CHINESE JOURNAL OF MECHANICAL ENGINEERING
Vol. 24, No. 3, 2011 1l

DOI: 10.3901/CJME.2011.03.*** available online at www.cjmenet.com; www.cjmenet.com.cn
Control System Design for an Unmanned Helicopter to Track a Ground Target

XIN Zhekui', FANG Yongchun™ *

1 Beijing Aerospace Automatic Control Institute, Beijing 100854, China
2 Institute of Robotics and Information Automatic System, Nankai University, Tianjin 300071, China

Received August 18, 2010; revised February 22, 2011; accepted March 9, 2011; published electronically March 18,2011

Abstract: Due to potential wide applications, the problem of utilizing an unmanned helicopter to track a ground target has become one
of the most active research directions in related areas. However, in most cases, it is possible for a dynamic target to implement evasive
actions with strong maneuverability, such as a sudden turn during high-speed movement, to flee from the tracker, which then brings
much difficulty for the design of tracking control systems. Currently, most research on this field focuses on utilizing a ground mobile
robot to track a high-speed target. Unfortunately, it is very difficult to extend those developed methods to airborne applications due to
much more complex dynamices of UAV-target relative motion. This study investiages thoroughly for the problem of using an unmanned
helicopter to track a ground target, with particular emphasis on the avoidance of tracking failure caused by the evasive maneuvers of
dynamic targets. Specifically, a novel control scheme, which consists of an innovative target tracking controller and a classical flight
controller, is proposed for the helicopter-target tracking problem. Wherein, the tracking controller, whose design is the focus of the
paper, aims to utilize the motion information of the helicopter and the dynamic target to construct a suitable trajectory for the helicopter,
so that when it flies along this trajectory, the relative pose between the helicopter and the dynamic target will be kept consant. When
designing the target tracking controller, a novel coordinate transformation is firstly introduced to convert the tracking system into a more
compact form convenient for control law design, the desired velocities for the helicopter is then proposed with consideration of the
dynamic constraint. The stability of the closed-loop system are finally analyzed by Lyapunov techniques. Based on Matlab/Simulink
environment, two groups of simulation are conducted for the helicopter-target tracking control system where the target moves along a
linear path and takes a sudden turn during high-speed movement, respectively. As shown by the simulation results, both the distance
error and the pointing error are bounded during the tracking process, and they are convergent to zero when the target moves straightly.
Moreover, the tracking performance can be adjusted properly to avoid tracking failure due to evasive maneuvers of the target, so that to
guarantee superior tracking performance for all kinds of dynamic targets.

Key words: unmanned helicopter, trajectory plan, target tracking

monitoring, military  reconnaissance, infrastructure
1 Introduction inspection, mine detection, search-and-rescue, and so on.
Subsequently, the problem of utilizing an unmanned
helicopter to track a ground target has appeared to be a very
promising research direction due to potential wide
applications. Therefore, it has recently received more and
more attention and gradually become a topic of
considerable interest over the past few years” °. Visual
sensing is often used to estimate the position and velocity
of features in the image plane (urban features like windows)

it can take off and land vertically, hover in place, perform in order to generate velocity references for the flight

longitudinal and lateral flight as well as drop and retrieve control. In Ref ,[7]’ a notable .VlSlOll’l-.based techplque
objects from otherwise inaccessible places™! referred to as visual odometer is utilized to estimate

Owing to its flexibility, a helicopter has been regarded as heh.copter p951t10n by visually locking on and tracking
an ideal choice to implement such tasks as traffic stationary obje.ct.s on the ground. In Ref. [8], the authors
proposed a vision-based approach to detect and track
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This project is supported by National Natural Science Foundation of — autonomous landing, in Ref. [9], the authors presented the

China (Grant No. 60574027), Opening Project of State Key Laboratory of desi : : : Y
esign and implementation of a real-time, vision-based
Robotics, China(RLO200814), and Program for New Century Excellent g p ’

Talents in University of China(NCET-06-0210) landing algorithm for an autonomous helicopter.

