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ABSTRACT To consider the environment during ground vehicle driving, the inertially stabilized plat-
form (ISP) can be used for electro-optical tracking instruments to isolate the senor’s line of sight (LOS)
from the carrier’s vibrations with high precision and stability. This paper proposes the combination of a
backstepping sliding mode controller with the adaptive neural networks approach (BSMC-NN) for ISP that
achieves output torque saturation and considers parametric uncertainties, friction, and gimbal mass imbal-
ance. An adaptive radial basis function neural network is adopted to approximate uncertain disturbances in
this dynamic system. In contrast to the existing saturated control structures, an auxiliary function is designed
to compensate for any error between the designed and the actual control torque. The closed-loop stability
and asymptotic convergence performance are guaranteed based on the Lyapunov stability theory. Finally,
the simulation and experimental results demonstrate that this proposed controller can effectively regulate
the gimbal rotation angle under different external disturbances. This offers superior control performance

despite the existence of the nonlinear dynamics and control input constraints.

INDEX TERMS Backstepping, adaptive RBFNN, mass imbalance, actuator saturation.

I. INTRODUCTION

Due to increasing expectations for unmanned intelligence,
surveillance, and reconnaissance systems, the inertially sta-
bilized platform (ISP) attracted significant interest in the
aircraft vehicle industry [1], [2]. For example, in the field
of civil aerial remote sensing system, the high-precision ISP
is indispensable for the stabilization of the axis of optical
sensors in space to return the high quality geographic images
in real time [3]. In [4], the ISP installed with the optical
imaging sensors was mounted beneath the unmanned heli-
copter to locate faults of a high-voltage line. In the military
field, the detector of an optics seeker is positioned on a
gyro-stabilized platform which is used for precise missile
guidance systems to acknowledge and track targets [5]. More-
over, the automatic gun-turret is mounted on a mobile vehicle
to improve the efficiency of extensive artillery firepower and
improve the survival ability on the battlefield [6]. Since an
important feature of ISPs with optical payloads is the tracking

The associate editor coordinating the review of this manuscript and
approving it for publication was Wei Wei.

92220

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

of both fixed or moving targets, the control system should not
only have high accuracy but also possess an excellent line-of-
sight (LOS) control performance.

Conventional LOS stabilization techniques are imple-
mented with a two-degree of freedom gimbal platform, and
the vision sensor and gyros are mounted as close as possible
to the gimbal bore-sight on the inner frame axes. The gyro
is used to sense the rate disturbances of the LOS in two
directions of interest, whose signals are regard as feedback
to torque motors and act on the gimbals that attenuate the
external disturbance. Furthermore, kinematic coupling needs
to be consider in the unmanned aircrafts, as well as the
elevation gimbal; and the azimuth gimbal of ISP system
[7]. Major outer disturbance sources are the platform base’s
angular motion, the wind and air-steam induced torque, and
the inner disturbances derived from mass imbalance, fric-
tion in joints, and gyro signal random drift [8]. To isolate
the angular vibration and attenuate the impact of these dis-
turbances, researchers have focused on LOS control algo-
rithms for ISP system [9]-[11]. Various methods have been
proposed, ranging from a PID control technique to highly
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advance linear and nonlinear control techniques, including
LQG control [12], adaptive control [13], Hoo control [14],
and hybrid control [15].

In ISP, the inevitable presence of parametric uncertain-
ties and the dynamic mass unbalance may reduce the vibra-
tion attenuation performance during the tracking process.
However, previous studies have not consider these issues.
To overcome this problem, many different control techniques
have been reported. Sliding mode control (SMC) [16]-[19]
is a well-known nonlinear control strategy for uncertain sys-
tems that are affected by unmeasurable disturbances. The
linear SMC surface is used to guarantee asymptotic stabil-
ity and faster convergence time of the system by adjusting
the parameters of the sliding surface. However, the high-
frequency chattering phenomenon is a severe problem of
SMC and is caused by the large gain of the switching func-
tion [20]. A robust feedback controller is presented to solve
the dynamic mass unbalance of a two-axis gimbal sensor
system, and an extended state observer is implemented to
obtain an estimate of unmeasured states as well as exter-
nal disturbances [21]. In [22], active disturbance rejection
control (ADRC) was applied to realize control performance
with high stabilization precision for ISP. In [23], a composite
adaptive fuzzy PID control strategy was developed for a LOS
stabilized and tracking turntable under the system uncer-
tainty. However, the construction of a fuzzy rule set depends
on the experience of engineers. With a step-by-step recursive
process, significant attention has been directed to adaptive
backstepping control using a neural network approach over
the past decade. Adaptive NN control theory has helped to
solve problems in highly nonlinear uncertain systems in a
number of research fields [24]-[27]. The radial basis function
neural network (RBFNN) offers the advantages of simple
structure, fast learning, and better universal approximation
capabilities, and an adaptive NN controller can be designed
without significant prior knowledge of the system dynamics
while avoiding the above mentioned issues. In [28], an adap-
tive decoupling control was developed based on NNs to
improve the tracking and stabilization performance of the
three-axis gyro stabilized platform, and NNs were used to
compensate for disturbances and uncertainties.

