqχ̇+ gq + dq .

Let us define an error variable rq as

rq � B�P qξq (17)

where ξq(t) �
[
e�q (t) ė�q (t)

]�
; P q > 0 is the solution to the

Lyapunov equation A�
q P q + P qAq = −Qq for some Qq > 0

with Aq �
[

0 I

−λq1 −λq2

]
and λq1,λq2 being two user-defined

positive definite gain matrices and their positive definiteness
guarantees that Aq is Hurwitz.

The quadrotor attitude control law is proposed as

τq = M̄ qq (−Λqξq −Δτq + q̈d) (18a)

Δτq =

{
ρq

rq
||rq || if ||rq|| ≥ �q

ρq
rq
�q

if ||rq|| < �q

(18b)

where Λq is a user-defined positive definite gain matrix and
�q > 0 is a scalar used to avoid chattering; the design of gain
ρq will be discussed later. Substituting (18a) into (16) yields

ëq = −Λqξq −Δτq + σq (19)

where σq � −M̄
−1
qqEq is defined as the uncertainty pertaining

to attitude subdynamics. Following similar lines to derive the
upper bound of ||σq|| as in (11), one can derive

||σq|| ≤ ||M̄−1
qq ||

(||(M qq − M̄ qq)||||q̈||+ ||M�
pq||||p̈||

+||M qα||||α̈||+ ||Cq||||χ̇||+ ||gq||+ ||dq||)
≤ K∗

q0 +K∗
q1||ξ||+K∗

q2||ξ||2 +K∗
q3||χ̈|| (20)

whereK∗
q0 = ||M̄−1

qq ||
(
ḡq + d̄q + c̄q||χ̇d||2

)
K∗
q1 = 2c̄q||M̄−1

qq ||||χ̇d||, K∗
q2 = ||M̄−1

qq ||c̄q
K∗
q3 = ||M̄−1

qq ||
(||(M qq − M̄ qq)||

+||M�
pq||+ ||M qα||

)
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are unknown scalars. Based on the upper bound structure in (20),
the gain ρq in (18b) is designed as

ρq = K̂q0 + K̂q1||ξ||+ K̂q2||ξ||2 + K̂q3||χ̈||+ ζq (21)

where ζq is a stabilizing gain and K̂qi are the estimates of K∗
qi

for each i = 0, 1, 2, 3, adapted via the following laws:

˙̂
Kqi = ||rq||||ξ||i − νqiK̂qi, i = 0, 1, 2 (22a)

˙̂
Kq3 = ||rq||||χ̈|| − νq3K̂q3 (22b)

ζ̇q =

⎧⎪⎪⎨
⎪⎪⎩

0 if ||rq|| ≥ �q,

−{1 + (K̂q3||χ̈||+
∑2
i=0 K̂qi||ξ||i)||rq||}ζq + εq

if ||rq|| < �q

(22c)

K̂qi(0) > 0, K̂q3(0) > 0, ζq(0) > 0 (22d)

where νq0, νq1, νq2, νq3, εq ∈ R
+ are user-defined scalars.

C. Manipulator Control

Similar to the previous sections, the manipulator subdynam-
ics (4c) is rearranged via introducing a user-defined constant
positive definite matrix M̄αα (cf., Remark 3) as

M̄ααα̈+ Eα = τα (23)

where Eα � (Mαα − M̄αα)α̈+M�
pαp̈+M�

qαq̈+Cαχ̇+

gα + dα. Taking eα(t) � α(t)− αd(t) and ξα(t) �[
e�α(t) ė�α(t)

]�
, an error variable rα is defined as

rα � B�P αξα (24)

where P α > 0 is the solution to the Lyapunov equa-
tion A�

αP α + P αAα = −Qα for some Qα > 0 with Aα �[
0 I

−λα1 −λα2

]
. The matrices λα1 and λα2 are designed to be

positive definite so that Aα is Hurwitz.
The manipulator control law is designed as

τα = M̄αα(−Λαξα −Δτα + α̈d) (25a)

Δτα =

{
ρα

rα
||rα|| if ||rα|| ≥ �α

ρα
rα
�α

if ||rα|| < �α

(25b)

where Λα is a user-defined positive definite gain matrix and
the scalar �α > 0 is used to avoid chattering; the gain ρα is
designed later. Substituting (25a) in (23) yields