Unmanned Aerial Vehicles (UAVs) have been an active
area of research in recent years!' !, due to the reason that
they are indispensable for various applications where
human intervention is either impossible, risky or costly,
such as hazardous material recovery, disaster relief support,
and so on. Helicopter is a highly maneuverable and
versatile UAV platform presenting the following flexibility:
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Specifically, the helicopter updates its landing target
parameters based on vision information and uses an
onboard behavior-based controller to follow a path to the
landing site. In Ref. [10], the authors presented the design
of an optimal trajectory controller to land a helicopter on a
moving target. Specifically, a kinematic model is utilized to
derive an optimal controller to make the helicopter track an
arbitrarily moving target and then land on it. In Ref. [11],
the authors proposed a generally applicable method for the
tracking of ground vehicles by aerial vehicles.
Unfortunately, the targets to be tracked in the researches
mentioned above are either completely static or slow in
motion. Yet, in the context of most applications, it is highly
possible that a target presents complex dynamic behavior,
such as high-speed, evasive actions, and so on. In this case,
further research is required to improve the performance of
the tracking controller.

Recently, researchers have focused their effort on the
problem of maneuver target tracking by using ground
mobile robots, and many results have been reported in
robotics literature!* ™). Unfortunately, these techniques
cannot be easily extended to airborne applications due to
highly dynamic UAV-target relative motion.

From the literature survey, we note that the challenge for
dynamic target tracking system is to develop an advanced
control law for the helicopter so that it trackes the target
based on a stability criterion. This observation motivates us
to design a new method to address the problem of tracking
failure caused by evasive maneuvers of the target.
Specifically, we intend to design a two-level control
scheme for the target tracking problem. On the higher lever,
the states of the target and the helicopter are used to
compute a desired trajectory for the helicopter. On the
lower lever, the helicopter is controlled by the flight
controller so as to follow the desired trajectory. Classical
control method (PID-based feedback control) is adopted for
the helicopter flight control due to the reason that it is
simple and intuitive, and more importantly, its effectiveness
has been validated in numerous flight tests. In order to
avoid tracking failure due to evasive maneuvers by the
target, a novel input transformation is firstly introduced to
simplify the tracking system, so that to set up a direct
relationship between the tracking objectives and the desired
velocities of the helicopter. Based on that, various tracking
trajectories are then generated for the autonomous
helicopter to meet the tracking requirements. When
following these trajectories, the helicopter can not only
track the ground target with the given relative position and
orientation, but also fly at a relatively safe manner to avoid
possible tracking failure due to evasive maneuvers of the
target.

The remainder of the paper is organized as follows.
Section 2 clarifies the target tracking problem considered in
this paper and exhibits a general description for the control

scheme. In section 3, the process of target tracking
controller design is represented, and the associated stability
properties are rigorously analyzed. Extensive simulation
results are provided in section 4 to verify the superior
performance of the proposed approach. Finally, some
conclusions are given in the last section.

2 Problem Formulation

2.1 Problem statement

As shown in Fig. 1, the tracking problem in this paper
requires an unmanned helicopter flying at a constant
altitude to track a ground target with a fixed relative
position and orientation. The target to be tracked is subject
to a nonholonomic constraint, such as a car. For the purpose
of escaping, the target may move at a high speed or take a
sudden turn simultaneously. To estimate the states of the
moving target, a pan-tilt platform which carries a
monocular camera is mounted on the helicopter.
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Fig. 1. Vision-based ground target tracking system

2.2 General description of the control scheme

To enable the helicopter to achieve stable tracking for a
ground target, we need to design a control method to
implement the following two sub-tasks: 1. Keeping the
horizontal distance between the target and the helicopter
as a constant by controlling the flight trajectory; 2.
Making the heading of the helicopter point to the target
Simultaneously.

Considering the dynamic properties of the helicopter
and the control objective, we propose a control scheme
which contains a two-level structure outlined in Fig. 2. On
the higher lever, the states of the target and the helicopter
are used to compute a desired trajectory driving the
helicopter to track the target. On the lower lever, the
helicopter is controlled so that it follows the desired
trajectory. As shown in the diagram, there are two
important blocks in the control scheme, namely target
tracking controller and flight controller. A classical
control law combined of PID and fuzzy controller is
utilized as the flight controller (see Ref. [16] for details
about the flight controller). This paper mainly focuses on
the design of the target tracking controller.
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Fig. 2. Block diagram of the proposed approach
2.3 Problem definition X, =v, cosy,,
Since the flight altitude is a constant, the tracking . 4
Y, =y smy,, ( )

problem can be simplified on the XY plane. Refer to Fig. 3
for the relevant geometric relationship and the definition of
auxiliary variables. Let 4 be the distance vector from the
helicopter to the target, with 6, denoting its orientation.

