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ABSTRACT

In recent years, flyingsrobots have gained popularity in a new application known as aerial robotic manipulation.
This technology performs.operations in dangerous and inaccessible environments, significantly reducing costs.
However, combining a flying robot.with a robotic arm increases system nonlinearity and coupling, leading to
challenging control and path-tracking. scenarios. There are two main approaches to robotic manipulation
control: centralized and decentralized. This paper focuses on the decentralized approach, where the forces and
torques from the robotic arm are treated as external disturbances acting on the flying robot. A novel adaptive
robust terminal sliding mode controller is employed to implement this decentralized control. The adaptive
component estimates the limits of uncertaintiesand disturbances, ensuring finite-time convergence. Additionally,
a backstepping sliding mode controller with a Lyapunov stability guarantee is developed for the flying robot.
Finally, a simulation is presented for an unmannedaerial manipulator equipped with a two-degree-of-freedom
active robotic arm. The simulation considers mass uncertainties during an oil rig inspection mission. The results
demonstrate that the proposed controllers achigve=optimal performance, enabling fast and accurate path
tracking within a limited time.
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1. Introduction

In recent years, the use of aerial robotic arms has
received attention in academic research and industry.
Applications of flying robots equipped with robotic
arms include transporting objects, search, and rescue,
visiting oil rigs, etc.[1, 2]. Likewise, in some application
cases, manned aircraft, especially helicopters with
human operators;.are used to inspect suspension bridges
and oil‘rigs; however, these activities are dangerous and
costly, On the other_hand, the simple structure of the
flying ‘robot for accessing high places compared to a
helicopteris its’main advantage when used as an aerial
robotic arm {3].

In this paper, the ‘adaptive terminal sliding mode
controller is used for the rigid rebotic arm tracking
problem. You will see that .with, this controller,
convergence is guaranteed in.a finite time and there is
no need for prior knowledge of the.uncertainties and
perturbations of the parameters because the proposed
controller can estimate the <wpper bound <of these
uncertainties. Also, in this paper, based .on the 'vector
model presented in [4], the modeling of the aerial
robotic arm is discussed, including the effects.of the
disturbance of the robotic arm on the quadrotor during
path tracking, the effects of friction coefficients due to
the aerodynamic torque of the quadrotor blade, and_the
effect of drag in the three directions x, y, and z. Among
the methods for controlling an aerial robotic arm, we
can mention the centralized and decentralized
approaches. The control method used in this article is
based on the decentralized approach, in which the forces
and torques of the robotic arm are applied to the flying
robot as external disturbances.

The main advantage of using a decentralized
approach is practical implementation with minimal cost
and complexity. For the above approach, a new adaptive
robust terminal sliding mode controller is designed,
which uses the adaptive part to estimate the uncertainty
and disturbance bounds guarantees convergence in a
limited time, and increases the system's robustness to
disturbances for the robotic arm. Correspondingly, a
backstepping sliding mode controller for a flying robot
with guaranteed Lyapunov stability has been developed.

2. Modeling

To derive the dynamic equations of the quadrotor,
the following assumptions are made: The quadrotor
structure is rigid and symmetrical; The center of mass
coincides with the center of the body coordinate system
(0”); Thrust and drag are proportional to the square of
the propeller speed; The rigidity of the blades is taken
into account.

These assumptions establish a solid foundation for
modeling the quadrotor's dynamic behavior, ensuring
accurate and reliable analysis. Based on these
assumptions, the dynamic equations are derived using
the Newton-Euler laws, as shown in Equation (1) [5].
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Finally, the complete dynamic model of the
quadrotor is presented as equation (2) [5].
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Several methods can be used to derive the dynamic
model of a robotic arm. These include the Newton—
Euler and Euler-Lagrange approaches, with the latter
being applied in this context. For a rigid robotic arm
with n links, the dynamic behavior is described by the
follewing nonlinear second-order differential equation

[6].
M (@)§+0(q, )+ 6(q) = u+d(®) @)

Next, by substituting the uncertainty terms, the
nonlinear differential<"equations are reformulated to
represent the system in its uncertain state, as shown in
Equation (4).
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3. Controller Design

Using a decentralized approach, .the controller
design for the combined robotic arm and quadrotor
system is divided into two independent control schemes:
one for the quadrotor and the other for the robotic arm:
The control schematic of the aerial robotic arm is
illustrated in Figure 1. Building on the method propoesed
in [6], a sliding mode controller based on the
backstepping technique is developed.
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Figure 1. Decentralized control structure of a UAM

The path-tracking rule for.a robotic arm is expressed in
Equation (6).\The objective  of this method is to
determine a contral input ucthat ensures the robotic
arm's output q tracks the desired value qq .
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After selecting the slip surface, the«<control law is
designed.
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In Equation (10), the coefficients b1, b0, and b2 are
variables defined within the adaptive control law, as
represented in Equation (11). The constants x0, x1, and
X2 are arbitrary fixed values.
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4. Results and Discussion

To evaluate the control performance and behavior of the
coupled robotic arm and quadrotor system, the force and
torque generated by the robotic arm are applied as
external disturbances to the quadrotor. Figure 2 depicts
the desired trajectory tracking during an oil rig
inspection mission with the aerial robotic arm. As
shown, the quadrotor successfully tracks the trajectory
with high accuracy throughout the free-flight scenario.
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Figure 2. Trajectory tracking in oil rig inspection of UAM

5. Conclusion

This paper presents the design of a backstepping sliding
mode controller for the quadrotor, followed by a robust
adaptive sliding mode controller for the robotic arm,
with stability proven through Lyapunov methods. The
proposed controllers ensure the stabilization of the
aerial robotic arm in the presence of disturbances,
forces, and torques within a finite time. To evaluate the
system's performance, a trajectory-tracking mission was
implemented, where the system follows a circular path
around an oil rig. The simulation results demonstrate a
significant improvement in trajectory tracking, with
both position and attitude errors reduced to nearly zero.

6. References

[1] M.A. Trujillo, J.R. Martinez-de Dios, C. Martin, A.
Viguria,. A. Ollero, Novel aerial manipulator for
accurate and robust industrial NDT contact inspection:
A new tool for the oil and gas inspection industry,
Sensors, 19(6) (2019) 1305.

[2] D.dcee, D. Jang, H. Seo, H.J. Kim, Model predictive
control for an aerial manipulator opening a hinged door,
in: 2019 /A9th International Conference on Control,
Automation”and _Systems (ICCAS), IEEE, 2019, pp.
986-991.

