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Abstract—This paper presents a method for controlling a camera
gimbal mechanism that is usually mounted on a fixed-wing unmanned
aerial vehicle (UAV). An image-based visual servoing (IBVS) is
employed to govern the camera direction always pointing at a target
object in the ground or sea using pan-tilt gimbal mechanism while the
fixed-wing UAV flying over the object. A command filtered
backstepping (CFBS) control law is designed for IBVS and compared
to integral backstepping (IBS) control law design to show the design
easiness of CFBS and its performance. Software and hardware in the
loop simulation (SILS / HILS) results show the effectiveness of the
pan-tilt gimbal IBVS using command filtered backstepping to
maintain the image feature position always at the center of the image
even in radical movements of the fixed-wing UAV that is carrying a
camera attached to the pan-tilt gimbal.

Keywords—Image based visual servoing, command filtered
backstepping, nonlinear camera gimbal modeling.

. INTRODUCTION

IXED-WING platform of unmanned aerial vehicle (UAV) is

more prominent for long endurance and long range
surveillance mission than a rotary-wing UAV. However, due to
its nonholonomic nature, fixed-wing UAV cannot move freely
within 6-degree of freedom compared to the rotary-wing UAV.
Therefore, a camera must be attached to a pan-tilt gimbal
mechanism that governs the camera direction pointing to the
desired target object freely in a sustainable manner. Image
features of a suspicious unknown target object are obtained in
the long-term tracking for governing camera direction to point
to the target object. Kalal et al. [1] proposes a tracking
framework which decomposes a long-term tracking task into
tracking, learning, and detection (TLD). In this paper, this
features extraction method is then used to extract a feature point
from the selected unknown target object. The feature point is
assumed to always be available on the camera image plane
during this proposed control system works. If the extracted
feature point in image plane is at the center of the image plane,
it is indicated that the camera direction points to the target
object.

Hutchinson et al. [2] and Chaumette et al. [3-4] have
explained about an image-based visual servoing (IBVS)
method that governs the camera movement pointing to the
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target object using a model of feature points motion and its
camera movements. Hamel et al. [5] and Bourquardez et al. [6]
utilize this IBVS method for rotary-wing UAV with camera
fixed on its fuselage to control the UAV position and attitude
relative to the target object. Le Bras et al. [7-8] also utilize this
IBVS method for fixed-wing UAV landing guidance and
circular trajectories with camera fixed on its fuselage too.
However, the utilization of camera gimbal mechanism for
fixed-wing UAV to track the target object that employs IBVS
method is recently developed [9] using integral backstepping
(IBS) control law.

Khalil [10] describes nonlinear control law design including
the using of the nonlinear model in the form of affine strict
feedback system. Krstic et al. [11] then explains an adaptive
nonlinear IBS control law design using affine strict feedback
system form. The prominent advantages of backstepping
method are useful nonlinearities, flexible, recursive and
constructive. However, IBS control law design needs analytical
time-differential derivation of nonlinear model parts that makes
it difficult to develop a control design for complicated camera
gimbal movement model that involves radical gimbal carrier
movements. Furthermore, Farrel et al. [12-13] introduces a
command filtered backstepping (CFBS) control law design that
eliminates the requirements of analytical time-differential
derivation.

This paper describes a nonlinear camera gimbal visual
servoing using CFBS. The technical approach employs the
nonlinear dynamics of the image feature motion model and the
gimbal pan-tilt mechanism movement in the form of affine
strict feedback system. Both IBS and CFBS control law designs
are developed and compared using nonlinear camera gimbal
model without involving the gimbal carrier movements.
Furthermore, this paper shows that more complex nonlinear
camera gimbal model involving UAV movements can be
designed easily using the CFBS control law. The results of the
software and hardware in the loop simulation (SILS/HILS)
prove the effectiveness of the proposed control designs using
CFBS to converge the image feature residual between the
current feature position and the camera image plane center by
governing the gimbal mechanism to change the camera attitude
pointing to the target object.



