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Control of a Remotely Operated Quadrotor Aerial Vehicle and
Camera Unit Using a Fly-The-Camera Perspective

DongBin Lee!, Vilas Chitrakaran?, Timothy Burg', Darren Dawson', and Bin Xian®

Abstract— This paper presents a mission-centric approach
to controlling the optical axis of a video camera mounted
on a camera manipulator and fixed to a quadrotor remotely
operated vehicle. The approach considers that for video
collection tasks a single operator should be able to operate
the systems by ”flying-the-camera”; that is, collect video
from the perspective that the operator is looking out of and
is the pilot of the camera. This will allow the control of
the quadrotor and the camera positioner to be fused into a
single control problem where the camera is positioned using
the four degree-of-freedom (DOF) quadrotor and the two
DOF camera positioner to provide a full six DOF actuation
of the camera view. The closed-loop controller is designed
based on a Lyapunov-type analysis and is shown to produce
Globally Uniformly Ultimately Bounded (GUUB) tracking of
a desired trajectory. Computer simulation results are provided
to demonstrate the performance of the suggested controller.

I. Introduction

The potential for unmanned aerial vehicles (UAVs)
in applications as diverse as fire fighting, emergency
response, military and civilian surveillance, crop mon-
itoring, and geographical registration has been well
established. Many research groups have provided con-
vincing demonstrations of the utility of UAVs in these
applications. However, there is still a large chasm be-
tween the anticipated “tool of the future” and currently
available systems. The commercial and military use of
UAVs is predicated on the ability of such vehicles to
perform new, safer, or more cost effective tasks than
traditional manned aircraft. Until recently, this has been
more of a question than a statement; however, recent
advances in aerial vehicle construction, sensors, digital
electronics, control design have seen a rapid increase in
UAV applications.

Aerial vehicle construction should be considered as an
important factor in UAV applications. Improved man-
ufacturing techniques are capable of producing small,
complex, precise parts at a reasonable price and new
battery technologies have made electric hovering craft
more feasible. One of the interesting small aerial vehicles
that seems to have benefited from these developments
is the quadrotor helicopter depicted in Figure 2. The
quad-rotor consists of four independently driven rotating
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blades that can provide lift in the vertical direction. The
vehicle moves in other directions by creating a mismatch
between rotor speeds, and hence, this configuration can
produce torques about the roll, pitch, and yaw axes.
The basic concept for the quad-rotor dates back to 1907;
some notes on the history of the quad-rotor and related
references can be found in [9]. With this as a backdrop,
the focus of the work presented here will be the small
quad-rotor family of aerial vehicles. The discussion will
be limited to vehicles with less than 0.5kg payload. This
weight restriction means that certain technologies that
may make sense for larger, more expensive aircraft may
not apply to this class of aircraft.

The typical scenario for using the quadrotor helicopter
(or any aerial vehicle) as a video camera platform is based
on mounting the camera on a positioner that is controlled
independently from the vehicle. When the navigation or
surveillance tasks become complicated, two people may
be required to achieve the camera targeting objective: a
pilot to navigate the UAV and a camera operator. It is
insightful to consider the actions of these two actors in
this scenario in order to hypothesize a new operational
mode. The pilot will work to position the aircraft to
avoid obstacles and to put the camera platform, i.e.,
the aerial vehicle, in a position that the will allow the
camera operator to watch the camera feed and move
the camera positioner to track a target or survey an
area. An important underlying action on the part of the
camera operator that makes this scenario feasible is that
the camera operator must compensate for the motions of
the UAV that disturb the camera targeting as illustrated
in Figure 1. Additionally, there must be communication
between the pilot and the operator so that the camera
platform is correctly positioned or moved to meet the
video acquisition objective. More specifically, the camera
positioning problem is split between the pilot and the
camera operator. Since the operator is not in full control
of positioning the camera, she must rely on commands
to the pilot to provide movement of the camera platform
for motions not included in the camera positioner. For
example, if the camera positioner is a simple pan-tilt and
the camera operator requires translation of the camera
then a request must be made to the pilot to move the
camera platform. The potential shortcomings of this
typical operational scenario can be summarized as: i)
multiple skilled technicians are typically required, ii) the
camera operator must compensate for the actions of the
pilot, and iii) it is not intuitive for a camera operator
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Fig. 1. Diagrams a - c illustrate the effect of uncompensated cam-
era platform motion on the camera axis. Diagrams d - f illustrate

a scenario where the camera positioner is used to compenste for
the platform motion and maintain the camera view.

to split the camera targeting tasks between actions of
the camera positioner controlled by the operator and
commands to the pilot.

The problem of providing an intuitive interface with
which an operator can move a camera positioner to make
a video camera follow a target image appears in many
places. The difficulty of moving a system that follows
a subject with a video camera was recently addressed
in [13] where operating a multilink, redundant-joint
camera boom for the movie and television industry is
described. The interesting result from this work is that
an integrated control strategy, using a vision servoing
approach to reduce the number of links controlled by
the operator, can improve the use of the system. The
final result shows an unexperienced operator achieving
the same tracking result as an experienced operator;
hence, the control strategy has rendered the system more
friendly to the operator. The salient point of the control
strategy is that there is independent macro- and micro-
positioning of the camera - the operator controls the
course positioning and the vision system controls the fine
positioning. The authors suggest that the same approach
could be used for other camera platforms; however, it
is required that the system have redundant positioning
axes. Additionally, an automated vision servoing system
may not be desirable for general reconnaissance where
the target is not known.