Then |d| and 6, can be computed as follows:

ld]=Jx—x) + (-2, (1)

6, = arctan [u] , 2)

X—X,

where (x,y) and (x,y,) denote the position of the

helicopter and the target, respectively.

Fig. 3.

Geometric relationship
The kinematic model of the helicopter is given by

X=v,cosy —v,siny,
y=vsiny +v, cosy, 3)
Y=o,

where y represents the heading of the helicopter, v, and
v, denote the longitudinal and lateral velocities, and « is

the yaw angle rate. The kinematic model of the target is
given by

l//z = wz ’
where i, denotes the orientation of the target, v, and o,
are the linear and angular velocities.

2.4 Error system development

Before the error system development, we make the
following reasonable assumption.

Assumption 1. Initially, the UAV does not contact with
the target, that is, |ld(z,)|>0.

Based on the control objective, we construct the control
error as follows:

e = R-[d],
©)
{ez = 61 -V,

where R denotes the desired distance between the target
and the helicopter, ¢, and e, represents the distance
and orientation error, respectively (see Fig. 3).

After taking the time derivative of Eq. (5), substituting
Egs. (1) and (2) into the resulting expression, we have

B e S S

2x2

where matrix BeR is defined as

cosf  siné,
B=|sing  cosg |. (7
lall - lall

After substituting Eqs. (3) and (4) into Eq. (6), we obtain
the following open-loop dynamics for the error system:

. =A - -B . s (8)
e, v, [0 v, smy,
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where the matrix 4 e R*>? is defined as

cose, sine,
A=|sine, cose, |- )
llal ]

Clearly, the determinant of 4 is —[d|".

Remark 1. Based on the fact that [d(z,)|>0 (see
Assumption 1), and the subsequent stability analysis, we
can show that the distance between the target and the
helicopter is maintained in a pre-specified region. Thus
A is always invertible.

Further, to describe the alignment error, we define the
following error signal:

63:1//1791,

Assumption 2. The initial orientation of the helicopter
relative to the target satisfies: |e, (z,)| <§ .

Assumption 3. The target being tracked moves with
unknown velocity satisfying the condition of v, >0.

Before proceeding with the description of the complete
control scheme, it should be pointed out that the controller
design is presented in a complete information context.
Specifically, to estimate the states of the helicopter, the
sensory data of three inertial sensors, three gyroscopic
sensors, and three magnetometer sensors are combined in
an Altitude and Heading Reference System (AHRS),
which are further merged with the GPS signals by a
Kalman filter. For target states estimation, images of the
target are first utilized to estimate its position and velocity
in the image plane, which is then fused with the on-board
sensors to estimate its states in the world coordinate.

3 Target Tracking Controller Design

The control objective is to drive e, and e, to zero by
using the helicopter longitudinal velocity lateral
velocity v, and the yaw angle rate ® as control inputs.
At the same time, it is required to optimize the tracking
trajectory to guarantee lower control effort. Furthermore,
the generated trajectory is required to satisfy the physical
constraint of the helicopter, so that to avoid possible
tracking failure caused by evasive maneuvers of the target.
For instance, when the target takes any sudden turn during
the high-speed movement, a carelessly designed trajectory
will make the helicopter present some undesired lateral
motion due to the centrifugal effect during the tracking
process, which will finally result in tracking failure.

)

3.1 Input transformation
For the sake of facility, we first introduce an input
transformation to convert the error system into a more

compact form. To this end, based on the structure of the
error dynamics of Eq. (9), we proposed the following
control law to compensate for the nonlinearities of the

system:

Yo Y )y 4m v,c?sy/, ’

v, o, v, siny,
where the state information of the target, including v, and
v, , is obtained from the on-board camera and other
equipped sensors, [v,,m]" denotes the virtual control
vector which will be subsequently designed to construct a

suitable trajectory for the helicopter. Refer to Fig. 4 for the
geometric signification of v, and @, then we have

{vd =[dl.
o =0,

Thus, once the virtual control input [v,,o,]" is designed,
the control input [v,,v,]" can be computed from Eq. (10).
After substituting Eq. (10) into Eq. (8), we can rewrite the
open-loop dynamics of the error system as follows:

(10)

(11)

Fig. 4. Input transformation with definition
of some relevant variables

3.2 Controller design

Based on the error system of Eq. (11) and the subsequent
stability analysis, we proposed the following control law
for the helicopter:

v, =—ke =k fi(¥),
o =v,(R—e) 'sine, + g("),
o =v,(R —el)’1 sine, + g()+ k,e, + k, f,(7),

(12)

where k,k, e R denote positive, constant, scalar control
gains. The scalar function g(-)e R is defined as follows:



CHINESE JOURNAL OF MECHANICAL ENGINEERING

v,
m_%ﬂm e -|RD+[R-e -[R[]. (13)
where R =v,/o, . In Eq. (12), f,(»).f,(»)eR are all
scalar functions. Inspired by the fact that the centrifugal
force can be decreased by slowing down the longitudinal
velocity and reducing the yaw angle rate, the functions are
chosen as

g0=2

fl () = Rmax [2 tanh b1 - tanh(a17 + b1) + tanh(a17 - b1)] P (14)

f,() =6, [tanh(a,y +b,) + tanh(a,y - b,)],

max

(15)
where a,b,a,,b,,R, . ,6,.. €R are positive constants, and
the scalar function y(¢) is defined as:

2 .
Vv, sine, cose,

R-e (16)

y(@) =

It should be noted that although the additional feedback
terms may result in less effective tracking for the target,
the helicopter is guaranteed to fly at a relatively safe
manner by this novel design.

Remark 2. The signal of R, =v,/o, denotes the turning
radius of the target, with |R|— oo representing straight
motion.

Remark 3. From the expression of R-—e, =|d|, we know
that the denominator of the function g(-) will not reach or
even approach to zero. Based on this fact and Remark 1, it
can be shown that there is no singularity with the controller
presented in Eq. (12).

3.3 Stability analysis

In this section, we will analyze the stability of the
tracking system under the effect of the proposed controller
of Eq. (12).

Theorem 1: Under the control of the proposed controller,
both the distance error ¢ (r) and the pointing error e,(7)
are bounded, and they are convergent to zero when
R| > . Moreover, the trajectory of the helicopter
possesses the following property.

Property 1: The helicopter always tracks the target from
behind. Namely, during the tracking process, |e,(r) <m/2.
In particular, (1) >0 as |R|—> .

Proof: After substituting the control law of Eq. (12) into
Eq. (11), we obtained the following closed-loop dynamics:

{.e.l =—ke _k1fiF7)a (17)
&, =—k,e, =k, (7).

In order to illustrate the asymptotic regulation of ¢, (¢), the
following non-negative scalar function ¥,(¢) is defined:

1
Vi=—e.

3 (18)

After taking the time derivative of Eq. (18), then
substituting Eq. (17) into the resulting formula, we obtained
the following expression for 7,(¢):

V. =—kel —k f,(7)e, . (19)

From Egs. (14) and (16), we know that the scalar function
f,(») is bounded by

0< f,(») = R,,,[2tanh(h ) — tanh(a,y + b,)
+tanh(a,y —b)| <R

(20)

max *

After making use of Eq. (20), we obtained the following
upper bound for ¥,(z):

Vo< -klelllal-A£00] - 1)
Clearly, V,(t)<0 whenever |e (1) > f,(y). Therefore, we
have

lim|e, (0] < /,(7). (22)

Similarly, we have

lim|e, ()] < /,(7) - (23)
Proof for the Property 1: After taking the time
derivative of e,(r) and then substituting Eq. (12) into the
resulting expression, we obtained the following formula for
é(1):
é,=y,—v(R-e) " 'sine,—g(). (24)
In order to illustrate the asymptotic regulation of e,(7), the
following non-negative scalar function 7,(¢) is defined:

1

V,=—é. (25)

After taking the time derivative of Eq. (25), substituting Eq.
(24) into the resulting expression, we obtained the
following upper bound for V,(¢) :

Vi=efy, v (R—e) " sine,—g()]<T(), (26)
where the function 77(-) is defined as
re) ="%"Iegl[z(udu,R»—sinlegl], @7

where
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(el+[2D = (el =)

Z(HdM’Rz): 2|R[|

. (28)

Clearly, the function ;(("d",R,) possesses the following
two properties:

(1) 0< y(ld|.R)=<"1.