The contributions of this paper are: (1) a nonlinear modeling
of camera gimbal movements related to camera image feature
of target object; (2) IBS and CFBS control law design
comparison for camera gimbal I1BVS; (3) CFBS control law
design for camera gimbal IBVS involving the radical gimbal
carrier movements of fixed-wing UAV; and (4) both simulation
results of SILS and HILS which prove the effectiveness of the
proposed control design. These contributions provide great
advantages to design an autonomous visual based fixed-wing
UAV controller using IBVS involving nonlinear UAV
dynamics modeling.

I1. NONLINEAR MODELLING

This section presents nonlinear IBVS modeling that
correlates the extracted feature motion from the projected target
object in image plane of camera sensor with the movement of
pan-tilt camera gimbal mechanism. Regarding to commanded
feature position at the center of camera image plane, this model
also produces a relative attitude of camera to the gimbal carrier
by using pan-tilt angles to make the camera aiming to the target
object.

A. Image Feature Motion

In order to make an estimation of camera attitude based on
the current feature position in image plane of the camera sensor,
a relational model between the feature motion and the camera
movement is introduced. Figure 1 shows the relational model
between a target object in 3D world space and its feature in
camera image plane. Two 3D coordinate frames (i.e. inertia
frame (o, x., ye, z.) and camera frame (o, x., y.,z.)) and a 2D
coordinate frame (image frame (o,,x,,y,)) are utilized to
represent coordinates of each point respectively. The target
object point P, is then defined as °P; = [*c, Yo, Z]" in
camera frame and the feature point p, is defined as ‘p, =
[Px, Py,]" in image frame that can be represented as follows:

[p] A" =k P, &)

where A is a focal length of the camera and k is a projection
scale.

By substituting k = 1/z,, the feature position in image
frame is rewritten as follows
A

P = _[x51
Z,

i

Ye, ]! )

Then, the target object point P, can also be represented as

°P; = [Xe, Ye, Ze]"in inertia frame. Corke [14] writes the

correlation of the object target point P, between camera and
inertia frame in homogoneous form as follows:

eP1] — [ ‘R¢ eTc] [ CP1] 3

[ 1 01><3 1 1 ( )

where °R, and °T, respectively are rotation matrix and
translation vector from camera frame to inertia frame.
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Thus, the target object point P, in camera frame can be
expressed in the homogeneous form as follows:

[Cpl]z ‘RL —°Rl eTc”ePl] @)
1 0yx3 1 1

Furthermore, the Equation (4) of the target point P, in camera
frame is derived to find the change of target object position in
camera frame, which depends on the attitude of the camera in
inertia frame, is written as follows:

P, = °RL(°P, — °T,) + °RL(°P, — °T,) (5)

where €R! is rotation matrix rate from camera frame to inertia
that is defined as follows:

°RL = S(°Q) Rl (6)
‘Q=[° °q °r]"is angular velocity of the camera in
inertia frame and S(-) is a skew matrix that is defined as
follows:
0 — er Eq
s(eQ)=| °r 0 -° )
-9 ‘p 0

Afterward, the equation (5) is rewritten as follows:

P1 =~ °RL°Q x “RL(°P, — °T) — °R; T,
=—°Qx P, — V ®)
where V=[U YV ‘W] and “@=[%p °q T

respectively are velocity and angular velocity of camera in
camera frame.

By substituting feature position in Equation (2), the camera
target position movement in Equation (8) is rewritten as
follows:

V4
py;\ €1 Cp— z, cq —
. V4
R A e ©
DxyZc, . Py, Ze, ¢ c
— q—-————p— W
A A

Image feature motion in camera sensor image plane then is
obtained using the derivation of Equation (2) as follows:

L i I:)‘CCIZCI - xC1ZC1] (10)

P1 = . .
Zczl YeirZey = YerZeq

Hence, the image feature motion model can be represented
by substituting Equation (9) into Equation (10) as follows:

p=Lp2[V °al (12)
where p is feature position in image plane of camera sensor, z
is distance between camera and target object, and L(p, z) is a

Jacobian matrix that is defined as follows:



(Te1,Yeqrze1)
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Target Object Pt
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Figure 1 Target object point in 3D world space and its feature in image plane of camera sensor
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Figure 2 Correlation frames of pan-tilt gimbal, camera, vehicle,
and inertia

B. Gimbal pan-tilt movement

In order to make an estimation of camera attitude based on
the current pan-tilt gimbal attitude that is relative to a carrier
such as UAV, a model of pan-tilt gimbal mechanism movement
is proposed. Figure 2 shows a correlation between a carrier
vehicle of gimbal, a pan-tilt gimbal mechanism, and a camera.
Besides the camera and inertia frames, three 3D coordinate
frames i.e. pan frame (o, x,, ¥, z,), tilt frame (o, x., y;, z), and
vehicle frame (o,, x,, y»,, z,,) as the gimbal carrier are added. The
vehicle frame is put exactly at z-axis above the inertia frame.

The frame transformation from vehicle to inertia frame is
defined as follows:
eTv]
1

where °R, = "R} and °T,=[0 0 —h]" respectively are
rotation matrix and translation vector from vehicle frame to
inertia frame, h is the altitude of gimbal carrier. Rotation matrix
from inertia frame to vehicle frame is defined as follows:

e _ eRv
&=o (13)

R, = de) ¢R9 GRe (14)
1 0 0
"Ry =|0 cos¢ sin (l)] (15)
0 —sing cos¢
cosd 0 —sind
Rg=[ 0 1 o0 (16)
sin@ 0 cos@
cosy siny O
%R, = |-siny cosy 0] @an
0 0 1

where ¢, 6, and 1 respectively are roll, pitch and yaw angles of
the gimbal carrier attitude.

The target object point P, is then defined as °P, in inertia
frame and also defined as “P; = [*», Y, Zu]" in vehicle
frame. Thus, the correlation between inertia and vehicle frames
in homogenous form is written as follows:

- 5[

(18)

The target object in vehicle frame is then represented as
follows:

BECESI (19)



[ R Ry
O1x3 1 1
where & is inverse operation of frame transformation matrix.

After deriving the Equation (19), the target object movement
in vehicle frame can be obtained as follows:

VP = “RL(°P, — °T,) + eRL( P, — eTv) (20)

If the target object is assumed to be still in inertia frame, the

target object movement in inertia frame is rewritten as follows:

VP, =—-Qx VP, -V (21)

where v=[U v w] and @=[p g 7] respectively are
velocity and angular velocity of the vehicle in vehicle frame.

The frame transformation from pan frame to vehicle frame is
also defined as follows:

YR VT,
”zwﬁ[ " 1”*’] (22)
O1x3 1
where 3, is pan angle of gimbal mechanism, "R,, and

T - . .
"Ty, = [ "%w, Yy, “zy,] respectively are rotation matrix
and translation vector from pan frame to vehicle frame,

cosyp, —sinyp, 0
“Ry, = [sin Y, cosy, O] (23)
0 0 1

Target object point P, is then also defined as 1p*’P1=

[*w», Ywp, Zp,]"in pan frame. Thus, the target object in pan
frame is written as follows:
T T
[“’”Pl] _ ["pr ~ "Ry, ”Twp] [ ”Pi] (24)
1 O1x3 1 1

The Equation (24) is derived to obtain target object
movement in pan frame as follows:

Vb, = "R), (P - Ty, )+ RY, ("B - UT,)  (25)

Usually, "'l"wp = 0 because position of pan frame origin is
fixed to the vehicle frame origin. The target object movement

of Equation (21) in pan frame is rewritten as follows:
Yrp = — ("R}, @+ ""0,) x 7Py
T
- R, (V+ox "T, )
=Yg x ¥Yrp, — Vry (26)

where *?@, = [0 0 ,]" is local pan angular velocity.

From velocity and angular velocity terms of Equation (26),
the target object velocity and angular velocity in pan frame
respectively are obtained as follows:
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Yoy = Yoy, (V+ax't,) @7

Yy

g = YR, 0+ Y70, (28)

where l””R,, = ”R{,,p is rotation matrix from vehicle frame to
pan frame.