However, in practical cases, an ISP-driven motor likely
only provides limited control torque, and actuator saturation
is a further problem that requires investigation. Input satura-
tion with a nonlinear factor may degrade system performance
and can even lead to system instability [29]-[31]. Several
control schemes with actuator saturation have been proposed
at the controller design stage. In [32], the command filtered
approach was used to ensure both stability and tracking per-
formance of the mirror-stabilized system under input satura-
tion. A bounded virtual control law combined with a linear
saturation function was proposed and the global stability of
the ISP system can be guaranteed in the presence of input
saturation if both controller and anti-windup compensator are
simultaneously computed [33]. In [34], an inverse optimal
controller with input saturations was designed to achieve
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asymptotic convergence to the desired attitude and avoid the
unwinding phenomenon. Few prior studies considered the
motor torque saturation in the ISP system as a nonlinear
problem. Consequently, this paper introduces an auxiliary
function during nonlinear controller design and analyzes the
effect of actuator saturation.

Most of the previous works have assumed that the sys-
tems of concern are linear and that the ISP model states
are exactly known. Additionally, several parameters, such as
the rotational inertia of the platform, are assumed to have
a fixed value, which is not the case for physical systems in
reality when the camera adjusts the focal length. Motivated
by these observations, this paper proposes a backstepping
sliding mode controller combined with an adaptive neural
networks approach (BSMC-NN) for ISP that has output
torque saturation and a number of nonlinear factors; (e.g,
friction significantly affects the system behavior). RBFNN
approximation is used to overcome system dynamic model
uncertainties and unpredictable external disturbances, whose
closed loop system will have a quick dynamic response and
small overshot. To alleviate the presence of actuator satura-
tion, an auxiliary design function is employed to compensate
for any error between the designed and the actual control
torque. Both the update laws of the weighting matrix and
the asymptotic stability of the closed loop system are derived
based on the Lyapunov stability theory. Finally, the effec-
tiveness of the proposed control approach is validated via
both simulations and experiments under different disturbed
conditions.

The remainder of this paper is organized as follows:
Section 2 describes the dynamic model of ISP with mass
imbalance and friction disturbance. Section 3 develops the
backstepping sliding mode controller based on the compound
algorithms of the RBFNN. To validate the proposed method,
the detailed simulation procedure of the BSMC-NN con-
troller is presented in section 4, which also describes the
experiments. Finally, section 5 concludes this paper.

Il. PROBLEM FORMULATION

A. SYSTEM CONFIGURATION

The classical configuration of a two-axis ISP mainly consist
of inner and outer gimbal frames, torque motors and gyros.
A variety of payloads, including the visible light camera,
infrared camera, and laser sensor, that require stabilization
are placed on the inner gimbal, where the rate gyro is also
placed to measure the rotational rates in two directions of
interest. Moreover, two encoders are mounted on two gim-
bals, respectively, to provide angle displacements of both
gimbals. As previously mentioned, the ultimate goal of the
control system is to mitigate the disturbances from the mobile
carrier motion, while the motors that are directly mounted
onto the gimbal axes and sensors respond to vehicle vibration.
In other words, the controller ensures the accurate orientation
of the visual axis of payloads, which can continuously obtain
focused images.
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FIGURE 1. Two-gimbal ISP configuration and reference frames.

The right-handed orthogonal coordinate frame is repre-
sented by triads of vectors {x,y, z}. The body-fixed frame
(B) is carried into coincidence with the azimuth frame (outer
gimbal) (A) by the positive angle 6, about the zg axis. The
azimuth frame (A) is carried into coincidence with the eleva-
tion frame (inner gimbal) (P) by a positive angle of rotation
6, about the xp axis. LOS elevation control is exercised by
the inner gimbal xp axis. The attitudes angle of the LOS of
the optical payload are defined as 05 = [QI(,BX, QG QG ]T with
respect to geographic coordinate.

The sequence of both key rotations that express the pose
of the elevation gimbal with respect to the base is visualized
in Fig.1.

The coordinate transformation from the base frame coor-
dinate (B) to the yaw gimbal coordinate (A) is given by the
following rotation matrix.

cos 6, sinf, O
Rg = | —sinf, cosf, O @))
0 0 1

In a similar way, the coordinate transformation from the
yaw gimbal (A) to the elevation gimbal (P) is given by the
following rotation matrix.