[3] O. Mofid, S. Mobayen, C. Zhang, B. Esakki,
Desired trackingw.of<delayed quadrotor UAV under
model uncertainty and wind disturbance using adaptive
super-twisting terminal sliding mode control, ISA
transactions, 123 (2022):455-471«

[4] M. Pouzesh, S. Mobayen, Event-triggered fractional-
order sliding mode control technique for stabilization of
disturbed quadrotor unmanned aerial “wvehicles,
Aerospace Science and Technology, . 121 | (2022)
107337.

[5] O. Mofid, S. Mobayen, Adaptive/sliding-mode
control for finite-time stability of quad-rotor UAVs with
parametric uncertainties, ISA transactions,«72 (2018) 1-
14.

[6] T.N. Truong, A.T. Vo, H.-J. Kang, Neural network-
based sliding mode controllers applied to robot
manipulators: A review, Neurocomputing, (2023)
126896.



Canlad pac jgd> 50 (2198 (SHb) S35k $lp b (3 wo (Hula ]S

#¥ o5 T & ool gSJ.c.\.o.‘:u “‘5)&{: Jol>

Q‘,QJ sL')|).QJ oKl ‘Léél}a: PRCER{KY ‘6‘“) uLuo LSL‘”LS)BLS 9 r:}Lc L')lqu..i;.‘ab vs)
atashgah@ut.ac.ir

ouS

FBrt 5 SUilas ladame jSwldes plml jshare 4 (2lon (Sb; slagil plore cod wuz 9 )5 s 0ipy ol Sl esliul 3 s le 5
Szl b 4 plass 538 hsS 9 009 GBF e Gl s 4 (SSb) @il g enin Dby oS5 Cesl oud ) daan e A8l Geizmes g g ted
9 S e 3,509, Jald &5 adbioo pgae (Sb) g9l S5 0 Dglite 0,509 98 O9dior yeams (213 9 (IS debasli Comdg ol el 630
Sy 4 Sl 53k slayslitS g bag s (100 oS SBl oo 3T et 35Sy el Alie Gl 55 wolial 050 (IS g, el S se%e 35S0
o s Gl polie wur IS ISl Goik SRS ln S e 3,S0g) l eslitul sliwly )3 g oo Jleel oniyy Sy 4 () el
3 rimen el 4l 1y 3305 loj ety (ol Seod el G ooliial (ALEEE 5 Conalad pae sla S e pshite o Gherksl i 5l oS les
93k @ oz 559,0lsS 0ain Ol slp silead Cole 5o .l oud 0ls dnngi Bl (g lwb el b odin Bby sl (ST (B3 e S
o (LS (g3ludend gl sl oad ools (oLl il JSB ot e Sapgele lp sy Slaieakd pas jpam 0 gol3laz e 5o Jld (L,
ilioe oleiday sla )l iusglivgaze (loj Dide )3 e 359 9 g (2125 50 pgthae 0 Sles 4 Sliws

‘5..\,3.15 Olols
©93k 9 oy by iludie (ol (b3 wo (udad J LS (PGS g SR JUS S yee gl 3,59 (iler (Sl 53l
(Sl



doudio -
oo )5 5l el 4B 5 3 ax g 3550 Caio 5 &l Slidss 3 lee Sl slegil )l solital 3l sla Sl s
IRVl o 5 i ladSs 5l aussl wolon 5 o Lot U 5 Joo ) Olsion Sly 93k @ seome 0y slacl,
5 Gl sladk w5l lr Gl slayglnl b la i sSila ooy g jloceti pm lalowlen 51w n )5 3190 51 (S0 50 wizpen
Wl 0 @l Teels JLsle ()b 5l acie ane g Shyhs bogdld ol (o pl b a5 0ad oo colaiul a5 gla S
Dy lost o e o] ol oo e 2lsp (Sl 533k Dlsie 4 oaliul ;o 15l &) s @i po (5lo Ko & (o i
93k olper 4y 0xi gt b, Lallioo olil az 0wz (Sl ok olyer ey B, 5l Sl (2lea (S5l st
pas 4 e (2, olilacél ¢ e L ol aile Jelge asms oo &)1 gy BB SidysS g a5 SCSL,
oalS 4 e g 0ol als | e (60 S dasiin lacaakd pae g lilicgl pl I 09l co pivaw YL Conlad
972 wogllacl SIFT Al Bua Gt S5 slacasgame (185 )5 o b by S oL jshine as eed e sk
.[A]ML;‘SA
)13 08 (ormg yob (% polie (SHig 5 (Senlnd s 4 Jloel jo (Sole oy (L5 S sl eslil
SOl ey S gl 4 prizmes gipmlanela Cowlis pae g byl Slss 4 og polie (Shg b (253 Sl S
g S0 69y 2 1y el e &S, Sl Gl (GRS ST (ol ol ogd go xS lih Cualad pac gl slaptass 1
b s o s Jas ( Sb sl YN A Lis el sad (slb b lad o b Sjge 4 a5 o3
Sl (Sl slogl sln (7 s)F S5y i e B Sl S DVEVF] e j0 a8 e rei | il
o JS Vb o b amlie )5 ol (o530 Sl JS 650 2alS 5 sgumme (o) Do 0 (2l Kes (] )0 oS Sl ot
Shze S 4 wilinlio o)ls (S Cuabd poe S Rl VL O 4 oot S5 alige Sy (s 85
o Al JpuS ool 5o el salgs cend T (S 4 SIS e (S, 695k Seelns (o cualad pae Lo
V] s eoliing slo J S ol ol b el st sty lacdlad poe oYL 50 omess sl DA NV o Gl Sl
ey VAN 3 s les i) o 25 Sy fiiomon iig gl ly bl (V] 55 5 azin s 1A
igds 50 03] st 39358 (o 2l Fe b g yeS slayial )y ol o o5 el 0n
y95tion SLSESS el 00l 00ls axwgy a1l glapiins ;o (lasel g clalad sue b ablas gl gounin slasil il
il o)1 Slolaz! gdtae S0l X8 o s ooliiul @nFojlull LB @hlazel O 51 pals 6l Cal (o
L YL oShee 3,00 50 Slidos p 1) 05 B Gliize 5l (Bp DNl 082 olse (B 0 o b aien Sl
Wgdioo azlye oI b 2lse Sl lapiw J5u8 wnld Job jo o8 Slalasdll ablic gl pslie S slogsil il
oz 3l oad S Sl b glon Sy il o ST Slsn S e JAS S ezl lhe s o S ets
dos bt JFES 6oy, g ekl (853 Sl lpe abid (S pgs ad e j5YT 5 meSe St slas S,
SG el Conbad pae b ablie glp 6,500 3y, [VV] 0 oni eols 8 andas ;8 (el lodisdunlio o | caigy
JAS slas Sy, el oad il [VE-YY] o Slse (Sily 53k by U8 0055 eabeo sl ol o alad i J 58 2,50,
B baoasS ]S ol g ooliiwl lilazil o) 5 Coabid pae olo gl Conl Soe (cras aSed S5 asle Joo o diadisn