ëα = −Λαξα −Δτα + σα (26)

where σα � −M̄
−1
ααEα defines the overall uncertainty in ma-

nipulator subdynamics. Similar to the upper bounds of ||σp|| and
||σq||, one can verify

||σα|| ≤ ||M̄−1
αα||

(||(Mαα − M̄αα)||||α̈||+ ||M�
pα||||p̈||

+||M�
qα||||q̈||+ ||Cα||||χ̇||+ ||gα||+ ||dα||

)
≤ K∗

α0 +K∗
α1||ξ||+K∗

α2||ξ||2 +K∗
α3||χ̈|| (27)

withK∗
α0 = ||M̄−1

αα||
(
ḡα + d̄α + c̄α||χ̇d||2

)
K∗
α1 = 2c̄α||M̄−1

αα||||χ̇d||, K∗
α2 = ||M̄−1

αα||c̄α
K∗
α3 = ||M̄−1

αα||
(|| (Mαα − M̄αα

) ||
+||M�

pα||+ ||M�
qα||
)

being unknown constants. Based on the upper bound structure
in (27), the gain ρα in (25b) is designed as

ρα = K̂α0 + K̂α1||ξ||+ K̂α2||ξ||2 + K̂α3||χ̈||+ ζα (28)

where ζα is an auxiliary stabilizing gain and K̂αi are the esti-
mates of K∗

αi for each i = 0, 1, 2, 3, adapted via the following
laws:

˙̂
Kαi = ||rα||||ξ||i − ναiK̂αi, i = 0, 1, 2 (29a)

˙̂
Kα3 = ||rα||||χ̈|| − να3K̂α3 (29b)

ζ̇α =

⎧⎪⎪⎨
⎪⎪⎩

0 if ||rα|| ≥ �α

−{1 +
(
K̂α3||χ̈||+

∑2
i=0 K̂αi||ξ||i

)
||rα||}ζα + εα

if ||rα|| < �α

(29c)

K̂αi(0) > 0, K̂α3(0) > 0, ζα(0) > 0 (29d)

where να0, να1, να2, να3, εα ∈ R
+ are user-defined scalars.

Remark 3 (Choice of Gains and Tradeoff): It can be noted
from (11), (20), and (27) that large values of the gains
M̄pp,M̄ qq, andM̄αα lead to lower values ofK∗

pi,K
∗
qi, andK∗

αi

i = 0, 1, 2, 3; consequently, the effects of unknown dynamics
on the controller performance are reduced and faster adaptation
is possible. Nevertheless, as a tradeoff, large M̄pp,M̄ qq, and
M̄αα result in high control input demand [cf., (8a), (18a) and
(25a)]. Further, low values of νpi, νqi, ναi, i = 0, 1, 2, 3 in (13),
(22), and (29) help in faster adaptation with higher adaptive
gains, but at the cost of higher control input demand. Therefore,
the choice of these gains must consider application requirements
and control input demand.

D. Overall Control Structure and Stability Analysis

The design steps of the proposed modular adaptive controller
are summarized in Algorithm 1.

Theorem 1: Under the Properties 1–2, the closed-loop trajec-
tories of (4a)–(4c) employing the control laws (8), (18), and (25)
along with their respective adaptive laws (13), (22), and (29) are
uniformly ultimately bounded (UUB).

Proof: See Appendix.
Modularity in Adaptive Laws: The adaptive laws (13), (22),

and (29) reveal that the selection of the adaptive design pa-
rameters for one subdynamics is independent of the other ones
via Step 1 (choice of rp, rq, rα via different P p,P q,P α) and
Step 3 in Algorithm 1. Such a modularity allows tuning of
the adaptive gain evaluations as per practical requirement as
opposed to the use of common gains as in [25], [28], [29],
and [30].
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Algorithm 1: Design Steps of the Proposed Controller.
Step 1 (Define the error variables): Collect the error
variables (ep, ėp, ξp), (eq, ėq, ξq), and (eα, ėα, ξα). Then,
based on the selections of Qp,Qq,Qα, find the solutions
P p,P q,P α from the Lyapunov equations to calculate the
error variables rp, rq, rα as in (7), (17), and (24).

Step 2 (Evaluate adaptive gains): After defining the
appropriate gains (νpi, εp), (νqi, εq), and (ναi, εα),
i = 0, 1, 2, 3, evaluate the adaptive gains (K̂pi, ζp),
(K̂qi, ζq), and (K̂αi, ζα) from (13), (22), and (29).