A different perspective to this same basic camera
targeting problem was presented in [1] and [10] where
the camera platform, a quadrotor UAV, and the camera
positioning unit are considered to be a single robotic
unit. In this work a controller was developed which simul-
taneously controls both the quadrotor and the camera
positioning unit in a complimentary fashion. Both works
show combining the four degrees-of-freedom provided by

motion of the quadrotor helicopter with two degrees-
of-freedom provided by a camera positioner to provide
arbitrary six degree-of-freedom positioning of the on-
board video camera. The work in [1] is actually directed
towards providing an automated means of landing the
quadrotor through the vision system but provides an
important mathematical framework for the analyzing the
combined quadrotor/camera system. The work in [10]
builds on [1] to show the design of a velocity controller for
the combined quadotor/camera system that works from
operator commands generated in the camera field-of-view
to move both elements. This perspective, which will be
referred to as the fly-the-camera perspective, presents a
new interface to the pilot. In this proposed approach,
the pilot commands motion from the perspective of the
on-board camera - it is as though the pilot is riding
on the tip of the camera and commanding movement of
the camera ala a six-DOF flying camera. This is subtly
different from the traditional remote control approach
wherein the pilot processes the camera view and then
commands an aircraft motion to create a desired motion
of the camera view. The work proposed here exploits this
new perspective for fusing vehicle and camera control.
In this paper, a quadrotor UAV model will be combined
with a two-DOF camera kinematic model to create a
fully actuated camera frame and a positioner controller
will be designed.

The paper is organized as follows. In Section II, a
well known kinematic and dynamic model of the quad-
rotor is presented. The dynamic model is simplified to
include only the translational dynamics of the quadrotor.
Assumptions and properties of this model are shown.
The kinematics for a three-link camera positioner are
developed as a means of studying two special cases that
require different two-link positioner configurations: when
the camera is looking forward and when the camera is
looking downward. The case of the camera looking for-
ward is carried through the control design and simulation
while the second case, the camera looking downward, is
a simple modification of the first. A Lyapunov function
based control design approach is detailed in Section
III, its stability analysis is shown in Section IV, and
a simulation demonstrating the controller is presented
in Section V.

II. System Modeling

A. Underactuated Quadrotor Aerial Vehicle Model

The elements of the quad-rotor unmanned aerial ve-
hicle model are shown in Figure 2 and Figure 3. The
quadrotor is assumed to be a rigid body on which thrust
and torque act uniformly through the body and that the
quadrotor body fixed frame, F) is chosen to coincide with
the center of gravity which implies that it has a diagonal
inertia matrix. The kinematic and a dynamic model of
a quadrotor expressed in the body-fixed reference frame



are as follows [4],[1]

ir = RE©)ufy. )
Ol = TLO)wlp. @
Rp = RpS(wip), (3)
mirp = FJF*mS(WfF)UfF+N1(UfF)+G(Rf)(4)

In this model vi(t) = [vg,vy,v:]T € R? denotes the
linear velocity of the quadrotor body-fixed frame with
respect to the earth-fixed inertial frame, I, expressed in
the body-fixed frame, F, and w!j.(t) = [wy, wy,w,]|T € R?
denotes the angular velocity of the quadrotor body-fixed
frame with respect to the inertial frame, I, expressed in
the body-fixed frame, F. Equations (1) - (3) represent
the kinematics of the quad rotor and include the approx-
imation that the rotational dynamics are negligible. The
time derivative of position, pt, (¢) in (1), is the velocity
of the quadrotor. In a similar manner, the angular
derivative ©.(t) in (2) represents the angular velocity
Wl (t) transformed by the matrix TL (©). Equation (2)
represents the modeling assumption that angular velocity
of the quadrotor is calculated directly in lieu of modeling
the angular dynamics; that is, w!p(¢) is considered as the
system input. The dynamics of the translational velocity
is shown in (4) and contains the gravitational term,
G(RL), which is represented in the body-fixed frame as

G(RE) = mg(Rp)TEs € R? (5)

where g € R! denotes gravitational acceleration, F3 =
[0,0,1]7 denotes the unit vector in the coordinates of
the inertial frame, m € R! is the known mass of
the quad-rotor, Ny (va) € R3 represents a bounded,
unknown, nonlinear function (i.e, aerodynamic damping)
and S(-) € R*3 is a general form of the skew-symmetric
matrix as follows

0 =& &
SE=| & 0 =& |, =[£.6,,&])" eR3
—& & 0

(6)
The quadrotor has inherently six degrees-of-freedom as
shown in Figure 2: three translations in the x,y, and z
directions and three rotations about the roll (¢), pitch
(0), and yaw (v) axes. However, the quadrotor has only
four control inputs: one translational force along the z-
axis and three angular velocities. The vector FJF (t) e R?
refers to the quadrotor translational forces expressed in
the quadrotor frame but in reality represents the single
translational force which is created by summing the
forces generated by the four rotors and is expressed as

Ff=Biuy=[0 0 u | (7)
where u; (t) € R

B. Camera Positioner Kinematics

To create a general analytic framework for modeling
various mounting configurations of a two-link revolute
positioner a 3-link robot manipulator model is proposed.

w,,0

y 1 ¥ pitch

Fig. 2.

