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STABILITY ANALYSIS OF A UAV EQUIPPED WITH A ROBOTIC ARM
T.A. Simonyan
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The paper presents a detailed stability analysis of an unmanned aerial vehicle (UAV)
equipped with a 2-DOF robotic arm designed for grasping and manipulating different pay-
loads. UAV-manipulators have got increasing attention due to their ability to perform com-
plex manipulation tasks while flying. Despite the advantages, these systems face various
challenges, and their control strategies need to be examined to ensure reliable and stable
performance in such dynamic conditions. To address these challenges, the dynamics of the
UAV-manipulator system are discussed in the paper. The manipulator's kinematics are
modeled according to the Denavit-Hartenberg convention. The full system dynamics are
derived using the Euler-Lagrange method, considering both UAV and robotic arm dynam-
ics with their coupled interactions. A key contribution of this work is the formulation of the
inertia matrix of the system as a constant nominal component and a time-varying uncertain-
ty as a result of the effects of manipulator motion and object interaction. This separation
enables a more structured and detailed analysis of the system's stability under changing
robot configurations and payloads. To support the analysis, a Matlab/Simulink model of the
UAV-manipulator system is developed based on the derived symbolic dynamics. The simu-
lation model allows to test various manipulation scenarios and helps to monitor the key
indicators of stability such as the system's response, center-of-mass behavior, and the ef-
fects of payload variations on the system’s stability. The results emphasize the impact of
the manipulator's configuration and the payload on the overall dynamics of the system. The
proposed framework serves as a foundation for the future development of adaptive or data-
driven control strategies that can address the dynamic uncertainties of the UAV-
manipulator system.

Keywords: unmanned aerial vehicle, robotic manipulation, object grasping, stability
analysis, Matlab/Simulink.

Introduction. UAVs equipped with robotic maipulators commonly referred
to as aerial manipulators, have become a very popular research topic in the last
decade. By combining aerial mobility with the ability of physical interaction with
the world, these systems are offering a solution for hard-to-reach environment
tasks. The aerial manipulators are used in various fields like military applications,
photography and inspection, transportation, architecture, building, and construction

[1].
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However, aerial manipulators introduce a lot of challenges in terms of sys-
tem modelling and control. A significant body of research has developed models
for UAVs with robotic arms, focusing on areas such as stability analysis, control
design, and dynamic interaction between the UAV and manipulator. These models
often use Euler-Lagrange or Newton-Euler methods to integrate the dynamics of
both components into a single system [2-4]. Other works model the manipulator as
an external disturbance acting on the UAV, enabling relatively simplified control
design, considering the robot arm movements as a disturbance and compensating
with a disturbance observer controller [5].

As the manipulator moves or interacts with objects, the UAV's center-of-
mass changes, which can significantly affect its stability and control. To minimize
the impact of the manipulator's movements on the UAV, a multilayer control sys-
tem is proposed in [6], which incorporates a moving battery mechanism to counter-
act the center-of-mass displacement caused by the arm's motion, effectively keep-
ing the UAV's center-of-mass as close as possible to its geometric center during
operation. In [7] a generalized CoG a compensation scheme is implemented, where
online estimation of the center-of-mass allows for compensation of position drift,
thereby improving the UAV's stability and manipulation accuracy.

In the paper, the UAV and manipulator are modeled as a unified system to
accurately capture all dynamic coupling effects, including changes in mass distri-
bution and inertia during manipulation. To analyse the stability, we further decom-
pose the system's inertia matrix into a constant nominal component and a time-
varying uncertainty. This structure allows a more tractable analysis of how the ma-
nipulator motion and payload interaction influence the system’s stability, without
compromising the fidelity of the underlying dynamic model. The approach is a
foundation for both detailed system analysis and future development of adaptive or
disturbance-aware control strategies.

System modeling. This section describes the complete modeling framework
of the aerial manipulator system, which consists of a quadrotor UAV equipped

with a 2-DOF robotic arm mounted on its underside (Fig. 1). The modeling ap-
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proach captures the coupled dynamics between the UAV and the manipulator using

a unified formulation.

Fig. 1. An UAV-manipulator system in the initial (folded) state

To describe the system, we have used two frames: the inertial frame {/} and
the body fixed frame {B}. The transformation between them is given by the rota-
tion R;p matrix, constructed from the UAV’s Euler angles (roll, pitch, yaw) using a
ZYX convention. The UAV is modeled as a 6-DOF rigid body: with 3 translational
coordinates and 3 rotational angles. The manipulator consists of two revolute joints
that operate in the vertical plane beneath the UAV. The base of the manipulator is
assumed to be rigidly fixed to the downside of the UAV, and the base frame of the
manipulator is aligned with the UAV's body-fixed frame.