Step 3 (Design control gains): Design the positive definite
gain matrices (M̄pp,Λp), (M̄ qq,Λq), and (M̄αα,Λα).

Step 4 (Design the controller): Finally, using the results
from Steps 1–3, evaluate the control inputs τp, τq and τα
via (8a), (18a), and (25a), respectively.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

For experimental purpose, a UAM setup is created using an
S-500 quadrotor system (with brushless T-Motors 5010 750
KV) and a 2R serial-link manipulator system (with Dynamixel
XM430-W210-T motors). The manipulator carries an electro-
magnetic gripper for payload pick-and-place operation. The
overall setup weighs 2.2 kg (approx). A U2D2 Power Hub Board
is used to power the manipulator and the gripper. Raspberry Pi-4
is used as a processing unit, which uses a U2D2 communication
converter. Sensor data from OptiTrack motion capture system (at
120 fps) and IMU were used to measure the necessary pose (po-
sition, attitude), velocity and acceleration feedback of the drone.
For the manipulator, the joint angular position and velocity are
measured by the Dynamixel motors, while the accelerations are
computed numerically.

A. Experimental Scenario

To verify the performance of the proposed controller, an
experimental scenario as in Fig. 2 was created where the UAM
is tasked to pick-up a payload (approx. 0.2 kg) from a location
and drop it to another designated place. The payload position
was fixed and was made known to the quadrotor using the
motion capture markers. The experimental scenario consists of
the following sequences:

1) The quadrotor takes off from its origin (world coordinate
x = 0, y = 0) to achieve a desired height zd = 1 m
with the initial manipulator link angles α1(0) = 0 and
α2(0)=90◦.

2) Quadrotor starts moving toward the payload (world coor-
dinate x = −1, y = 0). During this time, the manipulator
links start rotating to make desired anglesαd1 = αd2 = 45◦

to pick the payload (at 2 ≤ t ≤ 30 s).
3) After picking the payload at t = 35 s (approx.) by activat-

ing the electromagnet, the quadrotor starts moving toward
the payload drop point (world coordinate x = 1, y = 0).
While moving toward the drop location, the manipulator
links reorient to the opposite direction (at 35 < t ≤ 65 s)
to achieve αd1 = αd2 = −45◦.

TABLE II
DESIGN PARAMETERS FOR THE PROPOSED CONTROLLER

4) After releasing the payload at t = 70 s, the UAM returns
to its origin (x = 0, y = 0).

Moving the manipulator arm while the quadrotor is in motion
saves operational time since the arm can adjust to proper orien-
tation to pick and drop the payload without putting the quadrotor
into hovering condition. Nevertheless, this poses a steep control
challenge as the center-of-mass of the system varies rapidly, and
the inertial coupling dynamic forces become more prominent as
p̈ 	= 0, q̈ 	= 0 unlike the hovering condition. The electromagnet
is programmed a priori to activate at t = 35 s and to deactivate
at t = 70 s for picking and releasing the payload, respectively.

To properly highlight the benefits of the proposed adaptive
control design, the performance of the proposed controller is
compared with the nonmodular control techniques such as adap-
tive sliding mode controller (ASMC-1) [29] and (ASMC-2) [30].
While ASMC-1 ignores state-dependent uncertainty, ASMC-2
can partially handle them as it requires precise knowledge of
the mass matrix. A diagonal matrix was created for ASMC-1
and ASMC-2 based on the knowledge of mass of drone, mass
of payload, arm link lengths, etc., following the conventional
system dynamics as in [32]. The nondiagonal coupling inertial
terms were considered unknown, which provides a platform to
verify the effect of unmodeled inertial state-dependent forces on
control performance. Note that the proposed controller does not
require such parametric knowledge.

The control parameters used for the proposed controller dur-
ing the experiment are listed in Table II.

Note that these choice of gain values lead to different evolution
of adaptive gains for each subdynamics (cf., discussion below
Theorem 1) for the proposed adaptive law compared to com-
mon adaptive gains for ASMC. The various control variables
of ASMC-1 and ASMC-2 are selected as per [29] and [30],
respectively, after accounting for system parameters.

B. Results and Analysis

The performance of the various controllers are shown in
Figs. 3, 4, 5, 6, and 7. It is evident from these plots that the
performance of ASMC-1 and ASMC-2 degraded in x direction
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Fig. 3. Comparison of quadrotor position tracking error with various
controllers.