An underactuated quadrotor vehicle

The camera positioner will be used to augment the
camera position with two additional degrees-of-freedom
(compared to a camera fixed directly to the quadrotor
frame). This general three-axis camera positioner will
provide for a Tilt-Pan-Roll motion and the variables
Ori1(t), Opan(t), and 0, (t) will be used to represent the
Tilt, Pan, and Roll angles, respectively. The Tilt-Pan-
Roll motion can be reduced to two special operational
cases of Tilt-Roll and Pan-Tilt by freezing (holding
constant) one of the joints as shown in Figure 3. The
Tilt-Roll configuration can be used to compensate for
the quadrotor body roll and pitch when the camera is
facing forward for tasks such as general navigation or
surveillance. In the Pan-Tilt mode, the camera positioner
is also used to compensate for quadrotor body roll and
pitch while the camera is facing downward for landing
or surveillance tasks. For both of these configurations,
the camera optical frame, which is actuated by the
combination of the quadrotor and the camera positioner,
is fully actuated. The dynamics of the camera unit will be
considered negligible and that the angles of the camera

positioner can be commanded directly without error.
In order to facilitate the development of the rotation
matrices for the manipulator in Figure 3, standard
coordinate system definitions are made. Specifically, Og is
used to represent the origin of a coordinate system at
the base of the camera and coincident with camera
positioner base coordinate system B and Oj is the origin
of a coordinate system attached at the third link and
coincident with camera frame denoted C'. Note that this
matrix, RE(Oc) represents a static mounting on the
quadrotor and is given by

1 0 0
RE=10 0 1][. (8)
0 -1 0

The camera positioner unit is considered to have coin-
cident rotational links, thus the link lengths are zero
(a = 0 in Table I).
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Fig. 3.  Quadrotor with a Pan-Tilt-Roll camera positioner.

1) Case 1: Tilt-Roll Camera Configuration (camera
looking forward): The Denavit-Hartenburg table for the
Tilt-Roll configuration in Figure 3 is shown in Table I
The Tilt-Roll camera positioner is obtained by freezing
the second manipulator joint. The link rotation matrices
can be obtained using standard results [12] and setting
0,(t) = 0 yields the modified result

0 0 1
Ry=1| -1 0 0](,=0° (9)
0 -1 0

The total rotation matrix from the quadrotor through
the 3rd link can be obtained as

RE = RERP=RIRZ_, (10)
—sinf;cosf, sinf;sinf, cosb;
= sin 0, cosf, 0
—cosb;cosl, cosO;sinf, —sinb,
Link | d (offset) | a (length) [ ot (twist) | 64 (angle)

1 0 0 —90° 0+

2 0 0 —90° 0, — 90°

3 0 0 0° 6, — 90°

TABLE I

Denavit-Hartenburg Table for a Tilt-Roll Camera Positioner

The angular velocity of the camera frame can be
written as follows

who = REWE, = REJOc = TL0,

(11)

where the positioner joint angles, éc(t) € R3, are given
by

N 01‘ , 9t
0c=1| 06, | and o= | 0, | in which 6,(t) =0°.
i 0

(12)
The Jacobian matrix J;(0-) € R3*3 in (11) can be built
from the rotation matrices with the final result given by

0 —sinf; cosb,
Jo=RE[z = =]=|1 0 0
0 —cosf; —sinb;
(13)

where z; are the columns of the rotation matrices as
specified in [12]. By way of example, the third column
in (8) is the zy vector in J'C(HIC) To simplify the use
of the Jacobian matrix in later developments, it can be
noted that 6,(t) = 0 (since it assumed to be constant)
and hence a new reduced position joint angle vector can
be introduced as

. 0,

o= &
along with a reduced Jacobian matrix, Jo(f¢) € R3*2,
defined as

}€R2and90:[zt

]eRz (14)

0 cosb;
Jo=Rgl2 =]=|1 0 (15)
0 —sinb,

The total rotation matrix from the camera frame to
the inertial frame can be obtained using the previous
equations as
RL = RLRE (16)

and the desired/rotation matrix expressed in inertial
frame, RL,(0,0:), can be defined in the following
manner

Riq = RERERG,. (17)
Hence, the rotation matrix between the camera frame
and the desired frame can be obtained using measurable
rotations as

RGs = (RC)' Réy
= (RFRT) RpRCRE,. (18)
Remark 1: The more details are shown in Appendix

B and a similar approach can be followed to develop the
kinematics for the Pan-Tilt configuration.

C. Translation and Orientation of the Camera Frame

The objective is to control the motion of the camera
optical axis. Towards this end, the kinematic relation-
ships in (1) - (3) will be extended to include the action
of the camera positioning unit and to obtain the position
and orientation of the camera. The derivative of the
position of the camera in the camera frame, C, with



respect to the inertial frame, I, and expressed in the
inertial frame, pl (t) € R?, is defined as

pfc = RCUIC (19)

where v$,(t) € R? is the linear velocity in the camera
frame, C, referred to inertial frame, I, and expressed in
the camera frame, C. The velocity v$,(t) can be divided
into two components as follows

Rivie = R (vip +vfc)
= R( (Rfvip + REvic)

= RFUIF (20)

where the fact that v, (t) = 0 is used, since the camera
positioning unit only has rotational axes and does not
translate from the quadrotor body. The desired camera
position trajectory, pl-,(t) € R3, is generated via

Pica = Rovica (21)

where v, () € R? is a desired input velocity vector.
The second equation of (2) uses a Jacobian matrix
TL (©) to relate the rotational velocity in the quadrotor
frame to the rotational velocity in the inertial frame.
This relationship can be used to solve for ©%,(t) as
t
Ofr = | Th(©)wfrd: (22)
0
where ©1 . (1) = [ o 0 Y ]T € R? represents the roll,
pitch, and yaw angles between the quadrotor frame and

inertial frame as described in [4]. The exact form of
TE(©) can be expressed as follows

1 singtanf cos¢tand
TLO©) =] 0 cos ¢ —sin¢ (23)
0 sing/cos® cos¢/cosd

A similar result is now shown for the camera angle,
O©f,(t). The Jacobian matrix T} (©) is used to relate
the rotational velocity of the camera in the quadrotor
frame to the rotational velocity in the inertial frame as

950 = ng (G)WIFC
= T () (Rtwic)
and decomposing the angular velocity, w$.(t), yields
Olc = Té (0) RE (wip +whe)
) RE (wir + (Wip +wB0))
) RE: (REwip + Riwiip + Rewhe)
©) (wir + R5wic)
)wip + TH (©) REJO.