5o alFadadlre b ales 5l s gouxin ocasgase lyls Lol it piews locoalad pie L ablio 45 ;058 o
smas aSed JuS 0 aSes Ghigel slp YU (Sl 4 g ks J 58S 0 5 luk sla Sl & pslie RS

Coabad poe 51 YL mhaw b wilgs (oo a5 Cunl pslie 5 g J505 SlaSaSS N0 (Sl 05 de SRk ]S
So hlal J S as ol Lis gl e el 003 (gl el o)l &S ekl pdas coblB o 4 5 s ablis
s (usSre (Salns asyd 7S Gloo Sog) 4 Cannd 1) 2len (SL) 95k S S 5o e o 8les (ol o4
IV elsjls (das e J S ane o 5 (o0



a0 welys &8l o el ol ooliul Clo (S o3l (b)) s Gl 2l G058 de el S el o
s ol g 3Lzl g Copabibpue ) LS s & 63 5 051 (990 oy Do 53 o, Kad S IS ol b oS
ST g Jao ool allio il 15 cprizean iy cras |y npalad pse ol (Vb S Wl5i o (g0l 0035 S 15
Sl il plazel Sl el o] Sealins o I8 31 la el Glussl b sles Sl so5b sibdone 4 [Y0] )5 o
 XY,Z lamlgans 10 L 51 ,959,0055 0, Scalnog pl 5ol 51 ol Slasl colpo Ol s obo, plKin ,559,0055 »
IS [Ggy )5 ol 35 pete el g 3 pee 3,509, 4 (e (M9 (SHby sk S slaghs; dlex sl sl ot ails
lastl Oy 4 (SB, 555k sloysliiS 5 gy ol 50 a5 wblige S et it 5,805, elul p Alie (nl o ealil 55
oSz gduge Bl b doe iluosly S oo e 3505, 5l eslitul (Lol Cuze d9d oo Jloel oaipy L) 4 ()5
O oo i s Sl (i 5185 s (558 e Al pslie sy S (b 38 0,Ss, sl bl e 5L
olael a4 1) pincw o g slializran g o)l dgaote yloj D ;0 o Kad (pedi g 0al ooliiwl ilacél 5 coalad pac slo
S8 o b iy Sl sl GBS 58 S S ) i il e a5l (Sl ssib sl | el sl
] 00l 00ld drgi BailL]

& oy i bl 53 053 e 4o Sy s5ib 5 sl bt (Seelins (silde 4 Wlie ol s> i 5o
@S &l s ileand 4 o)l G5 )0 Sl jlesd oo aSopn lse (Sl a5k Sl S pete e 9,505, LSS (b
Dydge a3l u mer 5 S pS ATt 4 BT G 0

2192 (Sl $95b (b b (Saolos Joo ¥

wslsyy ol az )0 95 (Sl o3k 4 e 5 ,959,00957E8 5l enin Sl et s (Seelis Joe a4 sl 25 ol o

25950195 (Saoliad Juo -¥-)
Jolos gaie S cnl sy oo ciiog Slaize slaolliws gl s 40 1) X jLslo bV S 959,015 (gaie S
2TV Jols illos glacgzr jo 99 4 99 45 adlbios o Jlez @il 55,0055 288l o0 B(07.X,Y,2) Gy 5 1(0.X,Y,2) (o]
e Sbml e )z Sy 2l 5 Rl L (398 0npy alewg )3 (63508 CSGE AES (oo (lygs 3 Suelusl ¥ oY 5 0 Sicle

Dgdse Sl ¥ gV j5ige 590 ot 51 LBU g ()90 5 00l Jg) )50 4 e Fo¥ 55350 590 yudd (izeen 05k
F4

El
q& M4
Ml

vl 9 5879,01s5 Wlaise gelluws 1) JSCi
Figure 1. Inertial and Quadrotor (Body) coordinate frames

3 0o elaie 959,018 LSle og ()lke 5 o (ol (393 Dlos B ()939)008 (Sslns DYl gl jolateay
L dgdon zrkae 0 0 oo Cale ) g e St pu 90 Bl b canlite S0 g unl 5 (07) Gy Sliises olSiws S0 g 0>
DIYIGT o vty (V) S 90 a0 Jhgl g3ge opuild 5l ooliw] b Sealins &¥olao o398 Slos 3 0,5 Ll



¢=v
mé=F, +F +F,
R=RS(Q)
JQ=-5(Q)JIQ+T,-T,-T,

M

Gt S ol o le Joygig 1S o3l oy M (o yal oliws 4y Conad 5390158 )2 35 10 Copdya £ (V) alal) 5o
wFE 0 s UGl Gual LF () alal) )0 rizes ablbie JES! gl R g iy jo 00 ol slangly ey Q i
DYl ol a5 5 Lulg, Lawgs aslsl o a5 aisl o (31,5 5 550 559, oz Lawgs oo g (g9 i odimdyLis

I, 0.0
J=[0 1,30 o
0 0 I,
[CgCySO+SgSy
F, =| C¢SOSy —SgCy 4> . F ©
C¢Co
d(F,-F)
1—‘f = d(F4 - Fl) f)
| Ky (@ - @] + 0] - )
K, O O
r,= 0 K, 0 [[|Q ®
0 0 K,
0
4 AT
Iy ZZHQ I 0 *)
(_1)|+1a)i
COCy CySOS¢—SwyCg CwSOSe+SySe
R=|COSy SwSOS¢+CyC¢ SySOCH-CySe o

-s0 S¢Co C4Co

D¥logs 0o @1) (M) Al ©)50 41 y539p0lsST JalSESalays Joo Soles 5
¢=1/1,0p(1,—1,)-K 4 -3,Q0+dU,)
6=111,(dy(l,-1,)— K0 +3,.Qd+dU,)
g =1/1,(09(1, - 1,) - Ky° +dU,)
%=1/ m((C#SOCY +SgSy)U, —K . X) @
y=1/m((C#SOSy - SgCy)U, — K y)
7=1/m((C¢COU, - g)




U, K, K, K, K, a)lz
u, -K, 0 K, 0 a)zz
Ugfel 0 K, 0 K, || a2 @
U, Ko Ky Ky -Kp a)f

Sl 00 C.').w.v 055 Ja;‘s) 5o oo ealawl &LQ:UL‘}A 9 L(b)...a‘)l.v A Jsd} 5o dalal B