1 0 0
Ri=]10 cosf, sin6, 2)
0 —sinfp cosp

Now, the following notation is introduced to deduce the
angular velocity behavior with the inertial space in frames
(B), (A)and (P) respectively.

o = [op  wp  wp]

T
wr = [oar w4y w4
op = [op. o qop. ] 3

Using (3), the outer gimbal angular velocity vector w4 can
be expressed in terms of the base body rate vector wp, which
gives

ws = Rgwp +1 )
where n = [0 0 9a]T, and 0, = wa, — wp;.
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The outer coordinate frame rate vector w4 is related to the
inner coordinate frame rate vector wp, by

wp=Riws +¢ 5

where & = [ 6, 0 O]T, and 0, = wpy — way.

It is assumed that each gimbal is a rigid body and that the
gimbal device follow a non-symmetric mass distribution with
respect to the rotation axes. The inertia moment matrix of the
inner and outer gimbals relative to their respective coordinate
frames are

] XX I Xy I XZ OXX Oxy OxZ
Jp= Ixy I yy I vz | Ja= Oxy 0)’)’ OYZ
Li; L; Iz Ox; Oyz O

(6)

where Iy, Iy, and I, represent the elevation gimbal moments
of inertia about x, y, and z axes and Iy, I, and I, represent
the elevation gimbal moments product of inertia. Oy, Oyy,
and O, represent the pitch gimbal moments of inertia about
X, ¥, and z axes and Oy, Oy, and Oy, represent the azimuth
gimbal moments product of inertia. The platform dynamic
model can be obtained via Euler’s moment equations for the
inner and outer coordinate frames of the gimbal mechanical
system. The total torque T p applied to the inner gimbal is
given by Eq.(7):

d

TPZEHP'F(UPXHP 7)

where the angular momentum H p is defined as

Lixwpy + Lywpy + L;wp;

Ixwax + Iyya)Py + Iyszz )
I;opy + Iyza)Py + I;wp,

Hp =Jpwp =

By substituting (4) and (5) into (7), the inner gimbal total
torque is:

— wp,) + (I; — Iyy)wpywp:

— wpywpy) + L (wp; + wawa) 9

Tpy = Luwpx + Iyz(wl%y
+Ixy(d)Py

Then the Eq.(9) can be rewritten as:
Lixwpx = Tpy + Tpe + Tpe + Tpa (10)

where Tp, represents the control torque driven by the ele-
vation frame actuator and consider the Eq.(9) and Eq.(10),
the terms Tp,, Tp, and Tpy can be obtained by

Tp, = —(Iyy sin 6, + Iy; cos Op)(wa; + waxway — Way)
+(xy cos 6,
+ [y — I2) cos 26,
1
+§ [21)12 COS 9]7 + (Iyy zz) sin 26 ] wAZ (1 1)
Tpe = (Iy;sin ), — Iy cos 6,)(way + waz)
1 .
+3 [y — I.;) sin 26,
Tpa = (Ixya)AZ cos 0,
—IL,w4; sin 9p)6’p (13)

— I, sin 6)warwa;

— 21y, sin 29p] WAYWA;

— 2l cos @ ]a)Ay (12)

— Lyway sin 6, — I;way cos 6,
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where the terms Tp, and Tp, represent the cross-coupling term
caused by outer frame rotations, and Tpy; is regarded as the
disturbance of the inner elevation gimbal motion relative to
the azimuth frame.

Since the inner frame is the elevation gimbal, the inertial
angular momentum of the outer gimbal is the sum of elevation
and azimuth frames, and can be given by:

Hy = Jaws + R3Hp (14)

In a similar manner, the rigid frame driven torque for the
azimuth gimbal is derived from

Iniwp; = Ta;co80p + Tae + Tac + Taa (15)
With
Iy = Oy + Iy sin® 6, + Iy cos® 6, — Iy sin 26, (16)
T4e = [0xx — Oyy — Ly + 1, cos? Op + Iy sin’ Op
+1y, sin 29p] WAxWAZ COS B) a7

1 .
The = — |:0xZ + E(Iyy — I ;) sin 26, + Iy, cos 29pi|

X(WA; — WAx®Ay) COS B,

—(Oy; + Ly cos O, — I, sinBp)(wax + wa;way) COS G

—(Oxy + Iz cos 0, — Iy sin QP)(wi — a)i) cos O,

+waz Sin B, — wpywax (18)
Tad = 4y c0s Op[(I; — Ly)(@a, €08 26, — way sin 26,)

+21y,(waz 8in 26, + way €08 20))

+(Lyy 8in 6 + Iz €08 26, )(wax + wpy) — Lixwazbal

+wpywpy (19)
where T4, represents the control torque driven by the azimuth
frame actuator. Ty, and T4 can be interpreted as the influence
of the dynamic unbalance inertia matrix. 744 represents the

cross-coupling term generated by the inner elevation gimbal
motion relative to the azimuth frame.

