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ABSTRACT In this paper, a novel finite-time robust adaptive nonsingular fast terminal sliding mode
control strategy is designed to achieve high performance control for an electro-optical targeting system
which is subjected to nonlinear friction and disturbance torque. First, a robust adaptive control technique
is constructed to compensate modified LuGre model and disturbance torque. Then, a nonsingular terminal
fast sliding mode is integrated into the robust adaptive control technique to implement response rapidity and
enhance the robustness of the closed-loop system. Furthermore, the control strategy is proved by Lyapunov
criterion within finite time. Finally, simulation and experimental results indicate that high accuracy, fast
response and stable control performance are obtained by the proposed control strategy for the electro-optical

targeting system.

INDEX TERMS Electro-optical targeting system, robust adaptive control, nonsingular fast terminal sliding

mode control, friction, finite-time.

I. INTRODUCTION

Electro-optical targeting system has raised considerable
attention and played a more and more important roles recently
in various realms, from ships, land, aircraft to satellites,
civilian to military [1], [2]. Due to the increasingly harsh
application environment and complexity of electro-optical
targeting system, designing a high-performance control strat-
egy is of significant importance, also remains a key technique
for electro-optical targeting system. However, nonlinear fric-
tion and the disturbance torque causing by uncertainties,
model variation, coupling effect between rotating gimbal
axes and external disturbance [3], lead to strong nonlinearity
for electro-optical targeting system and make it difficult to
realize high precise motion. Particularly, when ultra long dis-
tance monitoring and tracking target, the visible light camera
or infrared camera of electro-optical targeting system is at
its longest focus state, meanwhile its angle field of view
is extremely small. Consequently, the strong nonlinearity
could easily decrease the control accuracy and degrade the
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performance of remotely monitoring and tracking in manual
or automatical mode, even result in image smear or target
loss from field of view. Moreover, the friction, which is the
most significant nonlinear factor among other nonlinearities,
inevitably affects the performance of control motion, even
causes the overall system instability [4]. Therefore, in order to
tackle above problems, designing a high-performance control
strategy for electro-optical targeting system remains a chal-
lenging task.

The study on friction compensation has become one of
the hotspots in recent decades and many researchers have
been involved in it. Adaptive control strategy is deemed as
a effective method for servo system with respect to nonlinear
phenomenon. In [5], an adaptive backstepping control strat-
egy was proposed to decrease the adverse effect of friction
under different motional conditions and realize a good servo
control precision. An adaptive controller along with fast con-
vergence sliding mode reaching law was presented to deal
with nonlinear friction, and improve the tracking accuracy
for a two-axle voice coil linear motor gantry in [6]. In [7],
an adaptive backstepping control strategy based on a novel
modified LuGre friction model with continuous property was
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designed to tackle nonlinear friction as well as uncertain
parameters for hydraulic system. In order to handle external
disturbances problems, a robust control along with efficient
speed control were presented to improve the performance
of three phase induction motor [8]. In [9], a backstepping
nonlinear controller combining with a speed observer was
proposed for induction motor to implement speed control
without sensors. A hybrid control strategy that backstepping
technique, adaptive control and Hoo control are combined
to improve the robust of servo system [10]. In [11], a RISE
feedback along with continuous adaptive robust algorithm
were presented to tackle with model uncertain in nonlinear
closed-loop systems. To a certain extend, the above control
strategies lack the capability to implement high accurate
dynamic control, owing to nonlinear friction, model variation
and external disturbance, or one of them.

Sliding mode control (SMC) method is deemed as a effec-
tive control strategy which has many advantages including
strong robustness to parametric variation, controllable con-
vergence rate, and excellent anti-disturbance ability facing
with friction and disturbance torque. A compound control
method was designed by sliding mode control with beck-
stepping method to deal with negative impedance feature
for constant power load [12]. In [13], an adaptive sliding
mode controller which is depended on model was adopted
to achieve a high accurate control for a boiler-turbine sys-
tem. A sliding mode controller with filters and sliding mode
observers was designed to improve the performance of inertia
wheel pendulum [14]. In [15], a sliding mode control method
which based on a new synchronization control law along
with Nussbaum gain technique was presented to deal with
system time synchronization problem for chaotic centrifugal
flywheel governor. An novel adaptive sliding mode approach
was developed to reducing chattering phenomenon as well
as nonlinear disturbances for nonlinear MIMO system [16].
In [17], a hybrid control strategy which combines a sliding
mode control with a variable gain and time-delay controller
to implement a robust characteristic for robot manipulator.
Although these algorithms have been thoroughly researched
and implemented in various applications, majority of them
guarantees asymptotic tracking performance, without focus-
ing on the performance of convergence speed and finite time
response.