Wailgo 5 b yiol )l ciy po5 A Jgi

Table 1. Definition of parameters and components

<y Al
W py2 S e Codee £
(s~ )
359315505l o> m
Juasl Guiile R
agly ce a0l o Sle 5(Q)
<
LS s S, Y 5 Fo.R Ry
g;\r.ﬂte.és)é.i Slaol colgs Kfax ' Kfay ! Kfal
9255950055 o7 55 o alold d
on S
059NsS 2 (Jlesl jgbias I
Sl sg ] Slaol jglss r,
55y Sl 00 ks 1—‘g
e (7S o649 u,,U,, Uz U,
IS K RN Koo Kyt Ky,
059 el loe J
S0 o Kd
59,3055 S5 9e Slagly S s Q= (0 -0, + 0, - 0,)

Sy g3k Jow Y-

b [VF] gl = oo slagsbyy 5l oalizl L lsiion o)l 092 cilisee sl by, (Suilsy 535l (Sealnd o (0,91 s sl
b oo (Sl s9ik o 9o oalitol B1EY= Lol 3,59, boxia] 53 )9l Cawd 4y 1) (ot iz (Swolind Jas (VA VYT BIFY — oLl
IS Ol Ol o 1) 25 bad e P93 aye hewihited diles Sy )l 5 S
M(a)d+C(q,q)+G(q) =u+d(t) 04

(eds0sS 5 Syl Seadlse Jols C N XN (il (o ile M(Q) cJolin (sblss om0 (V) abal, o
bl (V) alaly 02 4 00 dgazme (Ll (gog,5 )00 A1) 5 (J5S (505,5 U «jslias il 5 adlse G(@)
I\



d (t)[| < d;;d, >0 on

W olgies 1y (Vo) adaly 5o oad plo (Seolus doles (Jgame slag i g el b Sl i s &l 31 g5ldoe elaie @
2,5 Bl OY) guabd pac b g0
M (a) =M, (q) + AM (q)
C(q.0) =C,(a,d) + AC(q,d) an
G(q) =Gy (a)+ AG(q)

OF) alal) Shgo 4 Coaddd soe cdl> o oz ,e sl g SYolae 0,8 (V0) adaly ;o (VY) ahaly (610G L aslsl o

M, (9)d +C, (0, ) + G, (a) = up(t) ov)
p(t) =—AM(q) —AC(q,q) —AG(q) +d(t) OF)

oo s0e b W oS slils NM(Q) oyl G50 c00) b 35 0n oolisial 355 (siloie o o (5,50 Sl b

a,
S e ol %o

IM(@)] < o, 00)
A )

lpo o1 0 a5 wdlos (VF) alal) &0 @ 05di(cn 48,5 515 0 (LIS 5 )55 slap 5 slp 45 (6500 22
amiliz 31§ conl (6395 JuSw b o yo Cunnhad pae aSh Canl oaaiaBls olas [¥Y-+ VALl j0 0l oo cuie slasae

IC(a,q) +G(@)|| < B, + A.|a] + 5 |dl’ %)

Hyss 2l Y
e B9 95 41 ¢)539,0155 9 (Sly (695L (oS 5 s Sl J ST (B S ele g 5l eolitul 4 axgi L
e oo liad ]y ler S5y g9k (S Seleds ¥ KD 050 0 el SSL 5 (595L 90y559,0185 S s (IS

]

UAM System 1
ba.0a %a Attitude U, U3 Uy
It N

uj
\

Controller H
E by | 2
i 6.9 =
Refe @
5 &
Trajectol &
rajectory £ VLU0 U UT,
U,.U,.U .E —
e
Position Lo Ty g, Ay.z
X Va 24 Controller
3
=
)
H -3
:
= 5
@ n @ -
Joint Reference q‘ﬂ‘ﬁt ip Joint Torq ipulator

Trajectory "‘Kc:o.tml Dynamics

s2lg? (Sl 695k 35y mé (S LSl Y S
Figure 2. Decentralized control structure of aerial robotic arm

&




2990198 (S p (SR S Y-
s> e Bt Ao 10 gy CoblB (gLl (g Il el A lgi oo (3 G J S 5l eolaiul slacy je ales ]
Sy (V) alail; 08 @ lgi e |y (A) abaily) (B8 i 5o 00l e (Soelns oo 35 0 )Lal ey0: plie (ol Culed 5o

s (VA)
X = f(X)#=g(X,u)+35; X =[¢,8,0,6,p,v7,x, %, Y, ¥, 2, 2]" o
X, =X,
, L, -1, K oy J = d
Xy = (yl—)X4XG _+X§ _I_QX4 +|_U2
X; = X,
= by tme Jegy Ly
Iy y Iy Iy
Xs = X
I —1 k
Xe:( XI y)xz 4_%)(5 IiU4
z z z OA)
X, = Xg
-k
X = —= X, + (CX,SX,.CX, + SX:SX,) %
m
X = Xy
-k
XlO = mfty X + (CX18X38X5 - SX5CX1) %
X11:X12
. K U
X12_ n,:tt X12+Fl_g

L cColys jo 0gd o axslo N al&uy g, bl 5 L33 s J S gy 4 [Y‘\])o 0dls e (yug, 3l eolaiwl b aslsl yo
SPbl olal 2 55lak 5 (Do) lbs » S5 b (SS9 (b 4 (i T3h w8 (tdige pBlas g 5l 6 5S 0 e

_ Xig — X 1e€{L,3,57,9,11}
I X —Xing ~UinZiy i €{2,4,6,8,10,12} with..;; >0, Vie[1,12] o
v o) 05z i€{1,35,7,9,11}
" 05* (V. +22) ie{2,4,6,8,10,12} (V)

! Backstepping



G555 0518 b S ol o oy o ol ol 553 ot 35 e S 08 Jlasl s
el manlys (18) alal, 51 oolil L o)l oo go |, odiiS lasly

S, =2, =X, — Xy~

Sp=2=X,—Xgg — U3y

Sy =Zg=Xg— Xsq — UsZs

S, /=7, = X, — %oy — 2, ¥H

S, = 21y = Xyo 7 R4~ Ao

S, =2y, =X, =Xy — A7y

i sl B0 il e 8 (Sl e sl 6395 Ll s Il S 056 (b jslte o
Sl meleS s Dyge ]y (S Ol ol o il

U, =1/b{-q,sign(S,) -k Sy=a,X,%; — 8,X," —a,Qx, + ¢.d + al(éd —X,)}
U, =1/b,{-q,sign(S,) —K;S, —8,%, X% a:X,” — 80X, + éd + a3(9d —X)}

U, =1/ b3{_q33ign(s./,) - kas.,, =a:%,X, _a8X62 g+ as(l/}d - Xe)}

U, =M /U {-q,sign(S)—k,S, 2%, + &, +2t, (%, — %)}
U, =m/U{-qssign(S,) —KsS, —a, X + ¥y + (¥4 — Y10)}
U, =m/CgCO{—qssign(S,) —keS, —a, X7, + o, (23 —X,,) + 9} U #0

’

")