B. ACTUATOR MODEL

Brush less DC torque motors are used for both inner and
outer gimbals. Using Newton’s law, the dynamic model of
the direct drive motors can be described by

i (20)
1 dt = 1] d,
T, = Kri, (21)

where w; represents the angular speed, for the inner gimbal
w1 = wpy and for the outer gimbal wy = wy.; i, represents
the current flowing through the motor; T, represents the
external disturbance torque and defined as Ty, = Tim + TF
in which Tjy, represents the mass imbalance disturbance and
TF is the friction disturbance; The inertia of gimbal J; was
obtained by Solid Works.
The electrical circuit equation is
diai .
La—— + Ralai + Kpwii = ug;

i=1,2 22
" i (22)
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where K, represents the back EMF constant, and the voltage
ug; represents produced by the drive controller. In many
instances, the rotor inductance L, can be neglected. The
parameter torque constant K7 and the resistance of the motor
R, are provided by the motor manufacturer.

C. MODELING FOR MASS IMBALANCE DISTURBANCE
In reality, the center of gravity (CG) of the platform is not
on the pivot point of the rotating gimbal, and there is an
offset 71 due to the lever arm between gimbal pivot point and
the plat form CG. This lever arm can cause mass imbalance
torque about the pivot point. Dynamic mass imbalance torque
occurs when the ISP is working in stability mode, where the
pitch gimbal is maintained in the level direction of the local
geographic coordinate. Then, the lever arm almost remains
level all the time.

The dynamic mass imbalance disturbance torque Ti;, can
be expressed as

Tim = mri(g + az) — mror162 cos(ép + ) (23)

where ry represents the distance between the pivot point
and the base CG; 6, represents the base angle related to the
reference axis; a, represents the vertical acceleration of the
base; m represents the total mass of both gimbal and payload.

D. FRICTION MODEL

To accurately capture the dynamic response of the ISP,
the Stribeck model is adopted to describe the static and
dynamic friction in the inertial stabilized platform system.
When the gimbal is rotating at very low angular veloc-
ity, the Stribeck model reflects the decreasing friction with
increasing motion speed. The Stribeck model is given as [10]:

2
Tp = |:Mc + (M — M) e_(wi) j| sgn(w) +ow (24

where M, represents the coulomb friction torque; M, repre-
sents the maximum static friction; w represents the relative
angular velocity between contact surfaces; o represents vis-
cous friction coefficient; wg represents the Stribeck velocity.

E. PROBLEM STATEMENT

ISP can be used to switch several times between two working
modes, attitude servo-control (used to realize target searching
and tracking) and attitude locking (used to attenuate exter-
nal disturbances that are transmitted to the optical payload);
therefore, this study focuses on the angle velocity wp, and
wa;. The rotation attitude angle of the gimbal with respect
to the geographic coordinate 9}% and 9192 can reflect the
vibration situation of the camera. The stabilization of the
pitch and azimuth axis can be realized in the same pat-
tern since they have similar representations. Additionally,
the stabilization loop band width must be sufficiently high
to reject the platform disturbance spectrum. To develop the
anti-disturbance SMC control method using the NN tech-
nique for ISP, the dynamic equations for the ISP system
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from (10) and (15) are expressed as follows:

X =x

X2 = fi(t) + b1 Tpy + di (1)

X3 = X4

X4 = fo(t) + baTa; + do(2) (25)

where x; = ng,xz = wpy, X3 = 9192,)c4 = wy,. In addition,
combined with Egs. (11),(13) and (17), the system function
is defined as

T T 1 T
fiy = PR o gy =
Ixx I.X.X XX
Tae + Tac cos 6p Taq
I I I

To solve these parameter uncertainties and obtain a more
applicable solution, the parameters in Eq. (24) are not exactly
known which could be represented by

Fy = Afi(t) + Ab Tpy + di(2) (26)
Fy = Af(t) + Aby Ty, + do(t) 27

where A denotes system uncertainties. As discussed in the
above analysis, the motor torque of the ISP system is subject
to amplitude saturation, which should be explicitly consid-
ered for the controller design. For ISP with dynamic model
parameter uncertainties and mass imbalance, an adaptive
control input 7, is required to stabilize the LOS of closed
loop systems due to the influence of external disturbances,
to maintain high performance during actuator saturation.

Considering the presence of the motor torque saturation
constraint on Ty, |[Ty|] < Tmax can be set, where Tyax iS
the constraint of the known upper limit of the force. Thus,
the control input force T is defined by:

Tax lf T: > Thmax
Tu = Tc lf - Tmax =< Tc = Tmax (28)
if T, < —Thmax

_Tmax

where T, represents the designed control law.