Thus, a closed-loop system with the feature of finite time
convergence and stabilisation was proposed by using terminal
SMC [18]. In [19], a terminal SMC makes it possible for
closed-loop system to have anti-disturbance capacity under
the condition of external disturbance and converge tracking
error rapidly to zero in finite time. Inevitablely, terminal
SMC is subjected to a singularity phenomenon [20]. Then,
nonsingular terminal sliding mode (NTSM) approach which
needs no extra procedures was proposed to tackle with the
singularity phenomenon [21], [22]. In [23], a nonsingular
terminal fast sliding mode (NFTSM) control method which
has a more rapidly convergence rate compared to NTSM was
presented to curb the singular problem. In [24], a finite-time
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robust stabilized sliding mode control with nonsingular termi-
nal sliding surface was adopted to solve the matched uncer-
tainties problem for second order nonlinear plants. In [25],
a fast reaching law which was integrating into a sliding mode
controller to speed up the the reaching rate, was superior to
conventional reaching law. A nonsingular terminal sliding
mode strategy was presented to achieve a high accurate posi-
tion tracking control for linear piezoelectric ceramic actuators
which are suffered from nonlinear friction, parametric varia-
tion and disturbances [26]. However, it is still of a difficult
but challenging work to design a high-performance control
strategy for electro-optical targeting system owing to friction
and disturbance torque, which is not yet thoroughly solved.

In this paper, a novel combination of NFTSM with adaptive
robust control for electro-optical targeting system is pro-
posed. A robust adaptive control technique is proposed to
handle with nonlinear friction and disturbance torque via
estimating the unmeasurable and variable parameters from
the established nonlinear system model. Then, a nonsingu-
lar terminal fast sliding mode is integrated into the robust
adaptive control technique to guarantee response rapidity
and enhance the robustness of the nonlinear system. The
method is proved within finite time by utilizing Lyapunov
theory. Finally, experimental results under different con-
ditions, including step test, low frequency test and multi-
ple frequency test, demonstrate that the designed controller
is excellent and well suitable for electro-optical targeting
system. The contributions of this paper are summarized
as follows:

1 A robust adaptive control technique is proposed to han-
dle with nonlinear friction and disturbance torque via
estimating the unmeasurable and variable parameters
from disturbance torque and modified LuGre model.

2 A nonsingular terminal fast sliding mode are integrated
into the robust adaptive control technique to guarantee
response rapidity and enhance the robustness of the
nonlinear system. The method is proved within finite
time by utilizing Lyapunov theory.

3 Experimental results under different conditions, includ-
ing step test, single frequency sinusoidal test and mul-
tiple frequency sinusoidal test, demonstrate that the
designed controller in this paper is superior to the
method in [3].

Il. PROBLEM STATEMENT AND PRELIMINARIES

The main function of electro-optical targeting system (EOTS)
includes real-time monitoring, tracking and recording. The
EOTS is able to cooperate with PC and other external devices
such synthetic aperture radar (SAR), remote control weapon
station and so on. When PC and other external devices send
commands which can be deemed as reference signals to
EOTS via serial interface or network interface, the EOTS
tracks the reference signals accurately and rapidly. How-
ever, the friction and disturbance torque greatly decrease the
control accuracy of pointing angle in such cases. Especially
when ultra long distance monitoring target, the visible light
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camera or infrared camera of electro-optical targeting system
is at its longest focus state, meanwhile its angle field of
view is extremely small. The friction as well as disturbance
torque could easily degrade the performance of long distance
monitoring and inspecting or even result in image smear and
target loss from field of view. The working principle and the
control flow charts of EOTS are presented in Fig.1 and Fig.2,
respectively.
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FIGURE 1. Working principle of EOTS.
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FIGURE 2. The control flow charts of EOTS.