1, when |RZ| < ||d||,
d
H, when |R | =||d|,

0,  when |R,| — o0,

@ z(a].r)=

Therefore, it is clear that
V,<I'()<0,
whenever

|e3 (t)| > arcsin y ,

therefore, we have

}Ln£|e3 (t)| < arcsin y < % . (29)

Subsequently, we will prove that the error signal e,(z)
is driven to zeroas |R|— o .

Note that y -0 as |[R|—>w, and arcsiny -0, the
inequality (26) can be rewritten as

V, < -—'.¢sine,. (30)
R—e
Based on the facts that v,(r)>0, ¢(r)<R and
e,(t)sine(1)=0, (31)

we can conclude that V,(r) is always non-positive.
Inequality (30) ensures that the error signal e,(¢) is driven
to zero in the sense that
lime,(#)=0. (32)
Now, we are ready to prove that the error signals e (¢)
and e,(f) are convergent to zeroas |R,(t) - .
Note that e,(r) >0 and y(t)—>0 as |R(#) - 0. Hence,
we have f,(7),f,(y) >0 from the expressions of f ()

and f,(). Based on the inequalities (22) and (23), we can
easily conclude that

limle, (1) =0, (33)
limle, ()| =0 (34)

4 Simulation Results

In this section, computer simulations have been carried
out to validate the tracking performance of the proposed
method. For the simulation, the initial position of the target
and the helicopter are selected as

[x, (1), v, (t)]" =[20,0]",
[x(t), ¥(15), 2(2,)]" =[0,0,10]" .

Therefore, the initial distance ||d(,)|=20, which satisfies
the Assumption 1. The initial pose of the camera is

[a(ty), Bt,)]" =[0,m/4]" .
The desired horizontal distance is set as
R=10, R, =5, 6, ==/12.

Based on these conditions, two groups of simulation are
conducted to test typical cases of the proposed target
tracking control system.

In the first group, the target moves along a linear path at
a constant speed of v, =5m/s , with its orientation as
v, =n/4 . The trajectories of the target and the UAV are
exhibited in Fig. 5. Fig. 6 indicates the horizontal distance
error ¢(f) between the target and the helicopter. Fig. 7
denotes the pointing error e,(r) and the alignment error
e(t).

Similar results are obtained in the second simulation, as
shown in Fig. 8, Fig. 9 and Fig. 10, respectively. In this
group, the target moves along the x-axes with the speed of
v, =5m/s firstly, and then takes a sudden turn at
o, =7/6(rad/s). This specific setting aims to simulate for
the maneuvers of the target for the purpose of escaping
from tracking.

From the simulation results, it is clear that the horizontal
distance |d(r)| is convergent to the region [10,15], and
the pointing error e,(s) is bounded with the boundary of
[-n/12,+n/12] . Both the distance error ¢(f) and the
pointing error e,(r) are convergent to zero as the target
moves along a linear path. Moreover, both the longitudinal
velocity and the yaw angle rate are reduced relatively when
the target takes a sudden turn, so that to avoid tracking
failure due to evasive maneuvers of the target.
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5 Conclusions

(1) To drive an autonomous helicopter to track a ground
target, a novel control scheme is proposed, which consists
of an innovative target tracking controller and a classical
flight controller.

(2) In order to avoid tracking failure due to evasive
maneuvers of the target, a novel coordinate transformation
is firstly introduced to convert the tracking system into a
more compact form convenient for control law design, the
desired velocities of the helicopter is then designed with
consideration of the dynamic constraint.

(3) A classical control law combined of PID and fuzzy
controller is utilized as the flight controller, which drives
the helicopter to follow the desired trajectory.

(4) The performance of the proposed method is
demonstrated by both theoretical analysis and simulation
results.

Future work will focus on various trajectories planning
which satisfy tracking objective. Another interest is to
utilize other flight controller to further improve the
performance of the tracking system.

References

[1] SARIPALLI S, ROBERTS J M, CORKE P I, et al. A tale of two
helicopters[C]// Proceedings of 2003 IEEE/RSJ International
Conference on Intelligent Robots and Systems, Las Vegas, USA,
October, 2003: 805-810.