To design effective control schemes, the following lemmas
and assumptions are applied throughout the paper.

Lemma [28]: Let g(x) be a continuous function, which is
defined over a compact set D. Then, there exists a neural
network system WT®(x) which can approximate g(x) with
arbitrary accuracy, so that

gx) =Wrex) + ¢ (29)

where W = [wy, wp, -+, WN]T represents the ideal constant
weight vector, O(x) = [O(x), Oz(x), - -, On)]T is the
RBFs vector, N > 1 represents the number of the neurons,
and ¢ is the approximation error which is minimized by the
ideal vector W:

W := argmin {sup ‘g(x) — WTG)(x)‘}
WeR \xeD
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Assuming that ¢ is smaller than a small positive constant *,
then |e] < &* < oo with ¢* being an unknown positive
constant. ®;(x) is a Gaussian function,

—(x — ) (x = Mi):|

(30)
n;

Oi(x) = exp |:
where w; = [wi1, wiz, -+ ,ui,,]T and n; represent the centers
and widths of the Gaussian functions, respectively. n is the
dimension of x.

Assumption 1: The ISP disturbance uncertainty F is
bounded. i.e. |F| < F.

Assumption 2: The desired xg_gesire Of the ISP is a reference
trajectory which is available to design a feasible control
scheme in the presence of parametric uncertainties, external
disturbance and torque saturation. Xy _desire and Xy _desire €Xist.
For any arbitrary ¢t > 0, there exists 611 > 0 and §21 > 0 so
that |%g_desire | < 811 and ||Xp_gesire|| < 821

IIl. ANTI-DISTURBANCE NEURAL NETWORK SMC
CONTROLLER DESIGN
For the desired angle tracking objective, a generalized track-
ing state is defined as z; = X1 —Xp_desired, hence, the derivative
of z1is: 21 = %1 — x@_desired-

Step 1: A virtual control law o is introduced and the sec-
ond error variable is defined as zp = xp — a1, where o1 € R.
The parameter « is defined as:

a = —Kjz; +3'C97desired €1y

where the gain coefficient Kj € RT, and the time derivative
of z; is obtained by:

21 =22 + a1 — Xo_desired = 22 — K121 (32)

Considering a first Lyapunov function candidate V| = %Z%

the time derivative of V| is:
Vi=-KiZd+zun (33)

Step 2: Differentiating 7o = xp — o1 with respect to time,
provides 2o = Xx» — «1. Eq. (25) is substituted into this to
obtain:

22 =ft)+b1Ty + F1 — a (34)

To let the state error of angular velocity loop z» converge
to zero, sliding mode control is applied to system parameter
variations and external disturbances. The sliding mode sur-
face is introduced to design control 7, to improve the ISP
tracking response and precision, which are designed with a
positive constant ¢ as follow:

s=c1z1+22 (35)

A switching control term can be used in the SMC controller
to drive the system states toward the sliding surface from
any initial state condition. As the state approach the sliding
surface, the equivalent control is applied to maintain the
trajectory of the system state in the absence of uncertainties
and external disturbances.
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From Eq. (35), the § is given by
S=caunt+n=cau+f@)+bTy+F1—d (36)

The following auxiliary design system [49] is used to
analyze the effects of actuator saturation.

K. |bisAt| +0.5AT2 A | >

. — — T

i = 2 ¢ =K 3y
0 IZl < p

where At = T, — T, K;, € R™, 1 is a small positive value

and ¢ € R is the auxiliary design system state.
A second Lyapunov function candidate is considered:

V—V—i—lz—i—l2 (38)
_ “P2 4=
p) 1+3 2(

Invoking Eq. (13) and (14), the time derivative of V> is:
Vo = —Kiz] + 2120 + 55 + ¢ ¢
= —Kizj + 222 + sle1zi +£O) + biTy + Fi — é]
—K3£? — |bisAT| — 0.5AT% + L AT (39)

Due to AT < %4“2 + %Arz, we obtain:

Va < —Klz% +z1z2+sleizt +f@) + b1 Ty + F1 — aq]
—K; 2% — |bisAt| +0.5¢%  (40)
Since T, = T¢+ At, it can be substituted for the inequality
in Eq. (18) to obtain,
Vo = —Kiz] + 2120 + s[c1z1 +£(0) + b1 Te + F — 1]
—(Ky — 0.5)¢% + bisAT — |sh| AT
K122+ 212+ sleiz +f(@O) +biTe + Fi — ]
— (K3 — 0.5)¢? 41)

IA

By considering the actuator saturation effect, the control
law can be designed as:

1 _
Te=—3- [f() + c121 + 21 +F 1sgn(s)—dy
1
+h(s— ¢ + psgn(s))]
1
== [f@)+ciz1 +z+h(s — &) —ay
1