R PR L)l"‘“ wg,u o 6)|JJLJ uLu‘

Sl 693k palite (bl (oo (b3 o J S YT
wiboe U (JyuS 058 8l Ban (g ol yo sabg (VY) abasly af lei o 1) (S35 555k S 6l e (23 (358
Lye-vy yAlas Loyl dd Sollas jlase 0 (SSL; 595L (59,5 o5

& =0-0Q, (YY)

e e | (V) aal) gl (So5s) e (Bon (ol slp e
al/b

S=e,+Cg e
Aiboo S8 p abaly g andl oo 0,8 o o8 9287 DWL alal) (o a5
e, =0 -0, 'C=diag{c1,...,c2}, )
g Syge d oy |, (Vo) alal) b cobie Selis sllas
é =e,
{éz =0y =M (a) ™ (C, (0, 6) + G, () + M, (@) "u+ M (a) (1) Vg

D9l oo A1 S Lol (YY) abayly 3s) mhaws byl a5 J oS 98 (olhb 4y is) mdav GBS 51 o
STS<O (YY)



u=U, +Au XM
W 4...15‘ Jaa‘)...u as Lsnli& QB.M}‘SA oolawl U’“")‘d C_‘a.u B f“‘“‘“"’“ B 4......4[.790 )5.'4*‘4 C\JUeq ‘5]).»..5 ‘n).' 5(YA) 4.‘4:_»‘) o
Sron o Ubg Jolaw J5S olyis b aS ol ullS 3 b (J5iS JiSem ggome S50 & (5 5l sl o5 G358 el 59
AU 5 554 plas o wges &5 Guile (3 jslaie &y Jolen Jy8 [¥0]055 0 ol (AU YL iS5 L 58 JUS
Slbion (B3 g & e s (il jslate 4 (JS (08

Uy = Mo (@)(0y 5 C (6 )+ Co A, 8) + Gol0) o

T —INT ~ o~ ~
_%[Hsnumomwuxwo B+, a1t 5" Mo@) ] 2o
Au, = °

_E™™M@7)
52

(ARD)
[ 1[Ma 0): | (o, +B ]+ b ] )1iF s™M (@) | < 5

oo s (YY) alaly &g 0 a8 diied L diadaingd ;S 93 50 oo iy yai sl e D2 g 01,00 ol s (F4) alal) o

Al (5 ksl col slael X2 g X0 X1 Colg o] jo aS caigds

60 =X "S”HM 0 (Q)flu
b, = xS/ (a) o] o
b, =%, S [, (@) el

sl 00l o S 0 (g kb SLSI

Julow g @l ¥
93k 3l Jlosl jglesS g lag s Jlop 59,015 5 (Sl o3k ond (hoS JRe JUB, 5 IS o Shee wyp polaie 4
Go3b 2R b s T S oy Cujele sl §98 (Silwand 0gb oo Jleel ygig 0088 4 (>l slasel lge 4 SL,
S35k 2 50 Cuabid pac el odd (pwyp ¥ Jgaz 5 0ad 0B Slasuie Lol )l b eigstlss 5 olil ax 0 90 (SL)
iS5 el 555 DLl oyl Gloe u ple sladdlge el pas 13 npe (ol AStaBlilee T oY Glo S & 50 4 (SCSL,
Dgd oo Ol YT g VY alaly lawgs 0135 o 30 2lge (SSL) (So5b IS 50 coles jo 9 (o315

|:M11(Q) Mlz(q)ﬂdl}{Q(%@}{Q(q)}:[ul}{dl(t)}
My,(@) My(a) (6, ] |C(a.6)| |G(a)] |u,| [d,(t) ")



1 (@) = (M +my)LE +m, L5 +2m, L, L,cos(q,) +J,
My, (q) = mz'—i +m,L,L,cos(q,)
M, (a) = mz'—i +J,
Cl(qv q) =-m, L1|-25in(c|2)q12 - 2mz I-lesin(qz)Q1q2 (¥Y)
(a,9) = m,L,L, sin(q,)q,
1(q) = (ml mz) L1 Cos(qz)mz Lz Cos(ql + qz)
m, L, cos(q, +0,)

-

1
10 15

0
M1 p o Ol i oV &
Figure 3. Variation of ma 1
. Variation of mass m,

135 — —

] S
1 ge

m, (kg)

Time (s)



M2 p o Ol s F JSCo
Figure 4. Variation of mass m2

obe (V0) alaly jo (Sl 593k sl adsl bl uioren il oo (VF) alail) &0 4 pies JS 4 00y 3Lzl jlo

] 00
d,(t) =0.2sin(3t) + 0.02sin(267t)
d, (t) =0.1sin(2t) + 0.01sin(26t) A
[6,(0),0,(0)]" =[08,0.9]"
(Y0)

[6,(0), d,(0)F" =[0,0]'

o odalin a5 pshaileatias oo Glis 1) alse (S, 95k bawg (5 JSS (o) p Sopgale 50 Dgllas e (2bo) O JSCS
Jaie (Sl 695 (53,5 I o bl aid 5 plowl 585 9 oS &0 4 saena (b3 539,008 ST Sy (59l 5 0
Sy @3k ool (b sla g L G 4l folS a4l sz Gl e ol )0 gilk 5 e (2l 55590055 4
s Sl Oj50 4 oS Slles g8 e slaadlse pualyte STaS oo (b 1) Collae S5lsn e JolS ok 4 2lse
|y bl s o S > 4o abogiye lallas 5 ot 00l @z yo JUS 40 | yrano sloailas a5 Eibls qanlys |, § IS (oS
Zonl oad plasl oloh (Sb) 595L S B e (213 4l A I ReS 50 a5 tams oo LS

1.6
P T — —— Trajectory , Quad
14 o ™~
g J | = Ref , Trajectory
12 _/" Trajectory , UAM
1
E o8
]
=
£ 06
F-
< 0.4
0.2
0
-0.2
1.5
1
— 1.5
0.5 ) - | | 1
0 - 0.5
-0.5 0
- -0.5
1 .
 axis (m) - h .
¥ 1.5 1.5 X axis (m)

G 3 (P (Fdai da S jghe )0 (SO (o) Caygole 5O s (10 S
Figure 5. Path tracking in oil rig inspection mission in the presence of a novel adaptive sliding backstepping controller