The combined configuration of the system is described by the generalized
coordinate vector:

q=[%y2¢0,Pe,el",
where & = [x,y,2]T represents the UAV’s position in inertial coordinates,
Q=1[¢,0,¢]T denotes the UAV’s Euler angles, and Y = [&1,&,]7 are the joint
variables of the robotic arm.

The linear and angular velocities of the UAV in the inertial frame can be ex-
pressed as:

PUAV = R;pP gAVv ey

W Gay = Rip" TR, (2)
where the angular velocity is expressed via Euler angles using the standart trans-
formation matrix 7'[8, 9].

In order to present the configuration of the robotic arm, we have used the
Denavit-Hartenberg (DH) convention, which provides a standardized methodology
for defining the relative transformations between consecutive links [10]. To formu-
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late the manipulator's kinetic energy, we computed the linear and angular velocities
of each link’s center-of-mass:
i = Pyav + S(w)R1zp; + RIB]p(Y)Ya 3)
@; = w + RipJ, NV, “4)
where S(w) is the skew-symmetric matrix, J,, and J,, are the Jacobian matrices that
relate the generalized velocity Y to the velocities of the i-th link’s center-of-mass.
These Jacobians are derived by differentiating the kinematic chain transformations
with respect to Y, and include the influence of both UAV base motion and the joint
variables of the arm.

Using the kinematic relationships (1)-(4), energy expressions are derived
which form the basis of the Euler—Lagrange equations. The total kinetic energy £
of the UAV-manipulator system is the sum of the UAV’s kinetic energy and the
kinetic energies of the two arm links:

E(Q! Q) = Eyay + Earm,l + Earm,z- (5)
Modeled as a rigid body of mass myay and inertia tensor I,y for
UAV and m; and I; for each manipulator’s links we have:
1 . T . 1 - .
Eyay = EmUAVPUAV Pyav + E'QTTRIBIUAVRIBTTT-Qa (6)
1. 1. .
Earm,i = ;mipi" By + 5@ RipliRip" ;. (7

The gravitational potential energy U comprises contributions from the UAV
and each link:

U(q) = myavgz + X1 migz;(q), 8)
where z is the UAV’s altitude and z;(q) is the vertical coordinate of link i’s center-
of-mass in the inertial frame, and g is the gravitational acceleration.

The total kinetic and potential energy of the UAV-manipulator system is
computed based on the symbolic kinematic model. Defining the Lagrangian:
the Euler—Lagrange equations:
d SL SL
iRl (10)
yield the system’s equamtions of motion. Here Q = [tT + 7,T]" collects the ge-
neralized control inputs T and disturbance forces 7p.
The resulting equations of motion take the standard form:

M(q)i +€(q,9)q +G(q) = T+ 1p, (11)
where M(q) is R®*® symmetric, positive-definite inertia matrix, C(q, ) contains
Coriolis and centrifugal terms, G (q) is the gravity vector.

Stability analysis. To evaluate the dynamic behavior and stability of the
UAV-manipulator system under different operating conditions, a comprehensive
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simulation framework is developed in Matlab/Simulink. This framework incorpo-
rates the full nonlinear dynamics and allows systematic tracking of stability indica-
tors such as inertia variations, center-of-mass drift, and system responses during
manipulation and object grasping.

A key point of the paper is the analysis of stability by separation of the M (q)
inertia matrix as a composition of a constant nominal inertia matrix M, represen-
ting the configuration at the initial (folded) state (Fig. 1), and a time-varying uncer-
tainty AM(q) changing from the manipulator’s motion and interaction with pay-
loads. The total inertia is thus expressed as:

M(q) = Mo(I + A(@), (12)
where A(q) = My, 'AM(q) defines a multiplicative uncertainty model that cap-
tures how the inertia varies are relative to its nominal structure (Fig. 2).

Through this decomposition, the stability analysis becomes a study of the
system’s robustness to structured dynamic perturbations. If the gain of the uncer-
tainty channel A(q) remains sufficiently small, and the nominal system My~ (T —
Cq — @) is input-to-state stable, then the full system is guaranteed to remain stable
despite changing the manipulator configurations and payload effects [11].

