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Abstract— This paper addresses the position tracking control
problem of an underactuated hovercraft vehicle. A nonlinear
Lyapunov-based tracking controller is developed and proved
to exponentially stabilize the position tracking error to a
neighborhood of the origin that can be made arbitrarily small.
The desired trajectory does not need to be a specially chosen
(e.g, a trimming trajectory). In fact, it can be any sufficiently
smooth bounded curve parameterized by time. The nonlinear
controller has been experimentally validated on the Caltech
Multi-Vehicle Wireless Testbed (MVWT), a platform for the
development and implementation of novel single- and multiple-
vehicle control designs. Experimental results are given for Fig. 1. The MVWT vehicle. A laptop is secured in a Plexiglas chassis that

tracking of prescribed trajectories and for target following. glides on omnidirectional ball casters. Software-controlled high-powered
ducted fans attached to the vehicle provide thrust. A MVWT signature on
|. INTRODUCTION the top the vehicle ( a “hat”) is identified by overhead cameras, and the

. . vehicle receives its position and orientation in a GPS-like fashion over a
The past few decades have withessed an increased reseascht wireless network.

effort in the area of trajectory tracking control for under- i i i
actuated autonomous vehicles. Trajectory tracking problenfydrodynamic effects that must necessarily be taken into

are concerned with the design of control laws that force &ccount during the control design. This is in striking contrast
vehicle to reach and follow a time parameterized referencith mobile wheeled robots, where methodologies that build
(e, a geometric path with an associated timing law). Th@" Pure vehicle kinematics are often adequate for control.
degree of difficulty involved in solving these problems it is rglevar)t to point out that_ many marine vehicle mpdels
highly dependent on the configuration of the vehicle. FofXxhibit a drift vector field t.hat is not in the span of the input
fully actuated systems, the trajectory tracking problem is noyector fields, thus precludmg the use of input transformations
reasonably well understood [13, 17, 21]. to bring them to driftless form. _ _

For underactuated autonomous vehicles, systems with Hovercrafts are another type of vehicles with a structure
a smaller number of control inputs than the number ofodel similar to marine vehicles. A model for an underac-
independent generalized coordinates [23], trajectory trackirigated hovercraft was obtained in [9] from the equations of
is still an active research topic. The study of these systendssimplified ship and several control strategies are described
is motivated by the fact that it is usually costly and ofterfor positioning the vehicle.
impractical (due to weight, reliability, complexity, and effi- The classical approach for trajectory tracking of underac-
ciency considerations) to fully actuate autonomous vehiclelated marine vehicles utilizes local linearization and coor-
Typical examples of underactuated systems include robdinates decoupling to steer the same number of degrees of
manipulators, wheeled robots, walking robots, spacecrafteedom as the number of available control inputs. This can
aircraft, helicopters, missiles, surface vessels, and underwalg done using standard linear (or nonlinear) control methods
vehicles. The tracking problem for underactuated vehicldd0]. Alternative approaches include the linearization of the
is especially challenging because most of these systems aghicle error dynamics about trajectories that lead to a time-
not fully feedback linearizable and exhibit nonholonomidnvariant linear system (also known as trimming trajectories)
constraints, therefore standard tools used to control nonligombined with gain scheduling and/or Linear Parameter
ear systems—such as feedback linearization and integradarying (LPV) design methodologies [15]. The basic limita-
backstepping—are not directly applicable. See [20] for &on of these approaches is that stability is only guaranteed in
survey of these concepts and [6] for a framework to studg neighborhood of the selected operating points. Moreover,
the controllability and the design of motion algorithms forperformance can suffer significantly when the vehicle exe-
underactuated Lagrangian systems on Lie groups. cutes maneuvers that emphasize its nonlinearity and cross-

A class of underactuated vehicles that poses consideralsieuplings.
challenging in control system design is the class of marine Nonlinear Lyapunov-based designs can overcome some
underactuated vehicles. These vehicles exhibit complex of the limitations mentioned above. Several examples of



nonlinear trajectory tracking controllers for marine underac-

tuated vehicles have been reported in the literature [4, 5,
12, 14, 18, 19]. Godhavn [12] proposed a backstepping-
based continuous time-invariant state-feedback control law
for an underactuated surface vessel. The control law provides
exponential position tracking as long as saturation of the

inputs is avoided and the vehicle surge velocity is nonzero.
However, Godhavn's approach requires the ship to move
along straight lines or arcs of circles to guarantee stable zef@- 2. A schematic of the hovercraft vehicle. Body-fixeB} and earth-
dynamics for the nonlinear system. Pettersen and Nijmeijdfed {U} coordinate frames,