In the same way with Equations (22) - (26), the target object
movement in tilt frame is written as follows:

%y = — ("R}, " + %y, ) x P,
=Ry, (Yv 4 Prax )

=g x 0p _ Oy (29)

where 9, is a tilt angle of gimbal, "fn% =[0 6, 0]"is local

T
tilt angular velocity, l””R‘gt and l””T@t = [”’pxet wz’yet 1”"zgt]

are rotation matrix and translation vector respectively from tilt
frame to pan frame,

" cosd, 0 sin6,
"R, = 0 1 0 ] (30)
—sinf, 0 cos6;

The target object velocity and angular velocity in tilt frame
respectively are written as follows:

v =R, ("V+"ax?Ty)

= "Ry, {"R, (V+ax "T,)
+("R,2+ 70,) x "1, } (31)

“q = R, "0+ ",
=R, ("R,0+"0,)+ %, (32

where gtpr = 1”"R},t is rotation matrix from pan frame to tilt
frame.

Finally, the camera x.-axis, y.-axis and z.-axis respectively
are put parallel and same direction with the tilt x,-axis, x.-axis,
and x,-axis. Thus, the frame transformation from camera frame
to tilt frame can be written as follows:

b — [G‘Rc ech] 33)
0,3 1

T . .
where *R, and T, = [%x, %y, %z] are rotation matrix
and translation vector respectively from camera frame to tilt
frame,

%R.=[1 0 o

0 1 0

(34)

001]

The target object velocity and angular velocity in camera
frame respectively are obtained as follows:



V=R, (*V+%axOT,)

= R, {*Ry, ("R, (V+x "T,,)
+ (""”Ruﬂ + "”’QV) x rTy,)

+("Ry, ("R + 0,) + P0y) x Py, )

. 35
= ‘R,V+ ‘RiQ+ °R%O (35)
‘@= °Ry"0Q
2 P P 6
= CRgt{ f&,,p( "R,Q + ”Q,,)+ fm,,p}
(36)

‘R,Q+ ‘RO

where ‘Rg, = %1 is rotation matrix from tilt frame to camera
frame, ‘R, = CRgtetprwav is rotation matrix from vehicle
frame to camera frame, ® = [6; ¥,]" is pan-tilt angle vector,

R} =~ “R,S("T.) (37)
(o ]
CR:f; = _Htxc _UJPyC sin etJ (38)
Oy, —w"yc cos 0,
1 0
‘R =10 cosb; ] (39)
0 —siné;
where YT, = "T, + Py, + 0T, , YPx, = "Pxg + %x. , and
¥y

P 2
Ye= "yo, + Ve

The camera velocity of Equation (35) and angular velocity of
Equation (36) are then substituted into Equation (11) to get a
model set of IBVS in affine strict feedback system form that
can be written as follows:

b= L2 (RE[g]+ Ru) (40)
0 =ug (41)

where ug = [U6. Uy, ]" is pan-tilt control input,

cRﬂ — CRV CR;I-J (42)
" 03 ‘R,
CR*
‘R = [ ”] (43)
v CR$

The first term of Equation (40) is gimbal carrier movements
and the second term is gimbal mechanism controls. The gimbal
carrier velocity and angular velocity is complex model
especially for nonlinear UAV dynamics so it is difficult to
derive as time-differential analytically.

1. ADAPTIVE BACKSTEPPING CONTROL

In this section, IBVS is employed to design nonlinear
adaptive backstepping control system that has prominent
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advantages [11] such as (1) globally asymptotically stable; (2)
model uncertainties are well handled; (3) systematic
procedures; (4) potential reduction in development time; and
(5) useful nonlinearities are retained. However, there are some
disadvantages for conventional backstepping methods such as
(1) analytical time-differential derivation; and (2) feedback
control algorithm complexity, especially for high order
systems.