(24)

= T (0
= T;(®
= Tp(
= T (0 (25)
where RERS =1 and wf ;(¢) = 0 since the camera base
is rigidly mounted on the quadrotor frame. The definition
Jo = REJ(t) is introduced into (25) to yield

Ole = TH©) W + TH©O) Jcb.  (26)

where Jo0,.(t) was defined in (15) as the camera kine-
matics. Finally, following the same approach the desired

camera angle, ©f. (t), is obtained from the desired
angular velocity of the camera in the quadrotor frame,

wia(t), as
@ICd = T§ (©) WJIDCd
= Tx(©) ng?cw (27)

The changing rate of RL(©),i.e., RL(©), is obtained
as follows

Rl = RES(whe) (28)
thus
R = [RES(We)]
= ST(W?C)R?
= —S(wie)RY. (29)

D. Model Assumptions

The following assumptions are made regarding the

system model:

Al:  The position plp(t) and velocities vig(),
wln(t) are measurable and the angles of the
quadrotor and Pan-Tilt-Roll camera unit are
also measurable.

A2: The quadrotor frame expressed in F', camera
base expressed in B, and camera frame C are
all coincident since the link lengths and link
offsets are assumed to have zero length..

A3:  RL(©) and T (©) are full rank, i.e., 0(t) # +%
so that [4]. This will ensure that the orientation
angle, «(t), (defined later) remains within the
range 0 < a(t) < 27 about the rotation axis
w(t) and will ensure that det(L,,) exists.

A4: The desired camera trajectories and the first
derivatives are all bounded; i.e., plo,(t),
Vica (), and Wiy (1) € Lo

A5: Ni(vln) in (4) can be replaced by the lin-
early parameterized form Y;(vf)0; = Ny(viy)
where Y;(vfz) € R¥™ is a known regression
matrix and 6; € R™ is a known parameter
vector. Additionally, ||Y1(vEy) 01” < ¢4 ( ||UIFH
< & HUIFH where ¢; is a positive functlon
and non-decreasing in HUIFH and & € R i
a positive constant.

III. Control Method

Figure 4 demonstrates the culmination of the modeling
effort to combine the quadrotor and camera positioner
to create a means of fully actuating the camera optical
axis. In this diagram, it can be seen that the camera is
positioned and oriented by using the two camera posi-
tioner angles (selected from 0. (t), 0ron(t), and 0y, ()
according to configuration), the quadrotor linear force,
F(t), and the quadrotor angles ¢, .;(t),8piten(t), and
Vyaw(t) DYy we(t),wy(t), and w,(t) from (2). In keeping
with the fly-the-camera objective, a controller will be
designed based on these inputs to move the camera
optical axis along a desired trajectory. A control strategy
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Fig. 4. The Camera Optical Axis is fully actuated by two camera
positioner angles, a linear force, and the three angular velocities.

will be proposed to control the camera translational
position error, e,(t) € R?, and the camera orientation
error, e, (t) € R3.

A. Open-Loop Error Formulation

The camera translational position error, ep(t), is
defined in the camera frame (C') as the transformed
difference between the inertial frame (I) based camera
position, pl.(t), and the inertial frame based desired
camera position, denoted as pl.,(t) € R3, as follows

€p 2 Rlc(pfc - pf()d)- (30)

The camera translational position error rate, ¢, (t) € R?,
is obtained by taking the time derivative of (30) to yield

ép = RY (pic — piea) + RE (Ble — Plea) (31)

where pl-(t) and pl.,(t) were introduced in (19) and
(21), respectively. Substituting (29) into the first term
in (31) yields

—S(wie)RY (Prc — Prea)

*S(W?C)ep-

5C (T I
RY (prc — Prca) =
(32)
and the term RS pL(t) in (31) can be rewritten in terms
of the quadrotor velocity, vi}.(t), as
cipl,C
R} (Rovie)
c
= Yrc
C C
= Vr tVpc
C, F
= Rpvrp

C.-I
Ripie =

(33)

with v¥, = 0, i.e., all translation of the camera is the
result of the quadrotor translation. The final term in
(31) is rewritten as

RICMCd = RIC(RéUICCd)
= Vica- (34)
Substituting (32), (33), and (34) into (31) yields
ép = —S(wic)ey + REvlp — vica: (35)

To further the controller development, a filtered error,
r(t) € R3, is introduced as

(36)

where the filtered position error, r,(t) € R3, is defined
as

rp = kpe, + REvin + RE6 (37)

in which § =[0 0 65 ]7 € R3 is a constant design
vector. The orientation tracking error signal, eg(t) € R?,
is defined in terms of the angle-axis representation of the
rotation matrix between the desired and actual camera
orientations, RS, (t), [1] as

€y = Qpt (38)
where the scalar angle a(©) is obtained from
1
o = cos™? (g(Tr(Rgd) — 1)) e R, (39)

in which Tr(RS,;) defines the trace of the matrix RS,,(0),
and the unit length axis of rotation p(©) € R? defined
as

1 (r32 —723)
o= 2sin a (r13 ~7s1) (40)
(7’21 - 7"12)

for which ||x]|*> = 1. In this representation, the rotation
angle a(O) is assumed to stay within the range 0 <
a(0©) < 27. Note that the terms on the right-hand side
of the definition in (40) come from RE,(©) as

o i1 Ti2 Ti13
RCd = Tr21 T22 T23
31 T32 T33

(41)

Substituting the axis-angle representation from (39) and
(40) into (38) yields

1 32 — T23

o — ' 713 — 731

* 2 sinc{cos~1(3(Tr(RS,) — 1))} T21 — T12
42)

where sinc(a) = M.