Fig. 4. Comparison of quadrotor attitude tracking error with various
controllers.

Fig. 5. Comparison of manipulator tracking error with various con-
trollers.

Fig. 6. Comparison of quadrotor control inputs with various controllers.

Fig. 7. Comparison of manipulator control inputs with various con-
trollers.

(cf., Fig. 3) as manipulator begins extending toward the payload
for object retrieval (approx. 2 sec < t < 30 s) and similarly,
for the duration when manipulator is orienting in opposite
direction (approx. 35 s < t < 65 s) to drop the payload. This
occurs because both ASMC-1 and ASMC-2 are not designed
to tackle unknown inertial coupling forces among quadrotor
position, attitude, and manipulator subdynamics (cf., Remark
2). In contrast, the proposed adaptive law is specifically crafted
to manage state-dependent uncertainties, including the inertial
coupling forces.

Further, abrupt spikes in the angular position tracking error
plots of ASMC-1 and ASMC-2 (cf., Fig. 5) indicate a signif-
icant degradation in control performance immediately when
the payload is picked up around t = 35 s; consequently, the
altitude error (cf., z direction in Fig. 3) also increases for
ASMC-1 and ASMC-2 after picking the payload (t > 35 s)
which suggests that the existing controllers cannot handle sud-
den state-dependent dynamics variations; whereas, the proposed
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TABLE III
QUADROTOR POSITION TRACKING PERFORMANCE COMPARISON

TABLE IV
QUADROTOR ATTITUDE TRACKING PERFORMANCE COMPARISON

TABLE V
ARM TRACKING PERFORMANCE COMPARISON

controller leverages the advantages of modular adaptive laws to
address these challenges effectively.

It is crucial to note that achieving precise position tracking
for both the quadrotor and the manipulator’s angular position is
imperative for the successful pickup of the payload. Eventually,
the lower root mean square (RMS) errors exhibited by the
proposed controller in Tables III, IV, and V signify its proficient
handling of dynamic uncertainties compared to the state of the
art. ASMC-2 performed better than ASMC-1 as it can partially
tackle state-dependent uncertainties compared to the later.

V. CONCLUSION

A novel modular adaptive control framework for UAMs was
proposed to handle the challenges of unknown inertial dynamic
terms and of unknown state-dependent coupling forces. The
proposed control method not only contributes to overcome the
state-dependent uncertainties in UAMs but also enables indepen-
dent tuning of adaptive gains to enhance the flexibility and the
performance. The closed-loop stability was verified analytically
and real-time experiments validate its superiority over state-of-
the-art methods, denoting a significant enhancement for UAM
control.

APPENDIX

PROOF OF THEOREM 1

Modeling the adaptive laws (13), (22), and (29) as linear
time-varying systems, and using their analytical solutions from
positive initial conditions, it can be verified that K̂ji ≥ 0 ∀t > 0
i = 0, . . . , 3, j = p, q, α and ∃ζ̄j , ζj ∈ R

+ such that

0 < ζ
p
≤ ζp(t) ≤ ζ̄p ∀t > 0 (30a)

0 < ζ
q
≤ ζq(t) ≤ ζ̄q ∀t > 0 (30b)

0 < ζ
α
≤ ζα(t) ≤ ζ̄α ∀t > 0. (30c)

Stability is analyzed using the following Lyapunov function:

V = Vp + Vq + Vα (31)

withVp =
1
2
ξ�p P pξp +

3∑
i=0

(K̂pi −K∗
pi)

2

2
+
ζp
ζ
p

(32)

Vq =
1
2
ξ�q P qξq +

3∑
i=0

(K̂qi −K∗
qi)

2

2
+
ζq
ζ
q

(33)

Vα =
1
2
ξ�αP αξα +

3∑
i=0

(K̂αi −K∗
αi)

2

2
+
ζα
ζ
α

. (34)

Taking ξ̇j = [e�j ė
�
j ]

� the standard state-space representations
of the error dynamics in (9), (19), and (26) yield

ξ̇p = Apξp +B(σp −Δτp) (35a)

ξ̇q = Aqξq +B(σq −Δτq) (35b)

ξ̇α = Aαξα +B(σα −Δτα). (35c)

For ease of analysis, we first determine V̇p, V̇q , and V̇α and then
combine them to determine the overall closed-loop stability. In
the following, for compactness of notation, we may use the
notation j = p, q, α to represent the three terms in the error
dynamics or adaptive laws. The process is as follows.