A. Integral Backstepping

To initiate discussions on nonlinear adaptive control using
IBS, the model that is used to design the control system must be
established. To reduce the complexity of analytic derivative
calculation for IBS, the gimbal carrier is assumed to not move
and then the model of Equation (40) is simplified without
gimbal carrier dynamics term as follows:

p = LgUp (44)
U@ = I'@ (45)
where Ug = [Us, Uy,]" and Ty = [¢s, $y,]' respectively are

virtual control and backstepping output, and Lg is input
coefficient matrix that is defined as follows:

Lg = L(p,2) ‘R (46)
Assuming the distance of z > py,py, 4, %x,, %z, V7xc, PPy,
the input coeficient matrix is then written as follows:

Lg,, Leg

L — 11 1.2] (47)
® L®z.1 L®z.z
DPxPy
L®1.1 = l (48)
12 + 2

gy, =~ Px cos 6, — pysin 6, (49)

%4 pZ
B = — (50)
Lg,, = DxSinf; — Pxby cos 0; (52)

A

A stabilization function for reducing image feature residual is
then chosen to estimate the desired virtual control using simple
model of Equation (44) as follows:

Uo,,, = ~Y%plg (@ —P) = —1lg P (52)

where y, is positive scalar gain for reducing feature residual,
p. is commanded feature at the center of camera sensor image
plane, and p is image feature residual.

Next, a virtual control error is then defined as follows:
Z, = Ug—Ug,,, (53)
The virtual control Ug in Equation (53) is then substituted
into Equation (44) to obtain IBS model design as follows:
p = LgUg,,, +LgZ, (54)



Z,=Tg—U (55)

Oges

Figure 3(a) shows the IBS model design procedures that
need the analytical time-differential derivation of the desired
virtual control function of Equation (52) in the procedure of
Equation (55) that make more complex calculation if the gimbal
carrier dynamics is involved.

Te - Zy ‘ Z ) p . P

Uéd. N L-X'U@.m
(@)
P
Pe * p . -
: O— Lx]LQ:\L@(] - ')’zLxl 7 P
Ue + I\ T'e
—_— Tt —{_)

(b)

Figure 3 Integral backstepping design for camera gimbal IBVS.
(a) Design procedures, and (b) control law design

After deriving Equation (52), Equation (55) is rewritten as
follows:

Afterwards, a stabilization function for reducing the virtual
control error Z, is then defined as follows:

1, = —yL, (57)
where y is positive scalar gain to reduce virtual control error.
Thus, the backstepping output is obtained as follows:
To = —¥p(LgP + Uo) — v2Z1
= K(Lglglyg —vilg )P — (1p +r2)Ue  (58)
Figure 3(b) shows the IBS control law design of

backstepping output Ty . Finally, the time-differential
derivation of Jacobian matrix is calculated as follows:

) L L
L® — [.®1.1 .®1.2] (59)
L®2.1 L®2.2
; Py P
L®1_1 = 7 TX] L®U@ (60)
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. 2
Lg,, = ([% cos@; —sin Gt] Lg

AZ+ 2
—[ Apxsin9t+pycoset 0>U® (61)

. 2p
L®2.1 = [0 Ty] L®U9 (62)
L =([—p—yc050 + sin @ —&COSH]L
®22 2 t t 2 t|H®
+ [pxlpy sin 6; + py cos 6, O]) Ug (63)

B. Command Filtered Backstepping

Similar to the IBS, the simple model of Equations (44) and
(45) is employed to design CFBS control law for comparing the
design procedure and the performance of IBVS. The residuals
of feature and virtual control are defined as follows:

P=p-p. (64)

Ug = Ug — Ug, (65)

where Ug_ is commanded virtual control.

Based on the number of residuals, two stages of CFBS
control law design are then built for IBVS. The stabilization
function for the first stage is chosen to estimate the desired
virtual control using feature residual as follows:

Ug,,, = Lg (—1pB +pc) (66)

where p. = 0 is commanded feature motion rate to suppress
the movement.

Furthermore, an unfiltered commanded virtual control is
defined along with a low pass filter (LPF) transfer function as
follows:

UOC = Uedes - YU (67)

0}
Yp = _]/pr + L® (UGC - ﬁ@c) (68)

where Yy, is compensated virtual control residual that will be
defined at the second stage, Uy, is a filtered commanded virtual
control, Y;, is compensated feature residual.