+ (F1 + hp)sgn(s)] (42)

where & and ¢ are positive constants. Substituting (42) into
(40), obtains the following equation:

Vo = —(Ki +c1)z] — hs® — hg |s| + Fis
—Fils|— (K —0.5)¢%+ hes  (43)
Due to hes < %sz + %hzgz,
Vo < —(K1 4 c1)z3 — (h — 0.5)s> — ho |s|
—(K;, — 0.5h* —0.5)7%  (44)

Choosing appropriate parameters Ki, ¢, c1, h, K;, can
guarantee that V2 < 0. Due to the switching action
terms (F| + hg)sgn(s), there inevitably exist chatting phe-
nomenon. Moreover, ISP is complicated by nonlinearities
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and uncertainties in the system dynamic, therefore, in this

case, the exact Afj(x,t), Aby, di(t) may remain unknown.

An adaptive RBFNN is used to approximate these uncer-

tainties in the dynamic model. This is valid in practical

digital processing since the sampling estimation period is

sufficiently short compared to the variations of W and ¢.
According to Lemma, it can be suggested that:

Fi =W!0@) + & (45)

where W, represents the ideal constant weight vector; &,
represents the approximation error. The control law can be
proposed as:

1
T. = ——[f(t) +cz1+z1+h(s—¢)—a
by
+Wr @(z)+§c] (46)

where WC and &. are estimations of the unknown vector W,
and the unknown bounded value &.. Therefore:

WC = Wc — We, & =8 — & 47
The RBFNN updating law is then defined as:

A

W, = = gamma;sO(z) 48)
Ec = Vs (49)

where y1 > 0, and y» > 0 are chosen by design, and are
constant related to the adaption learning rate.

Considering the effect of the error W, and &, on system
stability, the Lyapunov function candidate can be written as
Vi=Vo+ %WCT We + %53, and the derivative of V' is:

- . | Qe 1. .
Vi =Vo+ —W W+ —&c&c
14! V2
= —(Ki + )5} — hs” — (K, — 0.5)¢”

+ [Fl —WTe@) - a] s
1 - T A 1. R
+hes+ —WiWe + —&q8c
Y1 V2
—(K1 + 1)z — (h — 0.5)s* — (K), — 0.5h> — 0.5)¢>

IA

AT N 1 NT"\ 1 -~ X
+ [Fl — Wc O(z) — 8C]S+ _Wc We + —écéc
V1 »2

< —(K1 4 c1)z22 — (h = 0.5)s> — (K;, — 0.5h* — 0.5)¢?
- 1~z 1_;
~WIO@R)s — &es + —WIW, + —&.é. (50)
14 V2

Substituting the updating law stated in Eq. (48) and (49)
into Eq. (50) obtains:
Vi = —(Ky +c1)z3 — (h— 0.5)s* — (K;. — 0.5h* — 0.5)¢?
(S
In order to guarantee closed loop stability, the control
parameters K1, ¢, c1, h, K, should satisfy the following cri-
teria: K1 > 0,9 >0,c; >0,h>0.5and K, > 0.5h% +0.5.

These conditions will ensure that Vz* < 0. Moreover, by using
Barbalat’s Lemma [35], it can be shown that s will converge
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to zero as t— oo . From the above analysis, it can be shown
that z1, z2, W, and &. will asymptotically converge to zero.
Consequently, the stability of the proposed adaptive back-
stepping NNSMC control system can be guaranteed and the
attitude angle of the reference trajectory feed forward results
in superior tacking performance.

The structural diagram for the proposed controller for ISP
is depicted in Fig. 3. The adaptive neural network control
development can be summarized by the following theorem.

Theorem: Considering the ISP dynamic description by
Eq. (25), under assumption 1-2, with a constraint effect from
auxiliary analysis Eq. (37) and a control law Eq. (46) based
on adaptive laws Eq. (48)and (49), and given that the full
states information is available. For bounded initial conditions,
the control parameters K1, ¢, c1, h, K should satisfy the fol-
lowing criteria: K1 > 0¢p > 0,¢1 > 0,h > 0.5 and K, >
0.5h>4-0.5. Then, the closed loop system signals 725 W,, and
&, will converge to zero as t— oo . The closed-loop system
error signal e(r) will asymptotically converge to zero.

Proof: See Egs. (31) ~ (51).

IV. SIMULATIONS AND EXPERIMENT

To validate the efficacy of the proposed control strategy,
MATLAB was used to build the attitude servo-control sim-
ulation model of the two-axis ISP system which is working
under ground vehicle driving, and a number of numerical sim-
ulations are performed with actuator saturation. The corre-
sponding mass imbalance torque, friction torque and external
disturbances have been considered in the simulation of a real
working condition.