[18] consider the kinematics of a surface vehicle and desigih underactuated hovercraft with three degrees of freedom
a time-varying control law for the surge and yaw inputsand two control inputs. The hovercraft is equipped with
Under this controller, the errors in position and orientatiomwo high-powered ducted fans that provides the thrust to
with respect to a reference trajectory of constant curvatuffove the vehicle forward and to make it turn. Contrary to
is practically globally exponentially stabilized to zero. Themost wheeled mobile robots, this vehicle can move freely
control law in [18] does not require nonzero reference lineafideways even though this degree of freedom is not actuated.
velocity. See also [19], where the same authors presegbmpared to surface ships, the hovercraft has a much smaller
experimental results for a model ship of a Lyapunov-basegamping matrix norm. We build a control algorithm for
tracking controller. In [5], a global practical tracking and regthe MVWT hovercraft based on the design methodology
ulation controller was developed by manipulating a referengsroposed in [3]. In addition, we extend the results in [3] by
model generator and the dynamic model of the vehicle intO@(p|oiting the specific properties of the damping matrix for
suitable form that allows a Lyapunov-based design. Recentihe MVWT. We also design a reference model system which

by Lyapunov’s direct method and passivity approach, twgs responsible for generating the desired trajectory and its
constructive tracking solutions were proposed in [14] for aderivatives for the tracking controller.

underactuated surface ship.
. . . Il. THE HOVERCRAFTMODEL AND CONTROL PROBLEM
Typically, tracking problems for autonomous vehicles are FORMULATION

solved by designing control laws that make the vehicles track
pre-specified feasible “state-space” trajectorigs, trajecto- ~ This section describes the kinematic and dynamic equa-
ries that specify the time evolution of the linear and anguldions for the hovercraft shown in Fig. 1 and formulates the
positions and velocities and that are consistent with theorresponding problem of position trajectory tracking.
vehicles’ dynamicsé€.g.[5, 11, 14, 18, 19]). This approach i i

suffers from the drawback that the vehicles’ dynamics usual@\' Veh|c!e Modeling i , i
exhibit complex nonlinear terms with significant uncertainty, Following standard practice, the general kinematic and
making the task of computing a feasible trajectory hamQy_namlc equations o_f motion of the vehicle can be developed
Fortunately, in practical applications one often only needdSing & global coordinate fram@/} and a body-fixed coor-

to track the desired position, making it possible to bypasdnate frame{B} that are depicted in Fig. 2. The kinematic
the computation of feasible state-space trajectories. equations of motion for the vehicle can be written as

Motivated by the above considerations, in [3] Aguiar and & =ucosty — vsiny, (1a)
Hespanha p.roposed a solution to the position tracking prob- § = using + vcos, (1b)
lem for a fairly general class of underactuated autonomous .
vehicles that is applicable to motion in either two or three- Y=r, (1c)

dim_ensio_nal spaces. The control al_gorithm prqposed b“”%hereu (surge speed) and (sway speed) are the body fixed
on iterative Lyapunov-based techniques and it was sho me components of the vehicle's velocity.andy are the
to yield global stability and exponential convergence o artesian coordinates of its center of maésdefines the
the position tracking error to a neighborhood of the origiq,

h b d bitraril I Eurth he desi (?hicle’s orientation, and its angular speed.
that can be made arbitrarily small. Furthermore, the desiret Assuming that the friction forces and moment can be

trajectory does .n.ot need to be a specially chosen. In fac,t'rﬁ delled by viscous friction, the dynamic equations of
can be any sufficiently smooth bounded curve parameteriz '