A Inertia
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Fig. 2. Inertia changes modelled as multiplicative uncertainty

To investigate the stability of the system, we have conducted a simulation
where the UAV maintains a hovering state while the manipulator transitions from a
folded to an extended configuration (Fig. 3). The initial folded state is chosen to
reduce center-of-mass displacement and dynamic coupling at takeoff. As the joints
extend over time, at the 5th second, the manipulator grasps the object, introducing
a dynamic shift in the system's inertia. A PD controller was chosen and designed

for the system's nominal inertia matrix to stabilize the system.
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Fig. 3. Object grasping scenario

To quantify the effects of these dynamic changes, the infinite norm
I|[AM(q)|| of the changing component of the inertia matrix is tracked throughout
the simulation. This metrix provides a direct measure of the system’s deviation
from its nominal dynamics.

The numerical values listed in the Table below are used for simulating the
UAYV and manipulator system.

Table

Numerical values for simulation
UAYV mass Myay 24 kg
UAYV dimensions dimyay 0.5x0.5x0.2 m
Link masses my,my 0.3,0.45 kg
Link dimensions dim, ,dim,, 0.05x0.05x0.2, m
0.05x0.05x0.3
Grasped object mass Mopj 0.5 kg
Grasped object dimgy; 0.08x0.08x0.15 m
dimensions

Two surface plots are presented to visualize how [|AM(q)||« evolves across
the full range of joints configurations, first in the case of a free-moving manipula-
tor, and second when the object is grasped by the end-effector (Fig. 4). These fig-
ures highlight the dynamic variation due to payload interaction.
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Matrix Norm Evolution Over Joint Variables - Without grasped object
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Fig. 4. The effect of joint configurations on inertia changes

Similarly, the displacement of the system's center-of-mass relative to the
UAYV base frame center-of-mass is monitored to assess the physical impact of iner-
tia variation on the system's balance and stability (Fig. 5).
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System CoM Drift Relative to UAV Base

T T

E
=
g 0.05 |
i
= 0.045 1
15
= 0.04 , . .
o 8 9 10
Time (s)
- Z-Coordinate of UAV and System CoM
. T T . . T ’ . T
= == UAV CoMZ
-E-{].Q ' System CoM Z | 1
Nost 1 ]
-
0? 1 ] Il 1 | ' 1 ! 'l
0 1 2 3 4 5 6 7 8 9 10

Time (s)

XY Trajectory of CoMs Over Time

w— == AV CoM

@ 10 — System CoM
(18] o
E SI\*/I
=
-0.05 0 0 0.05
0.05 -0.05
X [m] Y [m]

Fig. 5. The system center-of-mass drift relative to the UAV base

In addition to tracking the system’s center-of-mass behavior and inertia vari-
ation, further simulations are conducted to analyze the system’s response along the
X, Y axes and orientation angles with the nominal constant inertia matrix and with
the full changing inertia matrix that includes the manipulator configuration and
object grasping (Fig. 6).

The resulting plots reveal that the system driven by the nominal inertia mo-
del shows smoother and more stable responses, with minor oscillations and quicker
convergence. In contrast, the configuration including the full dynamic inertia
demonstrates increased disturbances, especially following the grasping events,
where the inertia shift introduces nonlinear effects. This contrast illustrates the sen-
sitivity of the UAV-manipulator system to inertia uncertainty and shows the im-
portance of incorporating such effects in any robust control design. The nominal
model, while simplified, provides a stable baseline for initial operation, however, it
is not able to capture the changing dynamics introduced by payload interaction,
making clear the necessity for adaptive or uncertainty-aware control strategies in
future developments.
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Fig. 6. The UAV response under nominal vs. full inertia

Conclusion. The paper presents a structured stability analysis of an UAV
equipped with a 2-DOF robotic manipulator. The full nonlinear dynamics of the
coupled system are derived using the Euler—Lagrange method, capturing both the
UAYV and the manipulator arm, including payload interaction. A key contribution
of this work is the modeling of the inertia matrix as a nominal component and a
time-varying perturbation, enabling a direct measure of how arm motion and
grasped payloads affect system stability. A simulation framework is developed in
Matlab/Simulink to evaluate the behavior of the system during manipulation tasks.
The results indicate that although the system remains dynamically bounded, the
observed variations in the inertia profile and center-of-mass position introduce
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measurable disturbances. These effects remain within acceptable limits under the
tested conditions, however, to achieve improved stability and disturbance rejection
in more demanding tasks, additional methods such as adaptive or data-driven con-
trol should be employed, which can respond to real-time changes in the inertia

model.
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AHAJIN3 YCTOMYUBOCTHU BECIIUJIOTHOTI'O JETATEJBHOI'O
ATIITAPATA, OCHAIIIEHHOT O POBOTU3UPOBAHHOM PYKOU