A. Analysis of V̇p

Scenario (i): ||rp|| ≥ �p

Using (8), (11)–(13), (35a), the fact ζp > 0 from (30a) and the
Lyapunov equation A�

pP p + P pAp = −Qp, the time deriva-
tive of Vp yields

V̇p =
1
2
ξ�p
(
A�
pP p + P pAp

)
ξp + r�p

(
σp − ρp

rp
||rp||

)

+
3∑
i=0

(
K̂pi −K∗

pi

)
˙̂
Kpi +

ζ̇p
ζ
p

≤ − 1
2
ξ�pQpξp + ||σp||||rp|| − ρp||rp||

+

3∑
i=0

(
K̂pi −K∗

pi

)
˙̂
Kpi

≤ − 1
2
ξ�pQpξp −

2∑
i=0

(
K̂pi −K∗

pi

)
||ξ||i||rp||

−
(
K̂p3 −K∗

p3

)
||χ̈||||rp||+

3∑
i=0

(
K̂pi −K∗

pi

)
˙̂
Kpi.

(36)
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From (13), we have

3∑
i=0

(K̂pi −K∗
pi)

˙̂
Kpi =

2∑
i=0

(K̂pi −K∗
pi)(||rp||||ξ||i − νpiK̂pi)

+ (K̂p3 −K∗
p3)(||rp||||χ̈|| − νp3K̂p3)

=

2∑
i=0

(K̂pi −K∗
pi)||ξ||i||rp||+

(
K̂p3 −K∗

p3

)
||χ̈||||rp||

+

3∑
i=0

(
νpiK̂piK

∗
pi − νpiK̂

2
pi

)
. (37)

One can verify that(
νpiK̂piK

∗
pi − νpiK̂

2
pi

)
≤ −νpi

2

(
(K̂pi −K∗

pi)
2 −K∗

pi
2
)
.

(38)
Substituting (37)–(38) into (36) yields

V̇p ≤ − 1
2
λmin

(
Qp

) ||ξp||2
−

2∑
i=0

νpi
2

(
(K̂pi −K∗

pi)
2 −K∗

pi
2
)
. (39)

The definition of Vp as in (32) yields

Vp ≤ 1
2
λmax(P p)||ξp||2 +

3∑
i=0

(K̂pi −K∗
pi)

2

2
+
ζ̄p
ζ
p

. (40)

Using (40), the condition (39) is further simplified to

V̇p ≤ −�pVp + �p
ζ̄p
ζ
p

+
1
2

3∑
i=0

νpiK
∗
pi

2 (41)

where �p � min(λmin(Qp),νpi)

max(λmax(P p),1)
> 0.

Scenario (ii): ||rp|| < �p

In this scenario, we have

V̇p ≤ −1
2
ξ�pQpξp + ||σp||||rp|| − ρp

||rp||2
�p

+
3∑
i=0

(K̂pi −K∗
pi)

˙̂
Kpi +

ζ̇p
ζp

≤ −1
2
λmin(Qp)||ξp||2 + ||σp||||rp||

+

3∑
i=0

(K̂pi −K∗
pi)

˙̂
Kpi +

ζ̇p
ζp

≤ −1
2
λmin(Qp)||ξ||2 +

2∑
i=0

K̂pi||ξ||i||rp||+ K̂p3||χ̈||||rp||

−
2∑
i=0

νpi
2

(
(K̂pi −K∗

pi)
2 −K∗

pi
2
)
+
ζ̇p
ζp
. (42)

The adaptive law (13d) and relation (30a) lead to

ζ̇p
ζ
p

= −
(

1 + K̂p3||χ̈||||rp||+
2∑
i=0

K̂pi||ξ||i||rp||
)
ζp
ζ
p

+
εp
ζ
p

≤ −K̂p3||χ̈||||rp|| −
2∑
i=0

K̂pi||ξ||i||rp||+ εp
ζ
p

. (43)

Substituting (43) into (42) and using (40), V̇p is simplified to

V̇p ≤ −�pVp + �p
ζ̄p
ζ
p

+
εp
ζ
p

+
1
2

3∑
i=0

νpiK
∗
pi

2. (44)

B. Analysis of V̇q

Scenario (i): ||rq|| ≥ �q

Using (18), (20)–(22), (35b), the Lyapunov equation
A�
q P q + P qAq = −Qq and following the derivations of V̇p,

we have

V̇q ≤ − 1
2
λmin(Qq)||ξq||2 +

εq
ζ
q

−
2∑
i=0

νqi
2

(
(K̂qi −K∗

qi)
2 −K∗

qi
2
)
. (45)