: tion are
by time. mi —mor + dyu = Fs + Fp, (2a)
Despite the variety of approaches that have been proposed mv 4+ mur + d,v =0, (2b)
to solve the trajectory tracking control problem for under- Ji +dyr = I(F, — F,), (2¢)

actuated autonomous vehicles, with exception of wheeled

mobile robots, there has been relatively few experimentatherem is the vehicle’s mass/ its rotational inertia, and
results reported. Experimental results highlight the valué, andd, the coefficients of viscous and rotational friction,
and limitations of the control algorithms and trigger therespectively. The starboard and portboard fan forces are
development of new theoretical concepts. In this paper waenotedF; and F,,, respectively, and denotes the moment
present experimental results for position tracking control ofarm of the forces with respect to the center of geometry and



mass of the vehicle, which are assumed to coincide. The Step 3. Backstepping for,: After straightforward alge-
control inputsu; := Fy + Fp,, anduy := [(Fs, — F},) are braic manipulations, we conclude that the dynamic equation
the pushing force along the vehicle axig and the steering of the errorz; can be written as

torque about its vertical axisg, respectively. The hovercraft

is underactuated as we do not have an available control in

sway. Equations (1) and (2) can be written compactly as \yperep, :— Dy R(Y)'pa + 5D, e — mR(W)' Pa + kez1 —

mz}l - _mS(r)Zl + gui + h(@, ¢7 zl7pd;ﬁd) - Duzh

=R, (3a) 'f—j e. It turns out that it will not always be possible to drive
. z1 to zero. Instead, we will drive; to a small constand. To
Y=r, (3b) achieve this we defing := z; —§ as a new error variable that
Mvy =—-S(r)Mv — D,v + guy, (3c)  we will drive to zero and consider the augmented control-
Ji = —d,r + us, (3d) Lyapunov function
. 1 / 1 2 7 1 2.1
wherep = (z,y), v = (u,v), R(¥) = (E?S:f 22‘;’#), Vei=geet gmigip =i+ omide.

S(r) = (), M = diag{m,m}, D, = diag{d,.d,}, The time derivative o, can be written as
andg = (1,0)’. Notice thatD, > 0, which will be exploited

in the control design at the backstepping phase. Vo = _ke lell* + €6 + ¢’ (mB(8) 1t + mh — mD,d + ¢)
m
B. Problem Formulation —my' Dy,
Let pg : [0,00) — R? be a given sufficiently smooth time- where B(3) := (& ™2 ) and u := (u1,r)’. One can now

varying desired trajectory with its derivatives (with respectegard,, as a virtual control (actually its first component is
to time) bounded. The problem under investigation can bgready a “real” control) that one would like to use to make

formulated as follows: _ V> negative. This could be achieveelg, if one could sef:
Consider the underactuated vehicle represented by equaqual to

tions(1)-(2). Design a controller such that all the closed-loop 1 . 1 1
signals are globally bounded and the tracking erfpr—py| @ = —5 (0) (hle, ¥, 21, Pa; Ba) — Do + et EKWL

converges exponentially fast to a neighborhood of the origin . . . - .
that ca?l be rrrl)ade arbit)r/arily small g gWhere K, € R?*? is a symmetric positive definite matrix.

To achieve this we sat; equal to the first entry of, i.e,
Ill. THE CONTROL LAW u =[10]a, )

This section presents a Lyapunov-based control law for

the underactuated hovercraft that solves the position trackir'?%tr(\)la;fe thiev(::rgr ‘(’2)”1252 = [0211%/ 5al1d/;?-wrfe
problem of Section 1I-B. ' u1 g y (4), adz = =3 [le[|*+e'd—p Ky

me' D, + my' By(8)z2 where By(6) € R?*! denotes the
A. Controller Design second column oB3(d).

L Step 4. Backstepping fas: Consider now a third control-
Yy

The trajectory controller design follows the genera ; .
apunov function given by

methodology outlined in [3].