A. SYSTEM MATHEMATICAL MODEL
Assumption 1: (1)Motor inductance is neglected.
(2)The gimbal with payload is considered rigid.
Then the mathematical system model [27] can be described
as follows:

6=w

Jo =Ty, —Ff — A

Ty = Kiiy

. U—kw

in = —— )

where J denotes the moment of inertia of gimbal with payload
including visible light camera and infrared camera, 6 and w
represent angle and angle rate. U is the digital control input.
K; and K, indicate motor torque coefficient and motor back-
EMF coefficient, respectively. R denotes motor resistance.
F,, represents the motor torque output which is proportional
to armature current i,,. While Fy denotes nonlinear friction
force, A indicates disturbance torque, including uncertainties,
model variation, coupling effect between rotating gimbal axes
and external disturbance.
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B. MODIFIED DYNAMIC LuGre MODEL

Although several friction models have been analysed in
recent works [28], [29]. In the following analysis, the friction
model Fy has been selected as LuGre model [30], in which
stribeck effect, hysteresis, and so on are included.

Fy = opz+ 012+ 0w 2)
I=w— Mz 3)

g(w)
008(@) = Fe + (Fy — Fo)e @’ )

Here z represents the average deflection of bristles. The
function g(w) is positive and known, depicting various fric-
tion effect such as stribeck effect. o represents the stiffness
coefficient, and o is the viscous friction coefficient. F; and
F. denote static friction force and coulomb friction force,
respectively. w(s) corresponds to the stribeck angle rate.

The friction parameters will vary in the present of internal
mass unbalance, nonuniform cutting surface and external
environment perturbations, thus the adaptive parameters p, v
are adopted to modified the standard LuGre model with fixed
parameters. The modified LuGre model can be expressed as
below

Fr = p(ooz + 012) + vorw ®)

where p1 denotes the parametric variation for bristles average
deflection, v represents the parametric perturbation in viscous
friction. Moreover, they satisfy the bounded condition 0 <
Mmin < 0 < Mmax and O S Vmin =V = Vmayx-

Choosing 6§ = x1 and & = w = xp, the overall mathemati-
cal system model can be written as the following form:

.xl = .x2

R ¢ KK, 1 w

=ty B oo
JR JR J g(w)

1( + vo) -
— —(uo Vo’ - —
7 Ko 2)o ==
y=x (6)

C. FRICTION MODEL PARAMETER IDENTIFICATION

LuGre model has many attracted advantages for its simple
mathematical form, easy real-time implementation and pre-
cise reflecting friction features. And its parameter identifica-
tion [31] is composed of two fundamental parts, i.e., static and
dynamic parameter identification. In the procedure of param-
eters identification, four static parameters and two dynamic
parameters are estimated, respectively.

1) STATIC PARAMETER IDENTIFICATION
Set dz/dt = 0. Inserting equation (3)(4) into equation (2)
yields the steady state motion:

(@2
Ff = (Fe + (Fs — F)e @) )sgn(w) + v = Ty, (7)

According to stribeck curve, four static parameters could
be obtained. Assumed that pitch axis stays stationary,
the azimuth axis rotates with a series of incremental angle rate
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values {a)j}ﬁ\’: 1» and corresponding values of digital control

output are {F, mj}jN: |- Thus, the parameters vector is expressed
as follows

Xs = [FCs TS! Cz)s’ &2] (8)
Define the identification error as
e(Xs, wj) = Tyj — Fr(Xs, wj) 9

where Ff(X;, w;) denotes desired friction. Taking the error
objective function as follows:

N
1
I, = 3 Z:ez(xs, w)) (10)
]=

Finally, by minimizing the error objective function I, the four
static parameters F, F;, wg and o, are obtained.

