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Hybrid Position and Force Control for a Spherical Inverted Pendulum Connected to a
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ABSTRACT: Today, the use of drones to automate activities such as civil works, rescue operations, and
military missions is expanding to increase speed and accuracy, retaining manpower and reducing costs.
According to this approach, in this paper, hybrid control of position and force for a spherical inverted
pendulum on top of a quadrotor whose motion is constrained in the vertical direction is studied to enable
the quadrotor-spherical inverted pendulum system to perform operations such as painting and cleaning
on high ceilings. In this regard, first using Newton-Euler laws, the equations of motion governing the
quadrotor-inverted pendulum system in the constrained motion are extracted, and then by presenting
a model for the constraint force, a hierarchical control system including position-force control loop,
inverted pendulum orientation control loop and quadrotor orientation control loop is provided. Proposed
Control laws for the inverted pendulum orientation control loop and the quadrotor orientation control
loop are designed using some theorems of geometric control methods. Finally, to study the performance
of the proposed control method, some numerical simulations have been performed.
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1- Introduction

In recent years, Unmanned Aerial Vehicles (UAVs),
specially quadrotors, have attracted the attention of scientists
for performing various tasks autonomously. cleaning or
painting high ceilings are examples of tasks that can be
performed by the quadrotors. In this study, the possibility of
painting and cleaning high ceilings with a quadrotor without
adding any actuator via control of an inverted spherical
pendulum connected to it has been studied. According to the
nature of the mentioned operations, the path of the end of the
inverted spherical pendulum, which is actually the location
of the painting or cleaning tool, and the force applied from
it to the ceiling should be controlled. Many researchers have
studied the problem of inverted pendulum control on top of a
quadrotor [1-5] but none of them has not proposed a control
law for a pendulum in a constrained motion such as the
operation considered in this study.

Unlike previous studies, in this study, the pendulum is
in contact with a rigid horizontal ceiling, and according to
the intended mission, the problem of hybrid control of the
horizontal path of the end of the pendulum and the force
entering the ceiling has been studied. In other words, the main
innovation of this study is the modeling of the quadrotor and
pendulum system in contact with a rigid horizontal ceiling, as
well as the design of the hybrid force and position controller
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for the end of the pendulum.

2- Methodology

First, a mathematical model is derived for the dynamics of
the quadrotor-inverted pendulum system when the pendulum
is in contact with a horizontal rigid ceiling (Fig. 2).

The equations of the motions in the model have been
derived from Newton- Euler method while the dynamics of
the rotors are adapted from previous studies. Moreover, to
model the force acting on the pendulum by the ceiling f ,
the pendulum is considered as a mass attached to the roof by
a spring (Fig. 3).

Then, a hierarchical control scheme is proposed to control
the position and force of the pendulum. The control system
has three control loops. The outer loop calculates the desired
orientation of the connecting rod of the pendulum and desired
component of the thrust force of the quadrotor in the direction
of the rod. The median loop computes the desired attitude
and thrust force of the quadrotor according to the outputs of
the outer loop. Finally, the inner loop controls the quadrotor
attitude to track its desired computed value. The control loops
are designed by backstepping and a simplified model of the
system. Geometric error functions are implemented to design
the median and inner loops to avoid possible singularities.
The stability of the control loops is proven by some theorems
of the geometric control literature.
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Fig. 1. Quadrotor-inverted pendulum system [5]
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Fig. 2. Free diagram of the forces and torques for
quadrotor-inverted pendulum system in a constrained
motion

3- Results and Discussions

To verify the effectiveness and robustness of the proposed
control scheme some simulations have been done. In all of
the simulations, a quadrotor is desired to track an eight-shape
path with different velocity trajectories. Moreover, the perfect
model of the system is implemented in simulations to assess
the performance of the controller. Also, to fairly simulate the
performance of the controller, the sampling rate is selected
equal to 500Hz and a time delay of about 10ms is enforced on
all of the measurement channels.

In the first simulation, there is not any disturbance acting
on the system and just the performance of the controller has
been evaluated. Simulation results show that although the
pendulum tip is not on the path initially, it tracks the desired
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Fig. 3. Schematic of the model of the pendulum- ceiling
interaction
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Fig. 4. Pendulum paths while tracking the desired tra-
jectories vs the desired path.

trajectory with a reasonable error even if the velocity of the
trajectory is higher than its nominal value for which the
controller has been tuned (Fig. 4).