AR



195950195 (I 50 9 (60 Shos wlasiuo Y Jou

Table 2. Quadrotor performance and control specifications

£ kg m
-/yom a
-x¥am a,
-If kg m,
VIvkg m,
Yo cm d
{6k 5l (YIAYYASYIAYAAY/508%) * ™Y «N.m/rad/s? J
Syl (DIOFY - AOFY - #IYOE-) * TV «N Jrad/s K
k8 s SEOIOFY - DIOFY - FIYOE ) * Y+ N ms K
YIA¥AS* ) +N.m/rad/s? J,
VAQ/SY By
#-$\Y B
<[AYY B,
1 0
0.5 . 0.1
05 <]
1 p—rr 03
-+ Reference
15 : - 04— —_
0 5 10 15 L[] 5 10 15
time (sec) time (sec)
1 0 & v
.5 0.2
— l -4
£ E o
0.5 0.8
—Y(1)
. - Reference -1 Yy
B 0 5 l.ll 15 0 5_ 10 15
time (sec) time (sec)
1.5 03 = D
1 0.2
—_ s"‘ 0.1
i -
0.5 -0.2 o
0 5 10 15 0 5 10 15
time (sec) time (sec)

Sl (M (Fdad a8 Heas )0 XY,Z Glinwly dw 50 (L) S g e (LS, P S
Figure 6. Path tracking and tracking error in three directions x, y, z in the presence of a new adaptive sliding
backstepping controller

ol oals ools GLas A g VO USE jo (Sl o3k Ghlan e 2Ly Sldes o sl Aol Ol 5 cw loges
A7 o1 5 s 45 ablin plosi slyls S 5 s i Olie J5l AU Y 3 Jlon Sl 5 wagdon oalin S jslailas
a3 oo i ) Qs Sllug (2815 5 ko 4 Ko g a3l Lo ol 4 oud (b

\Y



——Nr

«+w+-- Reference

5

time (sec) » time (sec)

—vy
....... Reference

-0.5

15 . - - — - 4

time (sec) ’ time (sec)

S 3 (o 3 (Fodai ) S 9 IR (Ll y90 53 yrwn (U3 Job 50 s slbaS g s iV SS
Figure 7. Velocity and velocity error during path tracking in x,y distance in the presence of an adaptive sliding
backstepping controller

0.02 T T
v "““i r
Ng —————_,___L _ _
£ 0.02 <.
>< i
8 -0.04 5 _
< o]
=
0.06 - —
L
0 10 12 14
time (sec)
0.02 ~
-
k3
&
> -
19
C
-«
a1 0 05 It 15 |
5 10 15

time (sec)

o o 2135 50 (2lep (Sl 595k 2 9)lg Sl A S
Figure 8. Acceleration applied to an aerial robotic arm in path tracking flight
oLl 2l Sk ok 9,999,015 Il 99 ln Skl blss 655 Cax slopsite Sln 1) Callae e DLy A JSE
b a5 abbios 4l am 5l %S ) ugly sl ollae e (2b2) 4 s Sloj Gnly 09d o0 onalive o5 pslailen Laa3
o (51 Slo Bl g sl Jolss Koo Lo, sblgy sl anlsl jo 00l co Ko joo 4 S, gl Sail by cldS
I Rep jho 4y asgame sllas adl V0 sg0 (loj ©uldS ) om o Cenl s sl jo Bl llas Sy gl (SSL sl

\Y



sl

60 — . N
|——¢,Quad | ——error ¢, Quad |-
i e L e sint2),Ref,6[- A . error, ¢, UAM |
5 - - ¢ ,UAM |
o O — |
g .|/
- 05
<
=20 -
-40
0 5 10 15 10 15
Time (sec) Time (sec)
60
100 —
&1 v 7, Quad ‘ ; ——error 0, Quad
........ sin(t) , Ref, 0 | 50 40| [rrError, 6, UAM | |
50 --0,UAM 3
4 — -
s > - 20
s of g ‘
s 0
S0- 0 N 20! L
0 15 0 5 10 15
Time (sec)
60}, = 100 | ‘
. § J ——error 1, Quad
40 - b A “error , ¥ s U‘@M
w203 :,:l = 50 T
£ 1 # =
Z oF £\ LS <
. O W <4 g ol ]
20 - —— 1, Quad i £ ¢ [
Gob—ANF/ AN 00 QY e cos(20)5 Ref 1}:‘ |
». ; 3 - UAM [/ |
- " . 50
0 5 10 15 0 5 10 15
Time (sec) Time (sec)

oo g g «J9y JUB sl QL3 deb 50 eud bl sbalas g Collao o gL1g5 2L, S
Figure 9. Desired tracking and error in roll, pitch and yaw angles

37 T8 deld e Joged aw Ve IS8 0 placel jpas a@gdlinlse (Sl o3k (Seileie [ ()2 b

ol 5 ey sy 09585 L5 338 U5 55 (sl 5, oot asls oL 056 abons s 5 5 () coiper 5 U3

ooy b Slalzzél b aile )l else 052 5 o5l Canl SEETES, nl ol IS Jloel b (sl cakisen sl o
Siom i) o s S il 5 S8 Sl aiels o S0 & g sl S

15 i
—— Roll rate , UAM

time(sec)

Q (rad/s)

time(sec)

2
T
Yaw rate , UAM

time(sec)

1o (Sl 693k slp Soaas E 55 9 g E55 0 J9) €5 5 Selosan L) luled o) IS
Figure 10. Representation of kinematic behavior in roll rate, pitch rate, and heading rate for an aerial robotic arm

\f



G oL 1y 58905 sl 2l (B 9SSy ol sl (ATl (LA (el (S8 JBSew 1) 5 slalie Y IS
S WL 6,k asgazme 93 2 (gl Sy JUiSews (S, glanl 4 Y o 52 4 05 e csalin a5 jshailes aao

Sl 3gde

—— Quad U1 Signal Control : Quad U2 Signal Control
UAM U1 Signal Control o1z e UAM U2 Signal Control |-

. S v 4 ® L 0.1

o 5 10 15 0 5 10 15
Time (Sec) Time (Sec)
O a8 = 0.2 T T
0.04 — ad U3 Signal Control - ‘Quad U4 Signal Control
AM U3 Signal Control |« ¢ e UAM U4 Signal Control
0.02 oa d ; R T L

Time (Se€) ’ Time (Sec)

— Quad U, Signal Control

02 )
........ UAM U_ Signal Contral
0
02
0 5 0 15 " 5 10 15

Time (Sec) Time (Sec)

lap (Sl 695k 9 185950185 Acgoe 95 Gl oud (S yb (I LS JUSw A lile )Y S
Figure 11. Comparison of designed control signals for two quadrotor sets and an aerial robotic arm