. . . 1 1 1 1
Step 1. Coordinate transformationConsider the global V3= ie’e + §m2<,9’<,0 + §Jz§ =V + §Jz§.
diffeomorphic coordinate transformation )
e:= R (p — pa), Computing its time derivative we obtaiv; = — %= [|e[|2 +
€6 — ¢ Koo — myp'Dyp + z(mBj(8)e — dp[01] o +

which expresses the tracking ermor- p,; in the body-fixed
frame. The dynamic equation of the tracking er#ds given
by ¢ = —5(r)e + v — R(¢)'Pa-

uz — [0 7] &) — d,23. For simplicity we did not expand the
derivative ofc. If we then choose

Step 2. Convergence ef We start by defining the control- ~ u2 = —mBy(d)¢ +d.[o1]a+ [0 7] & — k.22, (B)
i 1 . L .
Lyapunov function = ie'e the time derivative ofVs; becomess = —£= |l¢[|2 + ¢'5 —
o o - ©'Kyp —my' Dy — k,, 23 — d.z3. Note that although/;
and computing its time derivative to obtali, = ¢'[v — 5 ot necessarily always negative, this will be sufficient to

R(¥)'pa]. We can then regard as a virtual control that o hieve practical stability.

we would like to use to maké; negative. This could be Following the reasoning in the proof of [3, Theorem 1],
achievede.g, if one could set’ equal toR(v)) py—ke M ~Le, the following can be proved:

for some positive constarit.. To achieve this we introduce  Theorem 1:Given a three-times continuously differen-

the error variable L ke tiable time-varying desired trajectopy; : [0, 00) — R? with
a1:=v = R(Y)'pa+ mo its first three derivatives bounded, consider the closed-loop
and re-writel; = — % ell? + ¢z systemX consisting of the underactuated vehicle model (1)-

(2) and the feedback controller (4), (5).



i) For any initial condition the solution t& exists glob- IV. EXPERIMENTAL RESULTS
ally, all closed-loop signals are bounded, and the track-

: D The controller in Section IlI-A and the reference model in
ing error||p(t) — pa(t)| satisfies

Section I1I-B were validated individually and in tandem using

Ip(t) = pa(t)|| < e ey +e, (6) Caltech’s MVWT [1]. This section summarizes the results
achieved.
where ), ¢y, € are positive constants. From these, only )
co depends on initial conditions. A. Experimental Setup

i) By appropriate choice of the controller parameters The Caltech MVWT is an experimental platform for im-
ke, Ky, k-,, any desired values far and A in (6) can  plementation of single- and multiple-vehicle control designs.
be obtained. The MVWT vehicle glides on ball casters on a smooth floor

Remark 1:Notice that we have not imposed any con-and is propelled by two high-power ducted fans that are
straints on the desired trajectory (besides of being sufficientfixed to the vehicle. The dynamics of the vehicles are un-
smooth and its derivative being bounded). Moreover, we alsferactuated and input constrained, and exhibit fully second-
do not require the linear velocity of the vehicle to be alwaygrder dynamic behavior, making it a challenging platform
nonzero. Consequently,(¢) can be any arbitrary trajectory for the investigation of real-time control strategies. The
and in particular can be constant for alb> ¢y. In that case, hardware and software environments are carefully designed
the controller solves the position regulation problem. to minimize the development and implementation times for
controller designs. While the results here are described for a
B. Reference Model single vehicle,gthe MVWT is especially suited for the devel-

This section describes a reference model system thgpment of decentralized and cooperative controller designs.
can be used to generate the desired trajectoryand its ~ Each MVWT vehicle consists of a stripped-down lap-
derivatives for the tracking controller. We recall thatmust  top (sans screen) mounted in a Plexiglas frame on three
be sufficiently smooth and its derivatives must be boundeghw-friction, omni-directional casters. Two high-performance
The reference model is needeelg, when we want the qucted fans are attached to the vehicle, each capable of
hovercraft to track a target vehicle. The target vehicle will bgroducing up to 4.5 N of continuous thrust. Fig. 1 depicts
viewed as a “black box"ife., we do not know its dynamical the vehicle complete with two NiMH battery packs and a
model) and we assume that only its position can be measurgg interface board. Each vehicle is uniquely identified by

markings on a “hat” placed on top of it. These markings are
used by the “Lab Positioning System” (LPS) to determine
the vehicle’s position, orientation, and identity.

Communication between the LPS, the command and con-
trol computers and the vehicles is handled by the laptops via
802.11b wireless cards over a local area network. Controller
execution programs run on the laptop for autonomous vehicle
operation. An electronics interface board connects the laptop
via the USB port) to the two onboard fans, allowing the
0

Fig. 3. Block diagram of the pre-filter.