The tracking errors are due to the simplifications made
for driving the design model and the transportation delay
of the measurements. Furthermore, the desired force of
the pendulum and the yaw angle of the quadrotor has been
tracked by implementing the proposed control scheme.

In the second simulation, the robustness of the control
system against disturbances is evaluated. Therefore, a
horizontal step force disturbance has been applied to the
quadrotor. The results of the simulation show that despite the
disturbances, the pendulum tracked the desired trajectory of
its position and force successfully.
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4- Conclusions

In this paper, a geometric nonlinear hierarchical controller
is presented for the hybrid control of the path and force of a
spherical inverted pendulum connected to a quadrotor whose
vertical movement is constrained by a horizontal surface.
Using the theorems presented in the geometric control
literature, it was shown that this controller can provide the
stability of the pendulum position and the force acting on it
from the surface, the direction of the connecting rod, and the
attitude of the quadrotor. The results of numerical simulations
with a complete model of the quadrotor and simulation of
data sampling with a constant rate and with a time delay
show that the presented controller, despite the time delay
of data transmission and the simplifying assumptions made
for its design, can maintain the stability of the pendulum on
the desired trajectories and providing the desired force. Of
course, despite maintaining the stability of the system on
the paths with higher speeds, the efficiency of the controller
decreases, which is due to the limitation of the bandwidth of
the actuators and the increase in the effect of the terms related
to the gyroscopic moment and the inertia of the rotors which
are neglected in control design. In addition, the simulation
results show that the controller is robust to environmental
disturbances on the quadrotor. Future research will include
more complete modeling of the quadrotor-pendulum system,
adaptive controller design to estimate the friction coefficient
and spring constant of the equivalent pendulum, and practical

implementation of the presented controller. In addition, the
design of a tracking differentiator to calculate the derivatives
of inter-loop control parameters to improve the performance
of the controller may be studied.

References

[1]T.A. Tamba, Y.Y. Nazaruddin, E. Juliastuti, The
Regulation of a Quadrotor UAV Carrying a Pendulum
using Receding Horizon Control, in: 2020 12th
International Conference on Information Technology and
Electrical Engineering (ICITEE), 2020, pp. 63-67.

[2] A. Nayak, R.N. Banavar, D.H.S. Maithripala, Stabilizing
a spherical pendulum on a quadrotor, Asian Journal of
Control, 24(3) (2022) 1112-1121.

[3]1J. Lu, Y. Yang, X. Jin, Quadrotor inverted Pendulum
control based on improved Particle Swarm Optimization,
in: Proceeding - 2021 China Automation Congress, CAC
2021, 2021, pp. 6280-6285.

[4]S. Krafes, Z. Chalh, A. Saka, Visual servoing of a
spherical inverted pendulum on a quadrotor using
backstepping controller, International Review of
Acrospace Engineering, 11(1) (2018) 6-14.

[5] C. Zhang, H. Hu, D. Gu, J. Wang, Cascaded control for

balancing an inverted pendulum on a flying quadrotor,
Robotica, 35(6) (2017) 1263-1279.

HOW TO CITE THIS ARTICLE

(2023) 455-458.

DOI: 10.22060/me;j.2022.21308.7420

A. Soltani, M. H. Kamari, Hybrid Position and Force Control for a Spherical Inverted Pen-
dulum Connected to a Quadrotor in a Constrained Motion, Amirkabir J. Mech Eng., 54(10)

457






75 ool SlSo (owigee g pui

YYVE B YYA0 clrio AF) Jls O+ o)lad OF 053 S el CSilslo suvtie 3
DOI: 10.22060/mej.2022.21308.7420

S99 19993195 4 Juaie (59,5 u“sﬁ’-"“dt‘-;‘i S 15 95 9 Canrdao (S pud J S
e Co g

‘_5)4)5 (s> daso g*u.?lhl.w u.l.c

Ol e300 g imino oSl (Sl wdige 01D

18,5913 ey ,U

A RAVRRVA CEITFN
VN EIYY 10,5550
VN YINY 2ol
VS AN 1o T )