G a0 g (5 o5 AT -0

B St SRS by, 5 o5l b e Sty (sl o1 a0 S s K b 4 il o
Sl pslie s 5 da S S, e 5 ab S s WAy 85 0 e S S sy
4253 5 (SSby o3k 9 ,959,0lS (kP (Seslus Jow caslal yo s SAIIGSLL (5 )lal SLST elel 5 ST, o3k
5 g, wolalaael jgax 0 1) olse b, s95b (sdgame yloy Sl [0 WilgF o (Blpi J S ol (gleas ol
Pk ol (e 5 15 JTS Sy gy sbite 4 e (20 ZoygelofeSlos G sl 015l 68y sl lias
A Candg g Coxdee oLy a5 a8l ey o 2L, 0 Slee J Sl 5l gslatal b as sl lis gileand mls ol
locaakd pas jea> 10 ol ax 0 90 (Sl 555b 4 jamme 5579,0055 odiy b, g luddl (alggnyo ol 0ol Sy Hao
S S L osgame loy Do )0 e 3288 5 iy 20, (0 Cslhe o Slee 4 Slos 5 S ol s a5 al el
Aol G50 @ Grimren )0 392y (Sl wad Sk 45 35 peie 9,509, )0 (B98 S 8 Shesimy 09 ol
898 JpaS cad g adl> jo 18l con LSl sl eolatll Coled jo g (JpaS GO melS jshaie 4y JouS Ll ceac sl

gt Gty ol Glihos e 5 )5 50 plgise |y i ped 5o Sldes bame 5o

C.‘.«.ng-u —¥
395 90leS H yiS Beibld oIl cwyy

ine slp 1) (7)) alaly Sgbl wals &b e9,0lsS sl ool (b IS Sl s)lwmly (ow)n Holare @
e S0 )3 e 2bS)

Vo



1., 1,
2 ¥%)
— Yy — 042

Sy =255 % Yy —4Zy

[ YY)
1 1

V, :5212+ES¢2 XA

D g0 dzeis (YA) abasly o )le 4y Cod (6,25 3iiin b ol o

V,=22,+S,S,

. . _ . . v
V=72 + S¢ {31X4X6 +a2X22 + a3X4Q+b1U2 — &y _a1(¢d - Xz)} A

QT o as

I —1 -k -y
_ry z _ fax _ I

%—(—IX ) & ) a, 3 ()

2l oo (FY) Sjgo a0 a8 130 1, (FV) alal) b2 o5 033 mhaw (sl (Jlosl (58
s,S, <0 )
S¢ = _Q1Sign(s¢) - k18¢ = Xz - de _alzl =&, X, Xg £ a2X22 + a3x4§_2+ bIUZ _¢‘d _al(éd - Xz) (£Y)

g8 0 gl Pl (FY) abal; &9 a'U2 (Jpias" JES s ( 2S5h (g, 4 4255 b coles 0 9
:E{ G:sign(S,) ~kiS, ~ax% —a,%,” ~ax0-bUy d + (4 %)} -
Sl 95k J S Sl goluly (o) 2
w,& P 55 1y ol Bl ayil5 45 (FF) (pame e ol o 550, (st bl s bl bl olize

2 i=0

b =b -b,i<{0.12} )

25 Sle (Vo) alal, Jol byis gl (YA) alal, JuS 9B 5l oolaul 5 loy o s (FF) alaly 51 (6,5 sias b
.oo;u;o Jol>

V = S"[=t; =M, (@) *(Co(a, ) + Gy (@)) + Mo (0) ™ (Upg +AU,) + My ()
2 ~ A
+p(t) + % Cdiag{e,"""}e,1-D_x 'bb, (%)
i=0

ole a5 eaﬂ‘sfa Cewdy (FY) Ojle (V0 abaly o oo by aoday JouS 688 5l eolaiul ¢ 348 alaly (o5luwoslus
Sl Bl (g Il cnuus

\#



@7 pt) -

-1 (STMO(q)_l)T MY (q)—1 (6 +61 q +6 qz)]— ; Xflbv.b:.
s Isll] I all . a1~ 2_x "0,
Islmo(a)*

(6, +B, o + b ")

d92595 9 Sh9mds sl o Lo adlge

A (m) o 35 05,959,005 oy S pe alols
(Gl pey 3 S50 VL) (55,8
@ e

S0yl

Sl Shol g s
ol gl o 5le

(kQ) 155,955 2

23t el Oloe o ile
Js! o e

st ol
NS

Sebl) il ol

A8 Cote s

ol 4 S oz S e

259058 Jlesl jgless

VY

V)

oloi-V

Kad

Kt



&=l yo-A

[4]73.Ku Stolaroff, C. Samaras, E.R. O’ Neill, A. Lubers, A.S. Mitchell, D. Ceperley, Energy use
and life ‘eycle greenhouse gas emissions of drones for commercial package delivery, Nature
communications, 9(1) (2018) 4009.

[2] M.A. Trujillo, J.R. Martinez-de Dios, C. Martin, A. Viguria, A. Ollero, Novel aerial manipulator
for accurate and robust industrial NDT contact inspection: A new tool for the oil and gas inspection
industry, Sensors; 19(6) (2019) 1305.

[3] D. Brescianini, R"D’ Andrea, Computationally efficient trajectory generation for fully actuated
multirotorivehicles, IEEE Transactions on Robotics, 34(3) (2018) 555-571.

[4] S. Shimahara,S. Leewiwatwong, R. Ladig, K. Shimonomura, Aerial torsional manipulation
employing multi-rotor.flying robot, in: 2016 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), IEEE, 2016, pp. 1595-1600.

[5] D. Lee, D. Jang, H. Seo, H.J."Kim, Model predictive control for an aerial manipulator opening a
hinged door, in: 2019 19th dnternational Conference on Control, Automation and Systems
(ICCAS), IEEE, 2019, pp. 986-991.

[6] J. Thomas, G. Loianno, K. Sreenath,,VV. Kumar, Toward image based visual servoing for aerial
grasping and perching, in: 2014 IEEE international conference on robotics and automation (ICRA),
IEEE, 2014, pp. 2113-2118.

[7] D. Mellinger, Q. Lindsey, M."Shomin, V. Kumar, Design, modeling, estimation and control for
aerial grasping and manipulation, in: 2011 IEEE/RSJ International Conference on Intelligent
Robots and Systems, IEEE, 2011, pp. 2668-2673.

[8] M. Orsag, C. Korpela, P. Oh, S. Bogdan, A/ Ollero, Aerial manipulation, Springer, 2018.

[9] C. Zha, X. Ding, Y. Yu, X. Wang, Quaternion-based nonlinear trajectory tracking control of a
quadrotor unmanned aerial vehicle, Chinese Journal of Mechanical Engineering, 30(1) (2017) 77-
92.

[10] O. Mofid, S. Mobayen, C. Zhang, B. Esakki, Desired tracking of delayed quadrotor UAV
under model uncertainty and wind disturbance using adaptive super-twisting terminal sliding mode
control, ISA transactions, 123 (2022) 455-471.

[11] O. Mofid, S. Mobayen, W.-K. Wong, Adaptive terminal sliding‘mode control for attitude and
position tracking control of quadrotor UAVS in the existence of external disturbance, IEEE access,
9 (2020) 3428-3440.