The ISP system is mounted with a visible camera, infrared
camera and laser scanner, and the total weight of payloads
is 3.5 kg. By installing the counterweight, the moment of
the center of gravity is less than 3mm, and the base vertical
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TABLE 1. Parameter values of the ISP system.

Param - Descripti Value Parame Description Value
eter on ter
The pitch
gimbal 3
I, moments 4x10 , K, Torque 0.3N.m/A
k of inertia Kg.m constant
about x
Pitch
gimbal 3
1, moments 4'8X102 K, Back EMF - 3\ A
» of inertia Kg.m b constant
about y
Pitch
gimbal 2
1, moments 4£ Xrlli)z u, Pletck 28V
of inertia & voltage
about z
Azimuth
gimbal 6.4x10° Coulomb
(% moments M, friction 0.03N.m
of inertia & torque
about x
Azimuth
gimbal 3 Maximum
(o moments o 102 M. static 0.06N.m
» Lo Kg.m s .
of inertia ’ friction
about y
Azimuth
gimbal 3 Viscous
9.8x10 o 0.057N.m/r
Ozz moments Keo.m? o friction adls
of inertia & coefficient
about z
Resistanc .
R, e of the 10Q a, Stribeck 0.05rad/s
motor velocity

acceleration a; used in the simulation is obtained from [36]
as under the ground vehicle situation. The parameters of the
relevant friction can be found in [10]. The elevation and pitch
gimbal moments of inertia about X, y, and z axes are listed
in Table 1.The maximum value of the actuator output force is
restricted to 0.5 Nm.

A. REFERENCE TRAJECTORY AND DYNAMIC

STABILITY SIMULATION

System initial conditions are set to x; = 0¢ = 0.01
and the number of neurons in the hidden layer is 50.
The initial weighting vectors are selected as WCT 0 =
[0.10.1---0.1 ]T and the centers of the Gaussian function
are evenly distributed from [—1,1] and 1, = 8(n = 1,
2,3...50).

To evaluate the performance of the designed controller,
two typical external disturbances are considered cases in the
simulation.

Case 1: Since the resonance frequency of the car body is
about 1Hz [37], an external excitation close to this frequency
might cause large disturbance amplitudes, which induce LOS
oscillation. To test the control performance near this reso-
nance frequency, it is considered as the base of the platform
disturbance as

wpy (1) = 1.5sin271 (52)
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Case 2: Consider a sinusoidal bump when the vehi-
cle is crossing speed control humps on a road. A mathe-
matical description of this type of the sinusoidal bump is
given by

2w
h|1+4sin <—t>i| ifty <t <
0y (1) = [ Tp (53)
0

otherwise

where h represents the height of the bump, and Ty, represents
one of the sinusoidal bump periods. Suppose, h = 1.22rad,
Ty, = 0.5s. The corresponding disturbance angle of the
platform base is shown in Fig. 4.

In this paper, the visual servo tracking of the ISP system
requires target miss distance information based on image
processing. The initial attitude angle corresponding to the
off-target amount is set to 6°. Consequently, it can keep
up the goal of the pre-determined attitude angle trajectory,
and helps to adjust the gimbal acceleration to a low level
which can achieve high performance. The reference attitude
angle trajectory is determined via polynomial expression in
Eq.(54).

ao + ait + aat? + a3z’ +ast®, t <7,
0 t<T,
(54)

edesired(t) = {

where T, = 1s,a;,i =0, 1, 2, 3, 4 is determined so that

Odesirea(0) = ag = 01(0),  O_desirea(0) = a1 = 62(0)
Odesired(Ty) = ag + a1 T + (lzTrz + (13Tr3 + (14Tr4 =0
baesired (Tr) = a1 + 2aoT, + 3a3T7 + 4asT) =0
baesied(Ty) = 2ap + 6a3T, + 12a4T> = 0
In simulations, the backstepping SMC (BSMC) command

in Eq. (42) and the traditional SMC controller are also

adopted for comparison purposes to validate the performance
of the designed controller.

B. COMPARISON OF THE CONTROLLER PERFORMANCE

The pitch gimbal is used as an example to validate the
proposed controller, and the dynamic response of the pitch
gimbal with sine excitation is shown in Fig. 5(a). The pitch
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FIGURE 5. Case 1: Pitch gimbal angle, angle velocity, tracking angle error
and velocity error.

angle position better tracked the target miss distance despite
of external disturbances. In the process of tracking the miss
distance, the peak tracking angle error is 8 mrad via BSMC
control but only 0.9 mrad via adaptive BSMC-NN control.
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In the Fig. 5(b), the minimum angular velocity tracking error
is 15 mrad/s via BSMC-NN controller. After 1sec, the RMS
value of the pitch angle is 19.2mrad via BSMC, whereas in the
case of adaptive BSMC-NN control, itis 17.9 mrad. The RMS
values of the angle velocity using the proposed controller,
BSMC and SMC control are 39.3, 40.8 and 48.7 mrad/s,
respectively. The chattering phenomena of the output torque
are apparent in the Fig. 5(a) with BSMC and conventional
SMC due to small boundary selected. Clearly, the LOS stabil-
ity could be significantly improved via adaptive BSMC-NN
control.