The angular error rate can be obtained by taking the
time derivative of (38) as

¢, = LowSoy € R (43)

where

Lo=1I = 5S(n) + (1 - sinda)

52 44
) s @)
in which S(p) is a skew symmetric matrix defined as
_ (BEy— (RE)")
Slw) = 2sin '
Details for obtaining of (43) - (45) can be found in [8] and
[5]. The term w&q,(¢) € R? introduced in (43) represents

(45)



the angular velocity of the desired camera frame relative
to the actual camera frame as

C c _
el Svic ‘; wicd =,
= —Rp(wip +wpp +wpe) +wWicy
RE(wip +whe)-

c _ C c _
Weecd =wWer tWicd =
_.C
=Wicd —

(46)
where the rigid connection of the manipulator to the
base requires wk 5 (t) = 0. Substituting (46) along with

(11), (14), and (15) into (43) produces
é9 = Ly (wica— REwir — REwhe))
= L,w$y— LoRSwiy — L,RGJ.0,.. (47)

Taking the time derivative of 7,(¢) in (37) yields
ip = RGotp + REvEp + kyép, + RES. (48)

Substituting from (4) and (35) into (48), utilizing the

fact that RS (©) = RGS(why) = —RGS(whe) , and
subtracting and adding RS (wl})s yields
fp = R [HN(vfp) = S@p)vlp + gRT Bs + 5 Ff ]

S(wic)ep — vica] + RES(wip)é
Rf (S(Whe) + 5(w]r)) 6(49)
Combining the angular velocities represented by the

second term in the first row of (49) and the first term
in the last row of (49) yields

—R§ (S(WIFF) + S(Wgc)) vip
= -RGS (WIFF + WIP;C) vip
= —RES(wic)vip. (50)

The right-hand side of (50) can be further clarified using
whe = REWS,(t) and

[RF'UIF
_RCS(WFC)UIF

S(ch) = S(ng[cc)
= RES(w$)RE. (51)
to yield
—R§ (S(wa> +S(W§c)) Vip
~RERES(wio) Rivp
= *S(WIC)RFUIF (52)

Combining the angular velocity terms wh - (¢) and wip(¢)
in the last terms of the last row in (49) with wf(t) yields

—R% (S(Wgc) + S(wa)) § = —RES (wa + W?c) 6

= —RCS(wa)(S
= —RgRCS(WIC)Rgé
= —S(WSc)RES.  (53)
Multiplying both sides of (37) by S(w$,) yields
_S(W?C)Tp = _S(W?C) (kpep + RGvip + RIC;(S) . (54)
Substituting (52), (53), and (54) into (49) yields
iy = LRENi(vfp) — S(wic)rp + gRY Es + LRGFF
+hpREolp — kpvicg — RES(8)wip. (55)

c F c
—Rpwic +wicy

By taking the time derivative of r(t) in (36) and
substitute (47) and (55) it can be obtained that

7.“17
ée
_ [ =Swie)r N ;lRCFF RES(8)wip
Ose1 —L,RSwh, — LuRS.J.0.
+ w REN1(vfF) + kp REv]p + gRY B
o 03;1;1
_ kPUICCd ]
LowTeq

(56)
Arranging the last term in the first row of (56) yields

%R(I;Ff RCS((S)LUIF
L nglc LRG0,
_ Osxs LBy, —5(6), Osx2 qul
ded —L,R¢ Osx1, I3x3, Je QIF
=L,B
_ 57)
where L, € R%6 is defined as
= [ RS Osxs
Lo = { Os3  —LoRS |7 (58)
B(t) € RS is defined as
T
_ EBl _S(é) 03)(2
B = L O ISXS Jc (59)
[0 0 +63 —69 O 0
0 —63 0 +61 0 0
1
L 48 =6 0 0 0
- 0 1 0 0 0 cosb: (60)
0 0 1 0 1 0
| O 0 0 1 0 —sinéb;
and U(t) € RS is given by
Ui
U= wa (61)
0

It should be noted that the final form of B(t) in (59)
represents the point where the specifics of the Tilt-
Roll Jacobian, J.(t), are explicitly used, the Pan-Tilt
configuration will require a different B(t). The new term
B(t) is introduced as

B=1L,B (62)
along with the new term U(t) = [ U] UJ |" € RS,
where U;(t) € R? and Us(t) € R?, defined also further
clarify the control design procedure.

U = BU. (63)

Substitution of (62) and (63) into (57) and then substi-
tution of the resulting form of (57) into (56) produces
the open-loop filtered error dynamics as follows

*S(W?C)TP Uy _ kaICCd (64)
Osy1 Us wa?(;d
+ [ s REN1(vfF) + kyp REvp + gRY B }
O3x1

’r.‘ =



where RGRF = I3 is used and it is clear that the
control inputs U;(t) and Uz (t) will be designed to meet
the control objective. Note that implementation of the
control while require U(t) which is obtained from

U=B"'UcR® (65)
requires B! = B71(L,)~! where
- 1 — L, RS O3sy3
L 1_ _ wilp X 66
(L) A(Ly) | Osxs RE (66)

in which A(L,) = —RG L, R is the determinant of the
matrix L, (t) and A(L,) # Ogxs due to Assumption A3.

