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Abstract : In this paper, a novel control scheme incorporating an integral super twisting sliding mode and
unknown input observer is designed to compensate for the external disturbances and maintain the good
tracking performance of a gyro-stabilized surveillance system. The system utilizes a two-axis gimbal
mechanism to stabilize and steer a camera assembly. The mathematical model of the system shows complex
characteristics such as nonlinearities, disturbances, and delay. Then, an unknown input observer is proposed
to estimate these factors such that the estimation is decoupled from the system inputs and dynamics. Then,
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a control law is obtained by combining the advantages of the sliding mode and backstepping
control techniques providing reliable tracking and effective disturbance rejection performance.
Subsequently, simulation results validate the control system design and demonstrate its superiority in

comparison to other approaches.

Key Words : Backstepping Control, Gyro-stabilized Surveillance System, Integral Sliding Mode, Super

Twisting Algorithm, Unknown Input Observer
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Fig. 1 The gyro-stabilized surveillance system to be

controlled

A7, o, (t)E BE H¥e 2 oYUy 27}
O(t)= = A4 tg g A
R,

3. =

ol

HOJAIAR M

2

> 2 g I ool
N2 X Mo
Nogo o i
e 1R oot
PIURNE
o
nog
o
Y
2
I
)
o
o M
o,
QL

olo] we} Az mHe TheT) o] UEhd

& qn

X(t) = F(X(1)) X(t) + By(t)u(t) + Dyd (£) 3)
Y(t) = Oy X(t)

E,(s)

1 — g5t
U(s) ’_’ R . Ue™

>

Fig. 2 The delayed input is represented by the

current input and a multiplicative uncertainty



EEE
o7 A,
xX(t) = [p®)” w(®) 7, Q)
d,(t) =d(t) — B(t)e,(t),
roxn =g 2
O,
Cy=1,, Dy= 1[0, b]"

4 @) A @

B U Lipchitz &
E WESE e FAT F Utk F oW

X, () 9k X,(t) o thafAl

7F EA%

=
e

I (X, () X, (1) — F(X, () X, () | ®)
t

) X(t) + B y(t)u) (6)

A7) M, (CyDy) = (DECECDy) " (CyDy) "ol
W, #Z7] °o|5 E, N, z 283 We vA 4F
BZ7)e] ndYd E4o] FRHT T dy(t)o]
AAs 249 5+ =2 AAH oo g} WA,

il

A8 Thest 2ol Erk

CEPEUEE S

X(t) = X(t) — X(¢) o )
=E(F(X(t)X(t) - F(X(t))X(t)
— NCy X(t)+(I—E—ZCy) By (t) u(t)
+ F(X(t)) X(t))+(I— ZCy) Dydy(t)

CHEAHAM

4

HERA . 2=
o]Z &3, 0|5 79} F= AUy @o g
FE FAZE vdAdgsty] Hs 2 )= ALt

¥ + Atk

E=1-7ZCy

il

chewt 2ol Euk

PopF g

Vo= X'PX )
A7NA, P i FFA PHolt}. oty
o] A7 RO 2 RE theH e BB

V7 < XTQX,

4 (1094 N, QF ¥4 YA Augos
R BE7E sty FPexe +Ushl A

Ao R, dy(1)
£ et Eo

o
o
ol
=y
o
fru
e
o
9
By
S

)

3.2 ZOIM017] A

o FAG AAA 2" AAAR FRE FA
A8 95t ISMCE =ddth o7)1A, Ao
dge A 2o g AAEH 2A4E A%
e 7k 57 AldE o ()2 73 ES
28 duEEol o AAAAYY u,(t) o2 T
Aok

SHA2HSUYX| H27H M4z, 2023 88 59



u(t) = uy(t) +uy(t) — B71(t) dy(t) (13)

33 mde o] ZH(non-ideal) 8 4AE I3}
A g Az"oR THgT & A EPA
A AAZRAE AL mdS ofn|sit) Ao
7] AAE fste] FFA e (t) 9 At}
e, (t)E The} o] Holairt,

e (t) = ¢,(t) = (1) (14)

A7 A, AE FAAR AP Polt}. golFezx
FE V)B4 (152 28T o, S 4
2 2 (1622 Bostd, M) <0 24L& WE3)

Al Ao oA F THA 1410137‘“’1 LOS$H 8}
o REES oHE FFTE T Ue A4
T g F AFE YERIT

1 1

V(t) = EeT(t)ew(t) +5e, (t)e,(t) (15)

ug(t) = B (t)Kw(t) + B()"'fz' (o(t)) (16)
[p(t) + (71— AQ)ey(t) Felo(@)
w(t) + (I'+ A)e, (t)]

V(t) = —e (t)Ae (t) — e (t)Ie,(t) (17)

s(t) = e, (t) + (I'+ Ae (t) (18)
+ (]+FA)fOew(t)dt

ool T AzF H]Ee e o,

By (t) — dy(t) + dy(£))(19)

»
~
=
I
I
~
=
©
—~
~
=
=
=
Sy
—~

%3 E4zw delEol be gAAeldy

60 IYHAAHSTYX| H27# M4z, 2023 8

HOJAIAR A7l 25t AT

uy(t) & THeF} 2ol T S gtk
uy(t) = (20)
QL e
T i st
[51(8) 55 ()] " = 5(), sgn(s,) = s,/ (| s;|+6) ] ™,

5= o] Agelth ¢ GE FAA nAAd
ojth. A Y 4 (200 4 (19)°] tYstaA

e ol A Hh

1/2 sgn sl(t)

i son((0) =
t{sgn( 51 ))]
gn S, t)) dt

+nfE( )Wl x@) |

A7) 4, Aoi7] ol 5 hFA 2" FA o
3k B QE7-L Seeber et al., Moreno et al.ol we}
A 7 5 JTE HAD Aoty =, 2
E=EA Ast= AloJA|2®S Fig. 39 E=4
52 JeEhfATh