2) DYNAMIC PARAMETER IDENTIFICATION
The dynamic parameters o and o are obtained via presliding
displacement method shown as follows:

AT
A
o ~ 2,/0(M — o, (12)

/
0}

(11)

where M is the mass of the gimbal with payload including
visible light camera and infrared camera. AT and A are
increment value of control torque and angle with same time
interval. The least square method is introduced to identify
the dynamic parameters oy and o;. Suppose that the vector
in which parameters are to be identified, is shown as below

X4 = [60, 61] (13)
Define the identification error as
e(Xq, 1) = 0(t) — 0(Xy4, 1) (14)

where 0(t;) and 0(Xy, t;) are the angle from absolute mag-
netic rotary encoder and the angle from system mathematical
model respectively, corresponding to moment #;. Then the
objective function is adopted as follows:

N
Iy =c1 ) (X, ) + comax{e(X,, wy)} (15)
j=1

Here, c; and c; represent weight coefficients. Thus, by mak-
ing the objective function /, minimized, the two dynamic
parameters oq as well as o1 can be precisely obtained.

IIl. FINITE-TIME ROBUST ADAPTIVE NONSINGULAR FAST
TERMINAL SLIDING MODE CONTROLLER
In this section, in order to decrease the tracking error, enhance
the robustness and ensure response rapidity in the present of
friction and disturbance torque, a finite-time robust adaptive
NFTSM control strategy is proposed.

Lemma 1: (reaching time) [32]: Take into account non-
linear system x, = f(xp(1)), f(0) = O and x,(r) € R".
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Assumed that a positive defined scalar function Vj(xp(2)) is
existing as below

Vi (xp(1)) < =11 V(xp(1)) — T2 Vp(xp(1))° (16)

where 71 > 0,75 > O and 0 < 6 < 1, then the nonlinear
system is stable within finite time. Moreover, the setting time
T, is gained as below:

1 1V, () + 2
< In
‘[1(1 — 9) %)
where Vj,(xp(t9)) is the initial value of Vj,(xp(2)).

Lemma 2: (sliding time) [33]: Assume that a kind of non-
singular fast terminal sliding surface is expressed as below:

7)

s(t) =¢e(t) + kisignw‘ (e(t) + késign'/’z (&) (18)

where k{, k’, are positive constants, I < ¥, < 2and y; > V.
When s(t) = 0, the convergence time T, of ¢(¢) is obtained
as follows:

£(0) kél/wz’
T, = dx
? /0 (e(t) + k| e(t)/)) /¥

Pl v

K (02— 1)
1 Yo — 1 Yo — 1 ' V-1
F(—, 01 i —k 0)|¥1
G2 G —twn T =g RO
(19)

where ¢(0) denotes the initial value of (¢), F(-) represents
the Gaussian hypergeometric function shown as below. And
the conditions of k{, k5, 1, ¥ indicate that F(-) will ensure
convergent. As usual, the exact form of F'(-) changes while the
involved parameters varies. One can refer to the work [34] for
Gaussar Hypergeometric function more thoroughly.

U)nPln
(k)pn!

]

Fm.pik;l)=)"

n=0

Assume that y; is the reference signal, the angle tracking
error is e; = y — y4. Then its derivative term and two order
derivative term are e = y — y4 and ey = y — )4, respectively.
Thus, the error dynamic of the closed-loop system can be
expressed as

el =ep
. K KK, 1 |l
€ =Yyd — J—RU t—g et juz(oo —mm)
1 A
+ 7(#01 +voy)w + 7 (20)

Assumption 2: The reference output y;(¢) is a twice differ-
entiable continuous function in terms of 7.

Assumption 3: The disturbance torque A, including uncer-
tainties, model variation, coupling effect between rotating
gimbal axes and external disturbance, are usually unmeasur-
able and assume to be bounded owing to a positive function
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as follows |A| < §, where 6 denotes the upper bound of the
lumped uncertainty.

Because the state z in LuGre friction model is unmeasur-
able, a friction observer is designed to estimate the state z.
The method of the friction observer is first proposed in [30],
then many scholars have adopted this method owing to its
effectiveness and practicability. In this paper, a nonlinear
friction observer is adopted to tackle the unmeasured fric-
tion displacement state z. Supposing the estimated value of
observer defines as Z, the relationship betyveen nonlinear
friction observer z and its differential term Z are express as
follows

P=w— —3+1 (21)

where [y in the observer is dynamic terms yet to be obtained.
The error of friction observer 7 is written as follows

I=z-1% (22)

I=——i—1 (23)

From above discussions, an NFTSM surface s(¢) which can
strengthen the robustness, improve control accuracy as well
as rapidity and avoid nonsingular problem is introduced as
follows:

s(t) = ey + kisign® (e1) + kasign?(e2) (24)

where ki, ky are positive constants, 1
1 > ¢.