Compensated feature tracking error is also defined as
follows:

pP=p-Y, (69)
The stabilization function for the second stage is then chosen
to estimate the desired backstepping output as follows:

To,.. = —Yu,Uo + Ue, (70)

where yy, is positive scalar gain for reducing virtual control
residual, and U;,C is a filtered commanded virtual control rate.



Similar to the first stage procedure, an unfiltered
commanded backstepping output is defined along with LPF
transfer function as follows:

lo, =To,,, —P'Lg (71)

Yue = —YueYuo + To, — To (72)

where T is a filtered backstepping output.

Figure 4 shows the CFBS design that all procedures are
described from Equations (64) to (72). Figure 5 shows the
detailed diagram for command filter block to saturate the
magnitude and the rate of unfiltered signals of virtual control
and backstepping output in their maximum values.

P Pe TU@
. Ue
Pe p . y =) Ua,. -+ Us, Command
L2 -O-Lg I 7 filter Ue.
. Th Y, .
\—[ 00— Le }—O
P Tp
L.‘;-|
Ue Usa,
- . T
Ue, 1 Ug — + Co,.. ) Te, Command
- O—'C) e C/ \ filter Te,
Tu
TU@ ’T‘ e I

L] b

Figure 4 Command filtered backstepping control law design for
camera gimbal IBVS

e o Sag () = "SH(J:} O 20w, — [

Figure 5 Command filter block

The command filter block is defined as follows:

Xc = (q1 (73)
Xe =q> (74)
41 =9 (75)
4z = 2wy, {SR ((;)_g{sm(fc) - ‘h}) - QZ} (76)

where w, and ¢ respectively are natural frequency and
damping ratio, S, and Sk respectively are magnitude and rate
limit function that is defined as follows:
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M x=>M

Sy(x) = { x  |xl<M 77)
-M x<-M
R x=>R

Sp(x) = { x |x|<R (78)
—R x<-R

where M and R respectively are magnitude and rate limit values.

In this paper, the natural frequency can be determined by
time-sampling of digital computation and damping ratio of 3.
Magnitude and rate limit for command filter Ug are the
physical characteristics of the utilized servo motors.

Usg,

Command
filter Ug Us,

TFo. | Command
filter T'g

Camera gimbal visual servoing

Figure 6 CFBS control law for camera gimbal IBVS with gimbal
carrier dynamics

C. Camera Gimbal Visual Servoing

Finally, the camera gimbal IBVS is designed using the
complete model of Equation (40) to replace the Equation (44)
that is used in the previous sub-section. If IBS control law is
employed, the gimbal carrier dynamics term in Equation (40)
must be derived as analytical time-differential. Fortunately,
CFBS simplifies the control design to eliminate the analytical
time-differential procedures. Figure 6 shows the design of
CFBS control law for camera gimbal IBVS with gimbal carrier
dynamics. A new block of gimbal carrier dynamics L®f that is

defined in the following is only added without time-differential
process.

_ afV

Lo, = L(p,2) RE[ ] (79)

Comparing to the previous sub-section, the stabilization
function of Equation (66) becomes to be

Uedes = L?G@l (_ypﬁ + pc - L@f) (80)

The appropriate pan-tilt control input ug can be obtained
from commanded backstepping output T using time-integral
transfer function to reduce the image feature residual.



IV. SIMULATION RESULTS

TaBLE | shows the characteristics of camera image sensor
that is used in simulation. Figure 7 shows the simulation
scenario of the gimbal carrier in inertia frame
(Xnorth Yeastr» Zaown )- 1he gimbal carrier of fixed-wing UAV is
cruising westward in fixed velocity. Initial pan-tilt angles set
the camera to not aim the target object directly but the image
feature of the target object is always available in camera image
plane.