Robust Uy

@, control Gyro-stabilized

surveillance system

> Equivalent
control

|_ Unknown

input observer
X
4o

Fig. 3 Block diagram of the proposed control system

4. 210t & n#
4.1 AlE30|1M &3
B =RAA A AN 2R AFEy

Sste] TN sde] AWRDE AT o

—



=IO
uze

oh

Ol%—.'_— .

ol g3te] Aol AT HHe Fal AT A
olAzRlel AT fEAS WG T
9ol stebuleleh A 83 Alof7] o] 5L Table 1

UFERA 2L
ARy egold MUES A (18)2 A3
FEOATL 002 4%—5—}% 71% HolA|gh, A&
=2 Qs B=F ewse EE 21 FHALE of
7INZ Aok 2¥BR g o] 49 A
£y &elold vUEEE =skih
2,(t) = (D +A) [ = (I +TA)z,(t) (22)
+s ( s(t) —e ()]
s(t) = e (t) + (I + A)e,(t)
+ (I+TA)z(t)

£
N
>
w
5]
rlr
Pkl

Sl(saturation) &, o= &F

oA A& MEF AL 0.02 50
2= AWEH Azl A 02 s7HA] WSt
ottt AP mde] dFdojE =
Hlg- A& A7 489 HF

AEBEEC|ER B =Fol|A] ARbsh= AolAl
2" Aodge 7|E &= ghola o] gk
D= deg/selth. E=%F Park et al, Huynh and
Kim, Huynh et al.olX AAG 3 E92H
SMC(STSMC), AIZEAA B} w2~ g A o]
(TDC-BS)E 483 Axet vlu H7ME Bl Al

ANZE H5g AFRTLI

L.
o

4.2 AZ8|0|M A1}
Fig. 4 (2)°] UFERA Hlo} o]

=gl

Aol

2HEE 59 o)Fdle AH S FFIE AEY
oldS F33PY oM, Fig. 4(b)~(e)oll AlEH A
ZA3Z YR AT Fig. 4(b), (c)ollA &<l 713t
So] B =EoA AteHE AoA 2Bl FEA
Fol 71 SF3tAl Ueteth £ =&olA At
e AloAlz="E T} Z]Oﬂoﬂ 02 JEFs
FA3IA o]E AojYHel <Arista, ISMCE <!
3 oA"Y ARIAS FAAE B ooldE
ko] FFeatE RASIPeER 5% FFA4

. HEXA

1z

dy=

o

< Rty @e o s AgAsY
H, STSMC®} TDC-BS Alol71& A &3 7%, Fig.
4dolA Z 7hsskRe] A &5 &S 1y
o TS JAEASS & F Aoy, AAH
Qo] ik Fgho] FA St FES] A8t
2l Fatank mAIH o2 Fig. 4(e)= Aol 2
H 44" AR fFoolE o thg L=y A
S5 JehdTh
—Roll Pitch Yaw

[\
(=]

)
S
‘

50 100 150
Time [s]

(=)

Vehicle motions [deg]
o

(a) Motion of the vehicle carrying the surveillance

system

— Reference - - -STSMC - BS - - Proposed control
15 ‘ ‘ ‘ ‘

—
. O

-5k
-10F

Tilt angle[deg]
=)

10 5 0 5 10 15
Pan angle [deg]

(b) Route tracking performances

e
g

s <o 3

%

1}

é
fl

Pan angle[deg] Tilt angle[deg]

(=)
W
(=]

o Time [s] B

A

(c) Time responses of the tilt and pan gimbals

SHA2HZUYX| 273 M4z, 20231 8 61



Ef

L

o x4

— i
ENULY:
o
= -2
F
A
g o -r"*}"”;‘: S el ¢
=] 2 A Y
5 "
0 50 100 150

Time [s]
(d) Tracking errors of the tilt and pan gimbals

—_
(= =)

. ‘ ,‘r\_ ‘ 1
N (VAYATAY N /‘VJ'/\'*/'k \/\:'/1\/

—
=)

- 0
o o

0./ \,-'\]\ F\\I ll.\'ll'l
| N W
i

—
S)

O

Pan cont.[deg/s] Tilt cont.[deg/s]

50 100
Time [s]
(e) Control inputs

Fig. 4 Simulation results

2
71&
Table 29 %
Fig. 5 (a)oll e
g]_g\g\ou;] /\]/\Eﬂ
of Jetiict. Al&eolAdal
Al B =RoA At
i3
=l Al AljtetE A7)
9] RMS7} TDC-BSTHH] 8§
STSMC®] A-§- & +
,EH Hl A3 & Ao
5

91 73%011‘: A ¢

ox
> off
)

N
-

g
i
rlt

Kl

424

o

NIl
o

2

S

)
PR
L = 3

12
N

| Aso] 713

At
f)—"
r+o r“

i)

[l

32
o
=)

Ao71E

o
Ao

=

b3

oo oo
k7

(e
Ao

2

FD‘I
e
2 o ¥

[0
-

o ¥ W oo X ¥ oo P o L lo
N

62

5
2

27| 718t HOJAIAY Mo et AT

Table 2 Experimental apparatus specifications

Component Parameters Value
Model CMI1-C-23S30
Motor output 45 W
Actuators
Rate torque 0.294 Nm
Maximum speed 3000 rpm
Model MW-AHRSv1
Angle’s resolution 0.01 deg
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Static error <0.2 deg
. ) Type Timing belt
Drivetrain -
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