The definition of Vq as in (33) yields

Vq ≤ 1
2
λmax(P q)||ξq||2 +

3∑
i=0

(K̂qi −K∗
qi)

2

2
+
ζ̄q
ζ
q

. (46)

Using (46), (45) is simplified to

V̇q ≤ −�qVq + �q
ζ̄q
ζ
q

+
1
2

3∑
i=0

νqiK
∗
qi

2 (47)

where �q � min(λmin(Qq),νqi)

max(λmax(P q),1)
> 0.

Scenario (ii): ||rq|| < �q

Following the steps for V̇p for this scenario, we have

V̇q ≤ − 1
2
λmin(Qq)||ξq||2

+
2∑
i=0

K̂qi||ξ||i||rq||+ K̂q3||χ̈||||rq||

−
2∑
i=0

νqi
2

(
(K̂qi −K∗

qi)
2 −K∗

qi
2
)
+
ζ̇q
ζq

≤ − �qVq + �q
ζ̄q
ζ
q

+
εq
ζ
q

+
1
2

3∑
i=0

νqiK
∗
qi

2. (48)

C. Analysis of V̇α

Scenario (i): ||rα|| ≥ �α

Using (25), (27)–(29), (35c), the Lyapunov equation
A�
αP α + P αAα = −Qα, and following the similar proce-

dures to derive V̇p and V̇q , one can derive

V̇α ≤ −�αVα + �α
ζ̄α
ζ
α

+
1
2

3∑
i=0

ναiK
∗
αi

2 (49)

where �α � min(λmin(Qα),ναi)
max(λmax(Pα),1) > 0.

Scenario (ii): ||rα|| < �α
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In this case, following similar lines of proof for V̇p and for
V̇q , we have

V̇α ≤ −�αVα + �α
ζ̄α
ζ
α

+
εα
ζ
α

+
1
2

3∑
i=0

ναiK
∗
αi

2. (50)

D. Overall Stability Analysis

For the overall stability of V̇ , we list the various possible
cases:

Case (i): ||rp|| ≥ �p, ||rq|| ≥ �q, ||rα|| ≥ �α

Case (ii): ||rp|| < �p, ||rq|| < �q, ||rα|| < �α

Case (iii): ||rp|| < �p, ||rq|| ≥ �q, ||rα|| ≥ �α

Case (iv): ||rp|| ≥ �p, ||rq|| < �q, ||rα|| ≥ �α

Case (v): ||rp|| ≥ �p, ||rq|| ≥ �q, ||rα|| < �α

Case (vi): ||rp|| < �p, ||rq|| < �q, ||rα|| ≥ �α

Case (vii): ||rp|| ≥ �p, ||rq|| < �q, ||rα|| < �α

Case (viii): ||rp|| < �p, ||rq|| ≥ �q, ||rα|| < �α.
Observing the results of V̇j , j = p, q, α under various scenar-

ios as in (41), (44), (47), (48), and (49), (50) the common time
derivative of Lyapunov function V for Cases (i)–(viii) from (31)
is obtained as

V̇ ≤ −�V + γ,

where � = min{�p, �q, �α},

γ =
∑

j=p,q,α

(
�j
ζ̄j
ζ
j

+
εj
ζ
j

+
1
2

3∑
i=0

νjiK
∗
ji

2

)
. (51)

Defining a scalar κ as 0 < κ < �, (51) can be simplified to

V̇ ≤ −κV − (�− κ)V + γ. (52)

Further defining a scalar B = γ
(	−κ) it can be concluded that

V̇ (t) < −κV (t) when V (t) ≥ B, so that

V ≤ max{V (0),B}, ∀t ≥ 0 (53)

and the closed-loop system remains UUB (cf., UUB definition
4.6 as in [36]).

Remark 4 (Role of ζj): The boundedness of ||rj || ≤ �j , j =

p, q, α in Scenario (ii) of V̇j implies boundedness of ||ξj ||
but not of ||χ̈|| and of ||ξ||. Therefore, canceling the terms
“(K̂j3||χ̈||||rj ||+

∑2
i=0 K̂ji||ξ||i||rj ||)” through the auxiliary

gains ζj (cf., ζ̇j) is necessary to guarantee closed-loop stability.
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