TABLE | Camera sensor characteristics

Description Parameter Value
Focal length A 3.5 mm
Field of view FoV 54.2°
Sensor cell horizontal length H .y 5.15 um
Sensor cell vertical length Ve 4.7 pm
Effective horizontal pixel number Hyix 702
Effective vertical pixel number Vpix 575
Effective horizontal length Hiengen 3.6 mm
Effective vertical length Viength 2.7 mm
>~
v

North

e =1000m
1000m :

Target
object

1000m
West
Figure 7 Simulation scenario of the gimbal carrier

A. IBS and CFBS Comparison

TaBLE Il IBS and CFBS comparison parameters

Description Param IBS CFBS
UAV velocity Vv 1] 0
UAV angular velocity Q 1] 0
¢ 0° 0°
UAV attitude 6 0° 0°
Y —90° —90°
Initial pan-tilt angles b —20° —20°
Y, 20° 20°
North 0m 0m
Initial UAV position East 0m 0Om
Down —1000 m —1000 m
North 1000 m 1000 m
Target object position East —1000 m —1000 m
Down 0m 0m
Y% 2 2
Backstepping gain ¥y 4 —
Yue - 4
Frequency (w, /2m) f — 25 Hz
Damping ratio { - 3
. M — 300°/s
Command filter Ug R — 300°/52
Command filter T M = 300°/s*
R — [}
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Figure 8 IBS and CFBS comparison. (a) Feature in camera image
plane, (b) feature residual, (c) camera gimbal mechanism pan-tilt
angles, and (d) backstepping output



Both IBS and CFBS control law algorithm using simplified
model of Equation (44) for camera gimbal IBVS are built to
demonstrate each performance for reducing the feature
residual. TaeLe Il shows the simulation parameters for
comparing between IBS and CFBS performances. Figure 8
shows the comparison between IBS and CFBS control law to
reduce the image feature residual by moving the camera gimbal
pan-tilt. It shows that CFBS control law performaces are better

than IBS.
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Figure 9 Camera gimbal IBVS simulation with gimbal carrier
movements. (a) Feature in camera image plane; (b) camera
gimbal mechanism pan-tilt angles; and (c) Backstepping output
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Figure 10 Camera gimbal IBVS simulation with extreme gimbal
carrier movements. (a) Gimbal carrier roll and roll rate, (b)
feature in camera image plane, (c) camera gimbal mechanism

pan-tilt angles, and (d) backstepping output



B. Camera Gimbal Visual Servoing Simulation

The complete model of Equation (40) is then employed for
developing CFBS control law algorithm. TasLE 111 shows the
simulation parameters for demonstrating the camera gimbal
IBVS performances. Other simulation parameters are described
in TasLE I1. Figure 9 shows the simulation results of camera
gimbal IBVS with gimbal carrier movements. There is no
extreme movement of roll-shaking to show that the feature
residual converges fast and the pan-tilt angles move well. The
small spikes in backstepping output show the effort of CFBS
control law to aim the camera pointing to the target object.

TABLE 111 Camera gimbal IBVS simulation parameters

Description Param Value
UAV velocity \'4 [25 0 0]'m/s
Initial UAV angular velocity Q 0
¢ 0°
Initial UAV attitude 0 0°
P —90°

Figure 10 shows the simulation results of camera gimbal
IBVS with extreme gimbal carrier movements. The gimbal
carrier encounters roll-shaking movement as shown in Figure
10(a). However the feature residual still converges well as
shown in Figure 10(b). Figure 10(c) and (d) show the effort of
camera gimbal mechanism to maintain the camera direction
always pointing to the target object.

C. Hardware-In-the-Loop Simulation

Figure 11 shows the HILS configurations to test the real
hardwares that will be installed on the gimbal carrier. Figure
11(a) shows block diagrams with description as follows: (i) the
green blocks are on-board hardware components; (ii) the red
blocks is on-ground hardware components; and (iii) the blue
blocks are simulation hardware tools of HILS. Figure 11(b)
shows laboratory HILS experiments for IBVS test. Figure
11(c) shows that the on-board hardwares are installed on a
gimbal carrier test platform of fixed-wing UAV.