B. Control Design

The non-negative scalar function V() is chosen as

1 1
V= §rTr + 56; (67)
Differentiating yields
V =177+ eléy, (68)

by substituting (35) and (64) into (68) it can be obtained
that

*S(WICC)Tp + Uy

V [T;’ eg] 03561 U2 +
%RFNl(UIF) + kyRGu[p + gRY Es — kyvfog
wa?Cd
+e] [=S(wie)ep + (rp — kpep — RE6) — vie,]

(69)
where (37) was utilized. The terms in (69) can be
collected to yield

V=[Sl + = TTRCNl(UIF) +r;kpR§va
+riUs + TTgRCEg — 1T kpv§og + elrp — el S(wip)ep
fk velep —eJRGS — e vICCd, eTUQ feTwa?Cd]

(70)
Equation (70) will be utilized to design the control
inputs Uy (¢) and Uz (¢). From the upper equation in (70)
we can design Uj(t) to subtract out four terms, add
stabilizing feedback, and add robust compensatation for
the unknown nonlinear term as follows

Ur = —kyrp— 7@,@(”@””) +kpRGvip—gR{ Es—e, (T1)

where ¢ is a positve constant, Assumption 5 is used for
¢ ( ), and the nonlinear term Ny(t) is defined by

Ny = L REN:(v]p)- (72)

From the lower equation in (64) Us(t) can be designed
as
(73)

c
U2 = LUJwICd - k969.

Next, substituting these designed control inputs (71) and
(73) into (64), we can get the closed-loop filterd error
design based on Lyapunov stability analysis as follows
7= [=S(WSo)rp—krrp MU’—F”-Z—H\H—/C v$ou;
(74)

—k‘e@g].

Substituting (71) and (73) into (70) yields

. _ 2 F
V =7l (N — 7@,(1(”1;””)) — kprlry — r;k’pvfc(i -

€0
_T;T;S(WICC)TP - Q}S(w?c)ep

k’gegeg
— kpeje, — eZT)(Rgé + UICCd).
(75)

IV. Stability Analysis

Theorem 1: The closed-loop control law of (71) and
(73) ensure that the tracking error is Globally Uniformly
Ultimately Bounded (GUUB) in the manner

2 _
Il < \/In(@)[2 =22t + 51 (76)
where
ne i ef T, (77)

€4 1s a positive constant, and Ay is a positive constant
given by the following form

A2 = min{(k, — 31), (k, — 32) , ko}

where \g, A1 are positive constants under the conditions
that

(78)

kr > AL and kps 39 (79)

A proof of the theorem is given in Appendix A.

V. Simulation

A two computer system was built to simulate the pro-
posed controller as shown in Figure 5. The first computer
is configured to run QNX Real-Time Operating System
(RTOS) and host the QMotor [11] control and simulation
package while the second computer is configured to run
Windows XP and host the FlightGear (v0.9.10) [3] open-
source flight simulator package. A QMotor program was
written to simulate the rigid body kinematics dynamics
and the feedback control. The output of the dynamics
simulation is sent via UDP to set the aircraft/camera
position and orientation in the FlightGear virtual world
(note that FlightGear is used only as a graphics proces-
sor). The desired trajectories are input by the opera-
tor using a 6DOF joystick (Logitech Extreme 3D Pro
[6]). Specifically, the operator indirectly supplies the
desired position trajectory used by the controller through
monitoring the simulated camera view and using the
joystick to command the velocities that move the camera
view in the virtual world. The three inputs on the
joystick, labeled as x, y, and twist, are used to generate
and control either three translational velocities, v$, (2),
or the three angular velocities, w$.,; (t) depending on
trigger position. That is, the magnitude and direction
of these quantities is derived from the joystick position.
The velocity commands are then integrated to produce
the desired position trajectory used by the controller. A
typical scene from FlightGear is shown in Figure 6 where
the quadrotor is tilted but the camera view seen by the
operator remains level.

The quadrotor simulation was developed to approx-
imate the parameters of the DraganFlyer X-Pro [2].
Parameters such as mass (m) and saturation limits for
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opdare Based on Windows OS
S{Ztes Parameters [Flight Gear]
Virtual
Send UDP . .
> Simulation
Packets
Fig. 5. Overview of components in simulation system.

Camera View

External View

Fig. 6. The “fly-the-camera” view used by the operator and an
outside view of the quadrotor position.

control inputs are found in [10]. The control gains are
chosen to be

k., = ko =diag(1,1,1), k, = diag(1,1,5),
m = 2.72[kg] and g = 9.81[m>/kgs?],
Ul_max = 35.586 [Nm],
Otitt_max =  Oroli_max = 4.067 [Nm] (80)

In order to orient the simulated quadrotor and camera
systems with the virtual world, a desired rotation matrix
between the camera frame (C') and Flight Gear frame
(@) was defined as

00 -1
RSy c=10 1 0
10 0

(81)

A short timespan of the simulation was captured to
demonstrate the operation of the system. The simulation
results shown in Figure 15 and Figure 16 and displayed
in Figure 1 demonstrate that the camera and quadrotor
move in opposite directions to acheive the fly-the-camera
perspective. Figure 7 shows the position errors about
the coordinates (x,y, z) and Figure 8 shows the position
tracking of the quad-rotor to the desired trajectory pq(t)
in (30). The actual quad-rotor trajectory represented by
the blue line follows the desired trajectory represented
by the red line which is commanded to go up at the
first time and then, move to forward and again go

forward near the end to the py(t). Figure 9 shows the
filtered tracking errors in (37). Figure 10 shows the
control inputs. The translational force input us (¢) of the
quadrotor is collectively steady after having transient
states in order to track the desired trajectory. Torque
inputs are given to turn left, right, and to tilt. The
camera torque inputs in the two bottom figures are
shown for tilting and rolling. Figure 11 shows the velocity
tracking errors in (35) by the results of Figure 12. Figure
13 shows the angular velocity tracking. Figure 14 shows
the angle-axis signal of (38) in camera frame. Figure 15
shows the angles of the Tilt-Roll manipulator in (14) and
Figure 16 shows the Euler angles about roll, pitch, and
yaw of quadrotor quadrotor; ©1.(¢) in (23).