The reference model consists of a cascade of the t eed of the motors to be software controlled. Data from

second-order nonlinear filters represented in Fig. 3. The inpyf. o1 vehicle sensors — which may include proximity

of the first pre-filter is the position of the target vehicle,Sensors and/or a gyroscope — can be received over the same

and the output of the second pre-filter corresponds to thggg nort connection. The reader is referred to [7, 8] for the

desired positiornpy _(the input of_ the controller_). The state- details of this configuration.

space representation of each filter can be written as The latest vehicle design measures 25.4 cm deep, 35.6
i1 = ay tanh(zs) (7a) ¢m wide and 18.1 cm high. With the casters, laptop, fans,
b5 = a5 tanh(ky u— k ~ hp ) (7b) batteries and interface board, the vehicle’s mass is approxi-
T2 = G tal{FL U = M T1 = P2 T2); mately 5.15 kg. The other model parameters of the MVWT

where it is assumed that, k-, a1, andas are scalar positive Vehicle (see equation (2)) afe= 0.047 kgm?, I = 0.123 m,

constants such that,as > kja;. By linearization, it is dv =4.5kg/s, andd, = 0.41kgm/s.

straightforward to show that the pre-filter is locally input- The control algorithms are implemented in a C++ software

to-state stable. Invoking LaSalle’s Principle and using thenvironment called RHexLib [2, 16] on the QNX real-time

Lyapunov function given by operating system [22]. RHexLib israodule-basedontroller

design environment in which each module is given a fixed

1, % - kra, [ L execution rate, and a module manager performs a static
V=ge | %) S et Ky 032 /0 tanh(y) dy, scheduling of the set of modules. The core MVWT modules

2oz 2 are VisionModule , which processes broadcasts from the

wheree = (e1,eq2) := (x1 — u,z2), it can be proved that LPS; Controller , which executes the local control; and

for constant input commands & 0), the equilibrium point DeviceWriter which sends the signals to command the
x1 = u, ro = 0 of (7) is globally asymptotically stable. fan forces. Each of these modules operates at a sampling



period of0.016s to match the overhead camera frequency of The reference and actual trajectory followed are shown in
60 Hz. Fig. 4, along with the position and orientation of the vehicle
The controller described in Section IlI-A was implementedat two points on its path. Stability and reasonable perfor-
in two different scenarios. Since the controller takes as inputeance are achieved in the face of a variety of uncertainties.
the x and y desired position signals and their first thredtis important to emphasize that the model in (1)-(2) assumes
derivatives, it is sufficient to specify these as parameterizggerfect actuation and sensing, but in practice the sensing
functions of time. In Section IV-B we describe an implemenfrom the LPS is delayed and somewhat noisy, particularly
tation of this option for a specified circular trajectory. the derivatives which are estimated based on sampled data
In the absence of a continuously parameterized path dgem the LPS. In addition, for each fan, the maps from the
scription —e.g, when we only has available a sampled-datéinteger) signal input to the force in Newtons produced by
reference input — we have the options of either generatintpe fan are quantized and may suffer irregularities. Further,
a parameterized reference signal and its derivatives basedtbe linear model of friction is approximate at best. These
the sampled data, or filtering the sampled data directly. Wmodeling considerations are described in more detail in [7].
explore the second option in Section IV-C, by combining
the reference model filter described in Section 1lI-B with the - S —

controller proposed in Section IlI-A. /\/\/\A/ — Flered acua

B. Following a Prescribed Trajectory

Path of vehicle and reference

Iy
o
T

©
o
T

y position (meters)
N

Reference
Filtered reference
— Filtered actual

. . ; . ; . . . ; i . 1 | 1 1 1 1 1 |
1 15 2 25 3 35 4 45 5 55 6 ) 30 40 50 60 70 80 90 100
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5. Time traces ofc position and its first three derivatives for the
Fig. 4. Vehicle path resulting corresponding to a circular I'e‘ce"‘9”‘3@(aje(:tor|es in Fig. 4. The reference signals are given by dotted lines and
trajectory with a constant radius and angular velocity. the actual signal by the dash-dotted line in the first plot. The filter outputs,
given the actual data as input, are shown by solid lines.
The controller of Section IlI-A was fed with a circular

reference trajectory parameterized by time as follows: C. Following a Target Vehicle