An on-board camera captures projected images that from a
projector screen and distributes video signals to (1) an
on-ground graphical user interface (GUI) computer through
video transmitter and (2) an embedded PC of Cubieboard that
calculates the feature extraction algorithm of TLD. TLD needs
an initial reference bounding box image as an image reference
of suspicous unknown target object that is selected by an
operator through GUI computer. TLD feature extraction
produces current feature position in image plane which is
assigned to a microcontroller of Pixhawk PX4 for further IBVS
calculation and is also transmitted back to GUI computer for
the image feature monitor on GUI screen. The microcontroller
then calculates the camera gimbal IBVS using CFBS control
law with the input requirements of current feature position and
gimbal/carrier responses to produce control output. A computer
then calculates the model of IBVS and the gimbal carrier to
yield model responses and the movements of gimbal and its

Journal of Unmanned System Technology

carrier. Flight gear software is then visualize a virtual camera to
the projector screen. The attitude of camera in world cordinate
frame is obtained from the movements calculation of gimbal
and its carrier from model calculation computer.

Bounding box Graphical User

Interface Computer

Select target with
creating bounding
box

Video Operator

transmition

Vision

Video
Embedded PC data

Feature
position

Feature Extraction

Camera Projector Screen

Visualization
Control

output

CFBS Control Law
Algorithm
Microcontroller

Model Calculation Flight Gear

1ts carrier Computer

movements

Computer

Model
responses

Projected image

(display of virtual camera movement)

Computer

Cubieboard A

Model program based on
C language and FlightGear

Figure 11 HILS configurations. (a) Block diagrams of HILS, (b)
laboratory HILS experiments, and (c) test platform

Cubieboard 2 with dual-core arm cortex-A7 processor and
1GB RAM is employed for calculating the feature extration
algorithm of TLD. Linaro lubuntu is installed on cubieboard as
its operating system. OpenTLD that is developed by Georg
Nebehay et al. [15] is then implemented on linaro lubuntu to
produce feature from the target object. Pixhawk PX4 with arm
cortex-M4F 168Mhz is employed to calculate the camera
gimbal IBVS algorithm using CFBS control law. NuttX
real-time operating system is used to develop a new software
module that implements the camera gimbal IBVS algorithm
using CFBS.
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Figure 12 Hardware in the loop simulation video (left hand is gimbal carrier attitude and right hand is virtual camera view). (a) Initial
feature extraction, (b) pan-tilt movement to make feature position toward the center of the image, (c)(d)(e)(f) keep the feature position at
the center of image despite of the movement of the carrier

Figure 12 shows the HILS video that proves the
effectiveness of the proposed nonlinear camera gimbal IBVS
using CFBS control law. Figure 12(a) shows the initial pose of
camera view and gimbal carrier attitude. The feature position is
not at the center of camera image screen. Figure 12(b) shows
the effort of pan-tilt gimbal mechanism to make feature
position at the center of camera image screen. Figure 12(c),
(d), (e), and (f) show that the camera gimbal IBVS using CFBS
control law can maintain the feature position at the center of the
camera image screen even in the radical movements of the
gimbal carrier.

V. CONCLUSION

This work presented a nonlinear camera gimbal visual
servoing using CFBS control law. The approach employed
nonlinear model of image feature motion and gimbal pan-tilt
mechanism movement. IBS and CFBS control law comparison
shows that the CFBS is easier to design and better performance
than IBS. The radical movement of the gimbal carrier is also
well handled using CFBS control law that adopts the gimbal
carrier dynamics model. The simulation results show the
effectiveness of the proposed nonlinear camera gimbal IBVS
using CFBS control law to make feature residual always to be
converged. SILS/HILS proves the camera gimbal IBVS
effectiveness to maintain the feature position at the center of the
image although the gimbal carrier move radically.

For the future work, a nonlinear model of the fixed-wing
UAV movements including its aerodynamics will be
developed. Then, a nonlinear CFBS control law will be
designed for visual based autonomous flight controller by
combining the fixed-wing UAV dynamics model with the
proposed gimbal IBVS model in this paper.
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