Remark 1: Note that the system state converges to e; = 0
in finite time for any given initial condition e1(0) # 0. In
one case, when the system state is far from the equilibrium
state initially, the equation (24) is approximated to the follows
equation

< ¢2 < 2 and

s(t) = ey + kysign? (e1) (25)

where the subitem k| sign?!(e;) which ensures a fast con-
vergence rate dominates the most compared to k» sign¢2(e2).
In another case, when the system is close to the equilib-
rium state, then equation (24) is simplified approximately as
follows

s(t)y =e + kzsz'gn¢2 (e2) (26)

where the subitem k; sign®2(e,) guarantees the system con-
vergence in finite time.

Considering the closed-loop system, the following reach-
ing law is selected as:

5(1) = —kasign(s(t)) — kas(t) Q27)

where k3 > 0, k4 > 0. Then sliding mode reaching condition
is expressed as follows:

5§ = —kzs — kas® < —kz|s| <0 (28)
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To obtain satisfactory tracking angle, the controller U(¢) is
designed containing two parts Uequarion(t) and Uy, (1):

ue) = Uequation(t) + U () (29)
U o JR(_, n kike n 1 ( |w|
j = — —w+ —uz(og — o] ——
equation k, yd JR JMZ 0 lg(w)

T Lo + voryo + 2
- o Vo2 )w —
J/LI 2 7

1
s sign*~P2ey(1 + ki1 sign® ~ey))
(30)
JR .
Usn(t) = = (kasign(s) + kas) 31)
t

Note that the control strategy (29)-(31) cannot be guaranteed
in practical application owing to the unknown parameters p
and v, the unmeasurable friction state z and the unmeasurable
varying parameters A. Thus, it is essential to adopt the adap-
tive term to estimate the above unknown or unmeasurable
parameters.

U = Uequatiun(t) + Uy(t) (32)
JR .. kike, 1.. |w|
Uequalion(t) = k—t(yd + J—Ra) —+ IMZ(UO — O'IM)

A~

+1(A +9 )+A
—(Uo vop)w —
JMI 2 7

1
+ ——sign® Per(1 + ki1 sign® ey))
koo

(33)
R

Up(t) = - (Rssign(s) + kas) (34)
t

A denotes the estimate value of parameter A, and the friction
state z is estimated by Z.

Remark 2: The first term of equivalent control law
Uequarion(t) has capability to guarantees fast convergence
within finite time no matter where the system states are, far
from or close to the sliding surface. Meanwhile, the second
term Us, (¢) is designed to be more robust for the system in
the present of external perturbations and parametric uncer-
tainties.

By substituting equation (32) into equation (20) the error
dynamic of the system can be rewritten as

er=e

. 1( A2)( 2] )+ 1( 2)

e = —(nz— 00— o1——) + =(u — o
2 = 5 (uz — [12)(o0 @) (= o

1 1 .
Y (Y —(A=A
+J(v V)02w+J( )

sign2_¢2é(1 + ki¢isign® ~le)
kapz

— kzsign(s) — kas 35)

Theorem 1: Consider the closed-loop system (20) with
the NFTSM surface defined in (24). With the following
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control law:

U0 = T+ o+ Hikon — o1 1)
= yd JRCU MZUO 01()

A~

R . A
+ —(/wl +bo2)w + —

1
+ —¢Slgn2 P2ey(1 + ki gy sign® ey))

ko

+ k—(kasign(S) + k45) (36)

t
and the friction observer
A |(u| ~
7=——=72—1 37
g(w)

lo = —7<kz¢2|ez|¢2—1) (38)

with the adaptive laws

—s(kz¢z|ez|"’2 IaGloo — o112 ) + 1) (39)

N

g(w)
. 1
D= 78(k2¢2|62|¢2_1)02wn3 (40)
X 1

= ;(kz¢z|ez|<”2—1>m (41)

there exist parameter & > 0, v > 0, n; > 0, 92 > 0,
n3 > 0, then the tracking error of the closed-loop system
(35) converges to zero within finite time.