T = 2. + Acos(wpt +7), (8a) Tests were also performed for a reference input obtained
. from sampled values of the coordinatesand y obtained
Yr = ye + Asin(wrt +7). (8b) from a target vehicle. In this case, the nonlinear filter of
The inputs to the controller are the position and orientatioBection 1lI-B was used. The parameters in the experiment
of the vehicle, its derivatives in the body-fixed coordinatevere (ki, k2) = (6.45, 3.85) and (a;, a2) = (1.50,2.61).
system, and the reference trajectory along with its first threEhe filter generated smooth versionszofindy signals and
derivatives. The result of an example run with this controlletheir first three derivatives.
is shown in Fig. 4. For this data set, the reference parametersThe data set in Fig. 5 shows the performance of the filter
are (z¢,y.) = (3.5,4.0)m, A = 1.5m, w, = 0.3rad/s and when applied to the trajectories in Fig. 4. The figure shows
T = 5.1s. The controller parameters wekg = 4.0, K, = and its derivatives. The actualdata is shown in the first plot
diag(1.5,1.5) and k., = 0.6. as a dashed line. This value drops to zero a few times which
Data from an onboard gyroscope were not used in theorrespond to periods during which the vision system failed
circular reference experiment. The angular velocity signdb identify the vehicle’s location. In practice, at these times
was computed by finite difference and as a result proved tbe vision module performs a zero-order hold on the previous
be particularly noisy. In order to provide a better angulareliable value. The zeros are included in the signal here to
velocity measurements, we implemented a fourth order Bulighlight the robustness of the filter. Note that the filtered
terworth filter with cutoff frequency. = 1.5 Hz and sample signal is virtually unaffected by the erratic perturbations at
frequencyfs = 60 Hz. This reduced significantly the noisearound 52s, 73s and 94s, up to the first derivative. The
content in the computed force output; this noise also tend®cond derivative is slightly affected and it is only in the third
to be attenuated by the dynamics of the fan assembly.  derivative that these perturbations have a significant effect.



Having verified the acceptable performance of the nonlin-
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the controller and filter were used, but an onboard gyroscope
replaced the LPS in providing local angular rate information.
The target vehicle was controlled manually along the patr{l]
indicated by the dotted line in Fig. 6(a). The resultant path
of the vehicle running our controller and filter is shown solid [3]
along with the starting and ending positions of the vehicle.

[4]
B Path of vehicle and reference xandy time traces
‘ . (8]
z
i u e [6]
m\) i
X position (meters) time, s
(a) Trajectory of vehicle and refefb) Time traces for: andy reference
ence trajectory. and actual signals.
[8l

Fig. 6. Path of vehicle and target using the nonlinear pre-filter to provide
a reference for the nonlinear controller.

The time traces for the vehicle and targeandy signals [
are shown in Fig. 6(b) for the same experimental run. Target
tracking and following is achieved. The adequacy of this levelo]
of performance will depend on the situation and applicatio
It should be noted that while global convergence is prove
for the model in the absence of input constraints, the ex-
perimental vehicles here have input magnitude constraints el
well as input sign constraint (the fans are unidirectional).
The target in this particular run remained generally in fronfL3]
of the vehicle, for more arbitrary target tracking additiona[l1
considerations are necessary to take into account the in u‘tj
constraints. [15]

11]

V. SUMMARY AND FUTURE WORK 1161
We considered the position tracking control problem 0{17
an underactuated hovercraft vehicle. A nonlinear Lyapunov-
based control algorithm was described and it was showisl
to yield global stability and exponential convergence of the
position tracking error to a neighborhood of the origin that
can be made arbitrarily small. The desired trajectory does nid€l
need to be specially chosen and in fact can be any suﬁicient%
smooth bounded curve parameterized by time. To validate
the results presented, we describe two types of experiments:
the hovercraft following a circular desired trajectory anq21]
following a target vehicle. The experiments showed stability
and reasonable performance in the spite of large modellin
errors. Future research will address the problem of outp
measurement and state estimation. Another open problgm)
that warrants further research is the control of underactuated
vehicles with input constraints.
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