VI. Conclusion

This paper suggests a novel fly-the-camera approach
to designing a nonlinear controller for an underactuated
quadrotor aerial vehicle that compliments the quadrotor
motion with two additional camera axes to produce
a fully actuated camera targeting platform. The fly-
the-camera approach should provide a more intuitive
perspective for a remote pilot to operate the quadrotor
vehicle and camera for surveillance and navigation tasks.
The approach fuses the often separate tasks of vehicle
navigation and camera targeting into a single task where
the pilot sees (and flies) the system as through riding
on the camera optical axis. The controller was shown
to provide position and angle tracking in the form of
Globally Uniform Ultimately Bounded (GUUB) result
using measurable position and velocity information as
state feedback. Simulation results were shown as initial
validation of the proposed system which are shown in
Appendix C.
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Appendix A
Proof of Theorem 1

An upper bound for V(t) in (75) can be formed by
first noting that the skew symmetry of S(-) implies that
r1S(wfe)rp(t) = 0 and e} S(wfe)ep(t) = 0, and then
specifying upper bounds as

and
e2 > |[kpvicall (83)

where €1 and €3 are positive scalar constants. An upper
bound for V(¢) can now be written as
: 2 2 2
Vo< ke llrpll” = ke lleall” = kp llep |l + llepll €1
ez + Il 12 Ol (1= iyl L2620 )84)

Bounds on individual terms in (84), specifically,
1
lepler < 5 (Yolles® +%e%) (85)

where )\g is a positive scalar constant,

1 2
Irolles < 5 (A llroll® + 4e3) (86)
where \; is a positive scalar constant, and
e 2 Iyl IG Ol (1= flrpll S2L) - (87)

can be used to write a new upper bound for V (t) as
Vo< (ke = 3) Irpll* — ko ||€0||2
(k= %) eyl + 5 + 5E + 2. (88)

If a positive scalar constant Ay is selected according to
(78), then we can obtain

. 2 2 2
V<=2 [l + lleol” + llep I”] + 55 + 5

0

+53a (89)

and then the definition of 7(t) in
final upper bound on V(t) as

(77) is used to form a

V<Xl + 5t + 5% Ly,

The definition of V(¢) in (67)
(90) to yield

(90)

can be substituted into

V < —2XV 44 (91)

where ¢4 is a new bounding constant introduced as

2)\0 + 2)\1 +E3 < 4. (92)

The solution to this differential inequality is

V =V(0)e " + 5L (93)
and the initial value of V'(0) is upper bounded as
2
V(0) < 5 IO (94)
Hence, V (t) can be written as
V() < 5 m(0)]* e + 5. (95)

Relying again on the definition of V'(¢) in (67), a bound

on 7(t) can be written as

Inll < v/2V (D), (96)
and then (93) substituted to yield
2
[Inll < \/||77(0)H emPel + 55 (97)

which proves the result in Theorem 1.

Remark 2: According to Theorem 1 and its subse-
quent stability analysis V(n(t)) is bounded provided the
controller gains are selected to satisfy (79). Based on
the definition of in 7(t) in (77) it is possible to conclude
that e,(t), eg(t), and ry(t) are bounded. The desired
trajectories, pto,(t), v5oy(t), and WS, ,(t) are bounded
by design. It was also assumed that the quadrotor pitch
angle, 0(t) # +Z, so that T#(©) is invertible and
bounded from (23) and RL(©) is bounded and full rank
according to Assumption 3. The rotation matrix RZ(6.)
is of full rank and bounded as shown in (10), and also
Jo(t) and Jo(t) are full rank from (13) and (15). The
product of RL(©) and RE(0.), RL(©,6.), is bounded
and full rank. Thus, pf,(t) in (30), plo,(t) in (21),
G(RL) in (5), and vfL(¢t) in (37) are bounded. Then
v$(t) in (20), plo(t) in (19), and pln(¢) in (1) are
bounded. Owing to the desired trajectory w!,,(t) € Loo,
©!,, is bounded from (27). Since eq(t) is bounded,
u(t) € Loo under Assumption 3 resulting in L, (¢) € Loo
n (44). Since viL(t) € Lo, the nonlinearity of the
aerodynamic damping term, Np(vf.) in (4) is upper
bounded by ¢, (||vf||) by Assumption 5. Hence, Uy (t) €
Lo from (71), Us(t) is bounded from (73). Since L, (t)
and R%(0.) € Loo, Lo (t) and L3 (t) are bounded from
(58) and (66), respectively. Owing to the fact that B(t)
is invertible and bounded from (59) and B(t) from (66),
and then U(t) in (61) is bounded. This yields that u(t),
wFa(t), and 0..(t) are all bounded. ©%(t) in (26), ©F - (t)
n (2), and RL(©) in (3) are all bounded, resulting that
the camera velocity w$.(t) in (24), wE~(t) in (25), and
w&y(t) in (46) are all bounded. Hence, we can make a
conclusion that the time derivatives of errors, é4(t), é,(t),
7p(t), and 7(¢) in (43), (35), (55), and (64), respectively,
are all bounded. Finally 9¥5(¢) in the modeling equaion
in (4) is bounded. Therefore we can conclude that all
the signals remain bounded in the suggested closed-loop
system.