Proof: Consider the closed-loop system (35). The Lya-
punov function candidate as

voleilpy Lo, Ling L gy
=S+ opf A+ — A — P+
2 2 21 21 2n3

The time derivative of (42) is expressed as follows:

. 1 1 1
V=ss+uzz+ AA+—M;J,+—W
n n2 n3
— kokagpolea| 215
|l

Yz — f2) (00 — o1 ﬂ)

= —koksgpalea| 2715

! ¢
+ jskquzlezl 2

w _ ~ ~
+ 7s(kz¢>z|ez|¢2 Yoy + Do2)

1 ~ s
+ Jstkagalea] DA + pzz
1 ~x 1 . 1 .
— ZAA - —jfi— =9 (43)
M n2 n3
where A = A—A,& UW—[f,v=v—07=z-—2
uz — i1z = uZ + iz Then the equation (43) can be rewritten
as follows
. op|lw|
V = —laksgaleal® V5| — kokagles 2152 — U 22
g(w)

+i5 kz¢z|ez|¢’2 15200 — 01%)

+ —k2¢2|62|¢2_lsw01 - —/fL)
J Up)

1 1.
Sw— —V)

1 .
+ V(=kagalez|*?
J n3
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1 _
+uz(;kz¢z|ez|¢2 )

il $r—1 1z
+ AGhagaler 7! EA) (44)

Substituting equation (36)-(41) into equation (44), it
follows that

— kakaglea] 2 's?
_oolel 72
g(w)
where the function g(w) is positive and known. And
o0 > 0,1 < ¢pp < 2,kp > 0,k3 > 0, k4 > 0 and
> 0. Thus, the term —k2k3¢2|ez|¢2_1|s| < 0, the term

—kokapr]ea|?2 152 < 0 and —% uz2 < 0. Then

V<0 (46)

V < —kakspalea ||
(45)

holds.

Therefore, according to the Lyapunov stability theory,
the the closed-loop system (35) is asymptotical convergence.
Furthermore, to showcase this convergence occurs in finite
time, equation (45) can be can be rewritten as (47)

. dv
V = — <
dr —
oolwl ~2
—u
g(w)
< —kaksgnlea| 27V |s| — kakagpaler| P21 s

= —pi(ex)V}/? — pa(er)V}/? (47)

where p(e2) =~/2kakagpa|ea| 271, pa(er) =2kakagh|er| P!
and V, = %sz > (. By virtue of Lemma 1 and inequality (47),
the tracking error (35) converges to the zero in finite time and
the reaching time 7, is presented as follows:

2 V(0)'/? +

T, < _,,,(M) (48)

P1 02
where V;(0) is the initial value of Vi(¢). This completes the
proof.

—koksplea|?> 7V s| — kokagpalea| P15

|
Remark 3: No matter where trajectories of the electro-
optical targeting system (6) are, the proposed sliding mode
surface s(¢) is able to converge to zero within finite time.
In addition, based on Lemma 2, accompanied by error trajec-
tories of the electro-optical targeting system (6) move towards
to zero, the sliding mode manifold s(¢) reaches to zero within
finite time. Then sliding mode time T is obtained is

k1/¢'2

e1(t)
T. = dx
’ fo (e1(t) + ke (1)?1)1/92
_ $aleiw)|' "1

ki(po — 1)
L _¢—1 ¢ —1 ot
F(—, . i _
(¢2 (61 — Do +(¢1 _ 1)¢ 1le1(to)l )

(49)

where e (tp) is the initial value of e ().
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FIGURE 3. sinusoidal trajectory tracking simulation.
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adaptive NFTSM are as follows: .(a) The response .rapl(.hty Parameiors Valie
performance can be speed up owing to the fast finite-time Tnertia(kgm?) JT=132
convergence. The parameters k1, k2, ¢1 can be adjusted based Stiction force(Nm) Fs =1.52
. . . Coulomb friction(Nm) . =4.78
on Equat'lor.l(49) to change the convergence time; (b) The Stiffness coefficient(Nm/deg) o0 — 473
characteristics of strong robustness of NFTSM properties Damping coefficient(Nms/deg) o1 = 0.87

make it possible to overcome disturbance torque and nonlin-
ear friction. (¢) Owing to the absence of negative power term
in control law Equation(37),the singularity problem can be
avoided.