[12] O. Mofid, S. Mobayen, Adaptive sliding mode control for/finite-time“stability of quad-rotor
UAVs with parametric uncertainties, ISA transactions, 72 (2018) 1-14.

[13] Q. Fang, P. Mao, L. Shen, J. Wang, A global fast terminal sliding mode control for trajectory
tracking of unmanned aerial manipulation, Measurement and Control, 56(3-4) (2023) 763-776.

[14] Q.V. Doan, A.T. Vo, T.D. Le, H.-J. Kang, N.H.A. Nguyen, A novelfast terminalsliding mode
tracking control methodology for robot manipulators, Applied Sciences, 10(9)/(2020) 3010.

[15] T.N. Truong, A.T. Vo, H.-J. Kang, A backstepping global fast terminal sliding mode, control
for trajectory tracking control of industrial robotic manipulators, IEEE Access, 9 (2021) 31921-
31931.

[16] J. Zhai, G. Xu, A novel non-singular terminal sliding mode trajectory tracking control for
robotic manipulators, IEEE Transactions on Circuits and Systems Il: Express Briefs, ‘68(1) (2020)
391-395.

[17] M. Zhihong, M. O'day, X. Yu, A robust adaptive terminal sliding mode control for rigid
robotic manipulators, Journal of Intelligent and Robotic systems, 24 (1999) 23-41.

YA



[18] M. Zhihong, X. Yu, Adaptive terminal sliding mode tracking control for rigid robotic
manipulators with uncertain dynamics, JSME International Journal Series C Mechanical Systems,
Machine Elements and Manufacturing, 40(3) (1997) 493-502.

[19] W=H. Chen, J. Yang, L. Guo, S. Li, Disturbance-observer-based control and related methods—
An overview, IEEE Transactions on industrial electronics, 63(2) (2015) 1083-1095.

[20] Z. Samadikhoshkho, S. Ghorbani, F. Janabi-Sharifi, K. Zareinia, Nonlinear control of aerial
manipulation systems, Aerospace Science and Technology, 104 (2020) 105945.

[21] F. Caccavale, G. Giglio, G. Muscio, F. Pierri, Adaptive control for UAVs equipped with a
robotic arm, IFAC Proceedings VVolumes, 47(3) (2014) 11049-11054.

[22] X. Song; S. Hu, Hierarchy-based adaptive generalized predictive control for aerial grasping of
a quadrotor. manipulater,Journal of Shanghai Jiaotong University (Science), 24 (2019) 451-458.
[23] E. Yilmaz, H«Zaki, M. Unel, Nonlinear adaptive control of an aerial manipulation system, in:
2019 18th European control conference (ECC), IEEE, 2019, pp. 3916-3921.

[24] F. Pierri, G. Muscio, F.sCaccavale, An adaptive hierarchical control for aerial manipulators,
Robotica, 36(10) (2018) 1527-1550.

[25] M. Pouzesh, S. Mobayen, Event-triggered fractional-order sliding mode control technique for
stabilization of disturbed quadretor unmanned aerial vehicles, Aerospace Science and Technology,
121 (2022) 107337.

[26] M. Orsag, C. Korpela, P. Oh;' S. Bagdan, M. Orsag, C. Korpela, P. Oh, S. Bogdan, Aerial
manipulator dynamics, Aerial Manipulation, (2018) 123-163.

[27] G. Heredia, A. Jimenez-Cano,l. Sanchez, D. Llorente, V. Vega, J. Braga, J. Acosta, A. Ollero,
Control of a multirotor outdoor aerial manipulator, in: 2014 IEEE/RSJ international conference on
intelligent robots and systems, IEEE, 2014, pp: 3417-3422.

[28] V. Lippiello, F. Ruggiero, Cartesiansimpedance control of a UAV with a robotic arm, IFAC
Proceedings Volumes, 45(22) (2012) 704-709.

[29] T.N. Truong, A.T. Vo, H.-J. Kang, Neural network-based sliding mode controllers applied to
robot manipulators: A review, Neurocomputing;”(2023)-126896.

[30] S. Yu, X. Yu, B. Shirinzadeh, Z. Man, Continuous finite-time control for robotic manipulators
with terminal sliding mode, Automatica, 41(11) (2005) 1957-1964.

[31] Y.-C. Huang, T.-Z. Li, Fuzzy terminal sliding-mode.controller for robotic manipulators, in:
IEEE International Conference on Mechatronics, 2005. ICM'05., IEEE, 2005, pp. 858-863.

[32] C. Abdallah, D.M. Dawson, P. Dorato, M. Jamshidi, Survey-of robust control for rigid robots,
IEEE Control Systems Magazine, 11(2) (1991) 24-30.

[33] W. Dongmei, The design of terminal sliding controller of two-link flexible manipulators, in:
2007 IEEE International Conference on Control and Automation, IEEE, 2007,pp. 733-737.

[34] X. Yu, M. Zhihong, On finite time mechanism: terminal sliding modes, in: Proceedings. 1996
IEEE International Workshop on Variable Structure Systems.-VSS'96-,(IEEE, 1996, pp. 164-167.
[35] A. Boubakir, F. Boudjema, S. Labiod, A neuro-fuzzy-sliding mode«coentroller using nonlinear
sliding surface applied to the coupled tanks system, International Journal of Automation and
Computing, 6 (2009) 72-80.

'4



Adaptive Terminal Sliding Mode Control for the
UAM in the Present of Uncertainty

Hamed Ghaffari?, M.A Amiri Atashgah®'

ab College of Interdisciplinary Science and Technologies, Faculty of Aerospace, University of TEHRAN

ABSTRACT

In recent years, flying robots have gained popularity in a new application known as aerial robotic manipulation.
This technology performs operations, in dangerous and inaccessible environments, significantly reducing costs.
However, combining a flying robot with a robotic arm increases system nonlinearity and coupling, leading to
challenging control and path-tracking scenarios. There are two main approaches to robotic manipulation
control: centralized and decentralized. This paper focuses on the decentralized approach, where the forces and
torques from the robotic arm are treated as external disturbances acting on the flying robot. A novel adaptive
robust terminal sliding mode controller is employed to implement this decentralized control. The adaptive
component estimates the limits of uncertainties and disturbances, ensuring finite-time convergence. Additionally,
a backstepping sliding mode controller with a Lyapunov stability guarantee is developed for the flying robot.
Finally, a simulation is presented for an unmanned/aerial manipulator equipped with a two-degree-of-freedom
active robotic arm. The simulation considers mass‘uncertainties during an oil rig inspection mission. The results
demonstrate that the proposed controllers achieve<optimal performance, enabling fast and accurate path
tracking within a limited time.
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