1605 Clols
Shpp S
259,58

$955 LsSee Joib
e el J 5
ok S

ol slacy ygele g ol g 3l Cldos o Slyee joel pbas olacdlad 8545 plosl glys kg jl o3kl o pol s
Ao cpl 10 0)Sgy cpl & dsg bl iinS b o as s (ials g Sl (g9 baas (8> g sy yiol58 Gaa b
ey sl > SOl 5 32015 s Silas plsl sl 55,5 osSinn Sl — 155,355 s lizl a5
syl @8 slil 3 (] €8 > 4 )53 )3l5S 4y Juae (59,5 pagSine Sl S sl 50 5 Cadge sy S8 salluwe
s 2 Sl S > Yol gl = g0 pled ) edlaned b unl diwly cpl 53 el 48,5 (108 addllas 3y90 il 0l
A 558 s Sy 0355 Sgin i3 Sl o S s 3 550l e Sl 5 pgSnn Kl — 53535
5SS S i IS bl 5 osSnn Jpily 55 IS (54l gy Cantiyn JS sl Jals 50
bl lesliall 550,158 (55t 55 (sl 5 s il 665 e S sl S B eons )
e 48,5 18 3350 5 ot s o5 3o 1S 58 5 Sl 2l > Lo b tin Jy5S 3 ¢ oo

ol ¢ g, e wilo ldos By plool (gly g oo ¢ Slus! (59,
(Dbl cwl pll Clinl jegnles b Sles 5l e sl Slos
b S sl s e s (Sunlid s Sy (5 03538
5 g e odjl Sl yd dlax il el as )51 659,068 wimw
(2w dedie e (IS Seeld 8 Jodomy el Sk
SRS 5 cole slaania Ll Coge ¢ Slas (3938 Cunl (o
el Sy Sllas plol Sl @adlas opl )> jolaie cpl 0 g oo 5
Ly e Sas (3958 (g y999p0lsS Lawg il laciin ol
58 adlls 3,50 55,305 a0 i onm (53,8 Jyil S 3 ool
Job slel e gawl 0l S5 Sllos g9 b dn g b Cunlais S
Gl b (5300155 Sl (655518 oo s )0 & (495 Sas
g5 pgai V S5 55 g S i 4 )] 5 Jles! (695 5 ol

Cawlodds oald uqu &5] 9 )yﬁ))b; (oo gi.’ )I
@ Jate weSae Sgl ) ,d a8 lillae 4 jlais] 4y aslsl

c[\Y] L.)‘)de.) 9 O® Cawlodd d..o‘.)): Cawlods f[?ul )959).)|9§ oMy

dodlo -
@ 1) pliiaish drg puliye ooh Glalegler 3 gl Jlo
lod)S g3 4 dagl by ygal 358 plool diaj 5 jogas
3958 9 b il bl > 55590158 05y cilises (sl oy 5
Cagee I Vb (Sely 5 i caldy Co po dgn > (5le Bles (53505
Iy boygigyolsS ot ad o el b Shg opl ol Jhoyesp ol
plaie owyil Vowes b (yp s olacy,gele plsl ol
2oyl Y] obs g oemius V] baw L b Wl oleojle
0] ) @ oty slalame (651800 ¢ [¥] (g,5LiS” &Y guame
Jo> ol sy dasee 1 5yl ppgas Jols cul (S lacy,gale
o b g o el <[Pl lag] 5l (glasgooma b 55593158 bawgs il L
sl ope o [Ve] )6 {A] ()83 ygm {A] gy Comn g 5L {V]
plol a8 ol Wil slaciin (5 jelSS) b cdllas dacygole oyl dlos

xS 4l s pas g banie alS el )5g)0lsS bwg o

asoltani@sut.ac.ir :obsle Jsosge oding ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

Yyoo



YYVE B YVOO doxto AT ) Jlo Ve o)led O 093 oS puol Sl vdigo 4yl

DNV Sigl - 55593155 i S 51 Sligad pguad ) JSW5

Fig. 1. quadrotor-pendulum system [11]
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Fig. 2. Free diagram of the forces and torques action on the quadrotor and the pendulum
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Fig. 3. Schematic of spring-mass model for vertical dynamics of the pendulum
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Table 2. Magnitudes of the controller gains
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Fig. 5. Paths of the quadrotor and pendulum during tracking the desired trajectory of the position

and force: (a) Path of the pendulum vs its desired path, (b) Path of the quadrotor for guiding the
pendulum on the desired trajectory.
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Fig. 6. Pendulum path tracking error
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Fig. 7. Pendulum force and yaw angle of the quadrotor vs time
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Fig. 8. Rotors speeds during tracking the desired path and force of the pendulum
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