IV. SYSTEM SIMULATION

Simulation is done in this section to validate the effectiveness
of designed control strategy before practical experiments.
In addition, the proposed control strategy has been com-
pared with the method in [3], in which an AIBSM controller
was introduced for electro-optical targeting system. The
parameters of the electro-optical targeting system is shown
in Table 1. The sinusoidal angle reference signal is 1° with
0.3Hz. The simulation results within 60s are depicted in Fig.3.
Fig.3(a) demonstrates that the tracking angle in this paper
almost coincident with the reference signal. Fig.3(b) depicts
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Viscous friction coefficient(Nms/deg) | o2 = 0.0025
Stribeck angle velocity(deg/s) ws = 0.01
Torque coefficient(Nm/A) Ky =4.65
Back-EMF coefficient(Vs/deg) Ke =0.1
Motor resistance(£2) R =4.62

that the angle tracking error proposed in this paper is less than
in [3]. Fig.3(c) illustrates that the angle speed curve. It can
been seen that the "dead zone" is nearly eliminated by pro-
posed control approach whenever angle speed goes through
zero. The controllers, friction, friction observation and their
comparative results with [3] are displayed in Fig.3(d)(e)(f).
Obviously, the friction observe in this paper achieves a better
estimation of friction than in [3]. It is well evident that the
proposed control strategy has enough capability to track the
reference angle in theory. And the proposed control strategy
is suitable for electro-optical targeting system.
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FIGURE 5. Structure diagram of electro-optical targeting system.

V. EXPERIMENTS AND RESULTS

Experiments are conducted and the experiment results are
presented in this section to fully prove the validity and prac-
ticability of the finite-time robust adaptive nonsingular fast
terminal sliding mode control strategy. A single gimbal of
electro-optical targeting system in axis of azimuth is studied,
which is shown in Fig.4. The structure diagram of electro-
optical targeting system is presented in Fig.5. The experimen-
tal platform contains five main parts: DSP, permanent magnet
DC motor, absolute magnetic rotary encoder, motor driver
and payload with visible light camera and infrared camera.
The absolute magnetic rotary encoder with 0.01° resolution
are utilized for angle measurement on each axis. Note that
in the following experiments, the commands from PC are
regarded as the reference angle trajectory tracking signals.

A. STEP EXPERIMENT
In the first angle trajectory tracking experiment, a step signal
with 20° within 6s based on finite-time robust adaptive sliding
mode control strategy is shown in Fig.6(a) in blue curve. It is
apparent that the angle y tracks the reference input y, quickly
and accurately without any overshot. Furthermore, the gimbal
of electro-optical targeting system in axis of azimuth reaches
the set angle in about 0.9s and the steady-state error is about
0.01°. The control input signal of the electro-optical targeting
system is the digital signal from DSP. The trend of digital
control signal is presented in Fig.6(b), besides, it reduces to
zero after about 0.9s. At this state, the gimbal is at the angle
of 20°. The angle tracking error is depicted in Fig.6(c). It is
obviously that the angle error in steady state is about 0.01°,
which is nearly about 0.05% of the total angle of travel.

The comparing experimental results for tracking a step
signal is also shown in Fig.6(a). The step response in green
curve is based on the control strategy proposed in [3].
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FIGURE 6. Step trajectory tracking experiment.

The convergence rate by proposed control strategy is faster
than that in [3]. In addition, the closed-loop system based on
proposed control strategy has better vibration characteristics.
The oscillations of green curve in Fig.6(a) in steady state
is obvious, while the blue curve tracks the desired input
r without any oscillations. Therefore, it is concluded that
the finite-time robust robust adaptive sliding mode control
strategy for electro-optical targeting system is effective.