Bump excitation is used to test the fast tracking responses
of the pitch gimbal, and the dynamic response of the gimbal
angle position and angle velocity using adaptive BSMC-NN,
BSMC and SMC control are shown in Fig. 6. The ampli-
tude of the angle position and angle velocity via adaptive
BSMC-NN is smaller and diminishes much faster compared
to both BSMC and SMC controllers. The minimum amplitude
of the angle position is 3.1 mrad via adaptive BSMC-NN con-
trol, which is lower than 1.1 m rad via BSMC control. In addi-
tion, the peak-to-peak value of the pitch angle decreased from
7.4 m rad to 5.3 m rad compared to BSMC control. Adaptive
BSMC-NN control can suppress 3.2% RMS value of angle
velocity, which indicates a 1.9% improvement over SMC
control. Thus, adaptive BSMC-NN control with ISP system
improves performance more clearly than either BSMC or
SMC control.

Fig. 7 shows that the generated motor torques via adap-
tive BSMC-NN, BSMC and SMC control are saturated
within the limits of the actuator under bump external exci-
tations. Although the output torque remains within the con-
strained range, as presented in Fig. 5 and Fig.6, the adaptive
BSMC-NN controller has a superior ability to deal with the
nonlinear friction and time-varying ISP system with actuator
saturation. The SMC controller may achieve a similar perfor-
mance, which requires more control torque beyond the output
capability of the actuator.

C. SWING TABLE EXPERIMENTS

The experimental setup for the ISP control system include a
two-axis swing platform, power box, data acquisition cards,
and personal computer. A larger angular range of the carrier
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motion can be obtained by the swing plat for m and the
sinusoidal disturbance environment is used to validate the
proposed control algorithm. The disturbance environment
is simulated for a sinusoidal pitch angle of +1.5° and a
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FIGURE 10. Pitch and azimuth encoder angle curve.

frequency of 1Hz. The sampling frequency of the signal is
125Hz, and the gyro signal and encoder values are stored and
displayed to the host computer through the serial bus. The
host computer can also display a scene picture captured by
the visible light camera in real time.

The control subroutine with 1KHz sampling rate first exe-
cutes the tracking target command, and locks a stationary
target at a focal length of 129mm of the visible light camera
via the BSMC-NN and BSMC control algorithms. Then,
the swing platform system movement simulates pitch and
azimuth external vibration at same time. In addition, the angle
positions and angle velocity are recorded from the resolver
encoder sensor and gyro value. Fig. 10 shows a picture with
the pitch axis encoder value as the x-axis and the azimuth
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TABLE 2. Performance comparison of both different algorithms.

Pitch gimbal

Parameter BSMC-NN BSMC
response
. Absolute 0.045 0.073
Tracking angle maximum
error (mrad) RMS 0.021 0.034
Absolute
Angle velocity maximum 28 33
(mrad’s) RMS 0.092 0.096

axis encoder value as the y-axis. Fig.10 shows that the red
curve using the BSMC-NN method is smoother than the black
dotted line with BSMC control.

From the intercepted 4 sec to 18 sec of gyro data
in Fig.11, the value of proposed control method approaches a
stable range of —2.8 mrad/sand 2.7 mrad/s. The angle veloc-
ity peak to peak of the BSMC control strategy is between
about —3.3mrad/s and 2.8 mrad/s. The tracking and stability
performance comparison of both two control algorithms are
shown in Table 2. Although both control strategies have a
similar peak to peak value, the RMS angle velocity of the
proposed control method is 0.092, which is smaller than that
of the BSMC control.

V. CONCLUSIONS

This paper presents a mathematical model of a two-axis
gimbal system that considers the most important distur-
bance sources, such as parametric uncertainties, dynamic
friction and input saturation. A backstepping sliding
mode controller combined with adaptive neural networks
approach (BSMC-NN) is proposed for the ISP system. In par-
ticular, an auxiliary design function is explicitly considered
for the actuator saturation problem. Uncertain nonlinear
disturbances have been approximated by RBFNN using
defined functions. The updating law for the on-line learning
of the RBFNN and the stability of the closed loop system
are derived using the Lyapunov theorem. For the numeri-
cal simulations, the mass imbalance and the base rotations
disturbances under both two typical ground vehicle cases
are considered to validate the performance of this controller.
Comparative simulations and experiments both show that the
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BSMC-NN approach can realize the desired attitude control
and the high-precision stabilization performance.
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