T.A. CumoHsIH

[IpencraBneH MOAPOOHBIH aHATN3 YCTONYMBOCTH OECHIIOTHOTO JICTATEILHOTO all-
napara (BIIJIA), ocHameHHOrO poOOTH3MPOBAaHHOW PYKOH € 2-Msl CTENEHSMH CBOOOJBI,
MpeIHA3HAYCHHOM AJI 3aXBaTa Pa3iIMUYHBIX MOJE3HBIX TPY30B M MAHUIYJIHUPOBAHUSA HMU.
BIUTA-MaHUITYIATOPB! TIPUBIIEKAIOT BCe OOJbIIee BHUMAHHUE OJiarogapsi CBOei CIocoOHO-
CTH BBIIOJHATH CIOXHbIE MAHUMYJISITUBHBIE 3a/1a4l BO BpeMs nosieta. HecMoTps Ha mpeu-
MYIIECTBA, 9TH CHCTEMBI CTAIKHUBAIOTCS C PA3IMYHBIMHU MPOOJIEMaMH, 1 HEOOXOUMO H3Y-
YUTh WX CTPATETHWH YIPaBICHHA, YTOOBI 00ECICUNTh HAACKHYIO M CTAOMIBHYIO padoTy B
TaKAX JTUHAMHUYHBIX yCIOBHsAX. JIJIsl pelIeHus 3TUX 3a/1ad B CTaTh€ PacCMATPHUBAETCS JIHU-
Hamuka cuctembl BIIJTA-manunynstop. Kunematuka MaHUMynsTOpa CMOJETUpPOBaHA B
COOTBETCTBHM ¢ KOHBeHUuell JlenaBura-XaprenOepra. IlonHas quHaMuKa CHCTEMBI MOJY-
YEHa C UCIIOJIb30BaHMEM METOJIOB MOJEINpoBaHus Dilnepa-Jlarpanka, yduThIBAIOIIUX JH-
Hamuky Kak BITJIA, Tak u po6oTa-MaHHUIyNATOpa, C UX CBSI3AHHBIMM B3aUMOJICHCTBUAMHU.
KnroueBbIM BKJIaJIOM padOTHI sIBJISETCS (OPMYJIMPOBKA MATPHIBI WHEPIIMH CHCTEMBI Kak
MTOCTOSTHHOTO HOMHUHAJIbHOTO KOMIIOHEHTA W M3MEHSIOLIEHCS BO BpEMEHN HEOIPEIEIEHHO-
CTH, BBI3BAHHOH JBMXCHHUEM MaHHITYJSITOpA U B3anMOZEHCTBHEM ¢ 00bekToM. Takoe pas-
JIeNIeHHE MO3BOJISIET IPOBOAUTH O0Nee CTPYKTYPUPOBAHHBIN U IeTalbHBINH aHATU3 CTa0MIIb-
HOCTH CHCTEMBbI IIPU M3MEHEHUH KOH(UTypanuu podoTa U moJie3Hoil Harpysku. s moj-
JIEp’)KKM ~ aHallM3a peanu3oBaHa Mojaenb cucreMmbl bBIIJIA-manunynstop B cpene
Matlab/Simulink, ocHoBaHHasi Ha NOJIy4YeHHOW CHMBOJIBHOW JMHaMHKe. MoJielMpoBaHue
MO3BOJISIET TECTUPOBATh PA3IUYHBIC CIICHAPUHM MAHMITYJISIUH U OTCIICKHMBATH KIIOUEBBIC
MoKa3aTely YCTOMYMBOCTH, TAKUE KAaK PEAKIHs CUCTEMBI, IOBEJIECHUE LIEHTPA MacC U BIIUs-
HUE U3MEHEHUH MOJIE3HOW Harpy3KU Ha yCTOMUMBOCTH CHCTEMBI. [IpeiosxkeHHas cTpyKTy-
pa CIy’KUT OCHOBOM 1 Oyaymieil pa3paOOTKK afanTUBHBIX CUCTEM YIPABJICHUS WU CTpa-
TETrni, OCHOBAHHBIX Ha JAHHBIX, KOTOPhIE MOTYT YUUTHIBATh IMHAMHUYECKIE HEONPEICICH-
HocTH cuctembl BITIJIA-manunyastop.

Knrouesvie cnoga: 6ecIMIIOTHBIN JIETaTENbHBIN anmapar, poOOTH3UPOBAHHAS MaHU-
MyJISILKsSL, 3aXBaT 00bEKTa, aHAIN3 ycToitunBocTr, Matlab/Simulink.
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