[2] SHIM D H, KIM H J, SASTRY S. Decentralized nonlinear model
predictive control of multiple flying robots[C]// Proceedings of 2003
IEEE Conference on Decision and Control, Maui, HI, December,
2003: 3 621-3 626.



« 8

XIN Zhekui, et al: Control System Design for an Autonomous Helicopter to Track a Ground Target

[3] BOGDANOV A, WAN E, HARVEY G. SDRE flight control for
X-cell and R-max autonomous helicopters[C]// Proceedings of 2006
IEEE Conference on Decision and Control, Atlantis, Paradise Island,
Bahamas, December, 2004: 1 196—1 203.

[4] KANADE T, AMIDI O, KE Q. Real-time and 3D vision for
autonomous small and micro air vehicles[C]// Proceedings of the
43rd IEEE Conference on Decision and Control, Atlantis, Paradise
Island, Bahamas, December, 2004: 1 655-1 662.

[S] HELBLE H, CAMERON 8. 3-D path planning and target trajectory
prediction for the Oxford aerial tracking system[C]// Proceedings of
2007 IEEE Conference on Robotics and Automation, Roma, Italy,
April, 2007: 1 042—1 048.

[6] MEJIAS L, CAMPOY P, SARIPALLI S, et al. A visual servoing
approach for tracking features in urban areas using an autonomous
helicopter[C]// Proceedings of 2006 IEEE International Conference
on Robotics and Automation, Orlando, Florida, May, 2006: 2 503—
2 508.

[71 AMIDI O, KANADE T, FUJITA K. A visual odometer for
autonomous helicopter flight[J]. Journal of Robotics
Autonomous Systems, 1999, 28: 185-193.

[8] MEJIAS L, SARIPALLI S, CAMPOY P, et al. Visual servoing of an
autonomous helicopter in urban areas using feature tracking[J].
Journal of Field Robotics,2006,23(3-4): 185-199.

[9] SARIPALLI S, MONTGOMERY J F, SUKHATME G S.

Visually-guided landing of an unmanned aerial vehicle[J]. [EEE

Transactions on Robotics and Automation, 2003, 19(3): 371-381.

SARIPALLI S, SUKHATME G S. Landing a helicopter on a

moving target[C]/ Proceedings of 2007 IEEE Conference on

Robotics and Automation, Roma, Italy, April, 2007: 2 030-2 035.

[11] ARIYUR K B, FREGENE K O. Autonomous tracking of a ground

vehicle by a UAV[C])/ Proceedings of 2008 American Control
Conference, Seattle, Washington, USA, June, 2008: 669—-671.

and

[12] HAN Y, HAHN H. Visual tracking of a moving target using active
contour based SSD algorithm[J]. Robotics and Autonomous Systems,
2005, 53(3—4): 265-281.

TSAI C Y, SONG K T, DUTOIT X, et al. Robust visual tracking
control system of a mobile robot based on a dual-Jacobian visual

[13]

interaction model[J].
57(6-7): 652—664.
FREDA L, ORIOLO G. Vision-based interception of a moving
target with a nonholonomic mobile robot[J]. Robotics
Autonomous Systems, 2007, 55(6): 419-432.

[15] XIN Zhekui, FANG Yongchun. Modeling and control for tracking
ground target using an unmanned air vehicle[J]. Chinese High
Technology Letters,2009, 19(4): 398-403. (in Chinese)

SANCHEZ E N, BECERRA H M, VELEZ C M. Combining fuzzy,
PID and regulation control for an autonomous mini-helicopter[J].
Journal of Information Sciences, 2007, 177(10): 1 999-2 022.

Robotics and Autonomous Systems, 2009,

(14]
and

[16]

Biographical notes

XIN Zhekui, born in 1980, is currently an engineer at Beijing
Aerospace Automatic Control Institute, Beijing, China. He
received his doctor's degree from Nankai University, China, in
2010. His research interests include unmanned aerial vehicle and
dynamic target tracking.

Tel: +86-10-88527146; E-mail: xinzhekui2002@yahoo.com.cn

FANG Yongchun, born in 1973, is currently a professor at
Institute of Robotics and Automatic Information Systems, Nankai
University, China. His research interests include nonlinear control,
visual servoing, and AFM based micro/nano systems.

E-mail: yfang@robot.nankai.edu.cn