Appendix B
Kinematics of the 3-Link Camera Positioner

The Denavit-Hartenburg values in Table I, IT can be
used in conjunction with the formula for the rotation
matrix from the i*" to (i — 1) frame expressed in the
coordinate system ¢ — 1, that is, sz*l(@), according to
[12]

cosfl, —sinf,cosa; sinf,sin oy
Rfl = | sinf, cosf,cosa; —cosb,sina;
0 sin o COS (it

(98)
Casel:Tilt-Roll Camera Configuration
(camera looking forward)
All of the rotation matrices of the Tilt-Roll camera
positioning unit shown in Figure 3 are obtained using
Table I and are given by

cosfy 0 —sinby
RP=00 — sinf, 0  cost; , (99)
L 0 -1 0 (Tilt)
[ sindg, 0 cost),
Ry = —cosd, 0 sinb, (100)
L 0 -1 0 (Pan)
[ sinf, cosf, O
and Rj_, = —cosf, sinf, 0 . (101)
L 0 0 L 1 rowy

Tilt-Roll Camera Configuration is achieved by locking
the pan angle at 0, (t) = 0. The rotation matrices R (©)
and RZ'(©) are defined here for computing (10) and (15).
The rotation matrix from the first link frame, Oq, to the
quadrotor frame, F', is obtained using

R = RERP=©
(1 0 0 costly 0 —sinb;
= 0 0 1 sinf; 0 cos 04
|0 -1 0 0 -1 0
[ cosb, 0 —sinb;
= 0 -1 0 (102)
| —sinf; 0 —cosb

where the third column in (102) is the vector z (t) in the
Jacobian matrix Jo(t). Next, the rotation matrix from
the second link frame, O, to the quadrotor frame, F, is
obtained using

Ry = R{R,
[ cosf;, O —sinb, 0 0 1
= 0 -1 0 -1 0 0
| —sinf; 0 —cosO 0 -1 0
[0 sinf; cosb,
= 1 0 0 (103)
| 0 cosf; —sinb;

where the third column in (103) is the vector z3 (¢) in
the Jacobian matrix Jo(t).

Case2:Pan-Tilt Camera Configuration
(camera looking downward)
The Denavit-Hartenburg values in Table II are used
to obtain the rotation matrices of the Pan-Tilt camera
positioner configuration.

Link | d (offset) | a (length) | a; (twist) | 04 (angle)
1 0 0 —90° 0; — 90°
2 0 0 —90° 0, — 90°
3 0 0 0° 0, — 90°
TABLE II

Denavit-Hartenburg Table for a Pan-Tilt Camera Positioner

The rotation matrices of the Pan-Tilt camera position-
ing configuration shown in Figure 3 are given by

sin 0; 0 cosb;
RB=00 — —cosfy 0 sin6, (104)
L 0 -1 0 (Tilt)
[ sind, 0 cosb,
RY = —cosf, 0 sinb, (105)
L 0 -1 0 (Pan)
[ sinf, cosf, O
and Ri_, = —cosf, sinfd, 0 . (106)
L 0 0 L1 (rowy

Pan-Tilt camera configuration is achieved by locking the
roll angle at 6,.(t) = 0° in (106), then we have

0 1 0
Ri=|-1 0 0 (107)
0 0 1

(0,=0°)

The rotation matrix R5(0©) has same matrix in (8). The
rotation matrix from the quadrotor frame (F') to first
link frame O; is obtained by multiplying the

R{ = RER™
(1 0 o0 sin 6, 0 cost
= 0 0 1 —cosf; 0 siné;
| 0 -1 0 0 -1 0
[ sinf, 0  cosO,
= 0 -1 0 (108)
cost)y 0 —sinb,

where the third column in (108) is the second vector
in the Jacobian matrix Je(t). Next, the rotation matrix
from the quadrotor frame through the second link yields

RF — RF R
sinf; 0  cosf; sin @), 0 cosb,
= 0 -1 0 —cosf, 0 sin6,
cosf; 0 —sinb; 0 -1 0
sinf¢sinf, —cosf; sinb;cosb,
= cos 0, 0 —sind,
cosf;sinf, sinf, cosb.cosb),
(109)

where the third column is the third vector in the Jacobian
matrix for Pan-Tilt manipulator. Then, we can obtain



the total rotation matrix by combining all those matrices
from quadrotor through the 3rd link to yield

cost; sinf;sin@, sinf;cosd,
RE = 0 cos b, —sind, (110)
—sinf; cosf;sinf, cosb;cosb,

The Jacobian matrix of the Pan-Tilt camera manipula-
tor, J;(O©) € R3*3, can be represented

) [0 cosf; sind;cos 0,
Jo = 1 0 —sind, , (111)
| 0 —sin6; cosf;cost,
’ [ at !
0o = 0, where 6,.(t) = 0°. (112)
0,

To simplify the use of the Jacobian matrix, it can be
noted that 6,.(¢t) = 0° and hence a new reduced position
joint angle vector can be introduced as

] 0

R2 11
y o] ew )

éc':[ ]ERQaDdQC:{
along with a reduced Jacobian matrix, Jo(©) € R3*2,

defined as

0 cosf,
Jo=11 0 (114)
0 —sinb;
Appendix C

Simulation Results

Simulation results are obtained as
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Fig. 7. position tracking errors
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Fig. 11. velocity tracking errors
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