B. SINUSOIDAL SIGNAL EXPERIMENT

In the second angle trajectory tracking experiment, a sinu-
soidal signal with frequency 0.01Hz and amplitude 20° dur-
ing 60s is given as a desired angle tracking trajectory for the
gimbal of electro-optical targeting system in axis of azimuth.
The experimental result is shown in Fig.7. Obviously, angle y
tracks the given reference signal y, smoothly with very small
phase difference shown in Fig.7(a). In comparing tracking
experiment based on [3] shown in Fig.7(b), the angle y tracks
the given reference signal y, smoothly with larger error and
phase difference. Fig.7(c) displays the digital control input.
Note that the curve of control input is different from the
simulation in Fig.3(e). Because in Fig.3(e) the desired track-
ing angle 1° is very small compared to the desired tracking
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FIGURE 7. Sinusoidal trajectory tracking experiment.

angle 10° in practical experiment, in simulation the control
input contributes the most to deal with friction whereas in
practical experiment the control input corresponds to track
desired angle. The tracking error is shown in Fig.7(d) and it
can be seen that the maximum peak-to-peak error is about
0.78° which accounts for about 3.9% of the total angle ampli-
tude. In addition, the error result in this paper is much smaller
than that the control strategy in [3] which is about 1.32°
accounting about 6.6% of the total angle amplitude. To quan-
tify the angle tracking behaviors of the controller, the root
mean square (RMS) is analyzed. The rms tracking error of
the controller in this paper reaches about 0.2789 while the
controller based on [3] is about 0.4240. The comparison data
is shown in table 2. Thus, it is well evident that the finite-time
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FIGURE 8. Multiple sinusoidal trajectory tracking experiment.

TABLE 2. Comparison data in experiment B.

controller This paper In [3]
MAX 0.78 ° 1.32°
Percentage 3.9% 6.6%
RMS 0.2789 0.4240

robust adaptive sliding mode control strategy is precisely
and smoothly with little time-delays in the application of
sinusoidal angle trajectory tracking with low frequency.

C. MULTIPLE SINUSOIDAL SIGNAL EXPERIMENT

In the third angle trajectory tracking experiment, a multi-
ple sinusoidal signal with frequency 0.01Hz, amplitude 20°
and frequency 0.04Hz, amplitude 10° within 60s is given
as a desired angle tracking trajectory for the gimbal of
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electro-optical targeting system in axis of azimuth. The
experimental results are shown in Fig.8. It can be seen that
the control strategy designed in this paper outperforms the
method in [3], realizes capturing the given reference sig-
nal y, smoothly with little error and phase difference as
shown in Fig.8(a) and Fig.8(b), Fig.8(c) depicts the digital
control input. The tracking error behavior in term of time
is shown in Fig.8(d). The maximum peak-to-peak error is
less than 1.13° which accounts for about 3.9% of the max-
imum angle amplitude. Meanwhile, the maximum peak-to-
peak error in [3] is 2.76° which accounts for about 9.2% of
the maximum angle amplitude. The root mean square (RMS)
is analyzed. The rms tracking error of proposed controller in
this paper approaches about 0.3081 while the controller based
on [3] reaches about 0.7002. The comparison data is shown
in table 3.

TABLE 3. Comparison data in experiment C.

controller This paper In [3]
MAX 1.13° 2.76 °
Percentage 3.9% 9.2%
RMS 0.3081 0.7002

The above three experimental results validate that the
finite-time robust adaptive sliding mode control strategy
designed in this paper has good capability to track the angle
with different frequency. And it is superior to the method
in [3]. Therefore, it is concluded that this control strategy
is capable of achieving high accuracy, fast response and
good stability performance being confronted with nonlinear
friction as well as disturbance torque.

VI. CONCLUSION
In this paper, accurate angle control was investigated for
electro-optical targeting system via a novel finite-time robust
adaptive nonsingular fast terminal sliding mode control strat-
egy. The proposed control strategy integrates the advantages
of robust adaptive control and NFTSM control. The robust
adaptive control with friction observation was applied to esti-
mate nonlinear friction and disturbance torque. Meanwhile,
a NFTSM control are integrated into the robust adaptive con-
trol approach to guarantee response rapidity and strengthen
the robustness. Furthermore, the closed-loop system is proved
by Lyapunov methods within finite time. Finally, simulation
and real experiment results validate the control strategy.
Future work intends to concentrate on a second-order slid-
ing mode (SOSM) control algorithm [36] and disturbance
observer [37] to address disturbance torque and nonlinear
friction. And experimental verification on electro-optical tar-
geting system.
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