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PID Switching Control for a Highway Estimation and TrackiAgplied on
a Convertible Mini-UAV

Gerardo Flores L.R Garcia Carrilld, G. Sanahujg and R. Lozanb

Abstract— This paper reports current work on development the artificial landmarks, which provides relative positermd
and navigation control of an experimental prototype of a velocity of the vehicle. A switching strategy for estimain
new tilt-rotor convertible aircraft (Quad-plane Mini Unma nned the states of an airplane equipped with imaging, inertial an

Aerial Vehicle). The goal of the work consists of estimatingand . . . .
tracking a road using a vision system, without any previous & data sensing systems is introduced in [4]. The proposed

knowledge of the road, as well as developing an efficient methodology demonstrates being capable of dealing with
controller for treat with situations when the road is not detected  instants of time when the visual detection of the landmark

by the vision sensor. For dealing with this situation, we prpose  fails. A proposed solution to handle the situation when the
a switching control strategy applied in two operational regons: image is lost, is to implement different controllers, whish

road detected and no road detected. The exponential statiyiis iate si th faPD troller in th iti
proved for the subsystem formed by the lateral position taking appropriate since the use of a controfier in the position

into account the switching boundaries between the operatial ~ dynamics is not enough for attenuating disturbances (e.g.
regions. The control law is validated in the proposed platfom, ~ winds gusts [5]). The analysis and control of a VTOL
showing the expected behavior during autonomous navigatio  ajrcraft at simulation level is shown in [6]. Here the author
demonstrate the stability of the complete system divided in
I. INTRODUCTION three different modes using a common Lyapunov function.
A pointing downwards camera allows to estimate the
ehicle’s heading angle with respect to the road’s longitu-

_ ) . . dinal orientation, as well as the lateral distance that must
estimators, this research work deals not only with theuatét be corrected in order to navigate exactly over the road.

and position stabilization problems, but also with perfiorgn Two operational regions are defined with the purpose of

a path following mission. The goal is getting the Quadijeveloping a switching control strategy for estimation and

plane [1] to navigate artonomously and to follow the patrt]racking: the first one concerns the situation when the road

represented by a highway model (formed not only by Iine%I

Motivated by the theory of switching systems and th
need of developing effective Mini UAVs controllers and stat

but also by smooth curves) with the aim of trackin rounl detected, while the second one deals when it is not. Inside
. y : L 99 ese two regions, it is demonstrated that the system itestab
vehicles, exploring areas and monitoring roads as well

highways. Once the Quad-plane has achieved its goal,l' addition the system is proved to be stable in the time when

" or d to another distant target performing a transit the switch between both regions occurs. This control was
can proceed to another distant target perto gatransitl oied in real-time experiments on the Quad-plane platform

flight, from helicopter mode to airplane mode, and therEzbghowing the expected behavior during the navigation task. |

cover vast areas. In this work, we will focus on the hove{S important to say, that all the vision and control algorith
mode of the Quad-plane.

. . are embedded on the Quad-plane.
The road to be tracked is considered unknown, thus the.l_he body of the papers is as follows. In section Il we

:r?:%eisggr?t rﬁﬁg;n‘;t: ﬂl:?fopr?r:re]: dlninrea::ggﬁée':lg;hz)r(;g?; Tesent the problem statement. Next, in section Il the
P P odel of the vehicle in hover mode is presented. After

disturbances, which are present in the translational dwsa_m that, the methods for estimating the states of the Quadeplan

as well as in the attitude dynamics of the vehicle. Prewougre shown in Section IV. Section V presents a switching

research works [2] have shown that the PD controller . :
work efficiently to stabilizing the attitude dynamics of theéontrOI strategy as well as the stability proof. Section VI

Quad-rotor. Moreover, the PD controllers have proved t§resents the Quad-plane experimental platform. The behavi

f the Quad-plane during real-time experiments is shown in
ffective for navigation problems in -rotor . . .

be effective or na gation problems _Quad_ otors [3]§ect|on VII. Finally, some conclusions and future works are
The aforementioned works were no dealing with extern ; ;

. ) S resented in section VIII.
disturbance problems causing that the vision system losses
) . ) ) I[I. PROBLEM STATEMENT
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Fig. 1. Experimental platform tracking the road.

. . . Fig. 2. Coordinate systems: Inertial fram@’) and Body-fixed framek®)
xp, and z,., expressed by,, is controlled and maintained

to a minimum value, achieving a flight path well aligned
and centered w.r.t. the highway at constant forward velocit
Finally the Quad-plane performs a landing in a position near
to the end of the highway. All of these actions should be
accomplished completely autonomously without the previou
knowledge of shape of the highway and the terrain.

During some instants of time, the road that is being tracked
will not be detected in the camera’s image, due to occlusions
or image blurring, but this can also occur when the vehicle
experiences external disturbances causing the Quad-plane
to lose its stability and the navigation path. In the times
when the highway is out of the camera field of view, the
Quad-plane heading angle is controlled from thengle
measurement that the IMU provides. In order to deal with Fig. 3. Schema of the camera’s view.
situations when the image is lost, a switching strategy is
proposed, which allows switching between two different
controllers (PD and PI).

.">)’h

probabilistic Hough transform method available in OpenCV
I1l. M ODELING [9], a straight line will be represented as= x cos 0+ sin 6.

In hover mode, the Quad-plane behaves like a conventiong€ center of gravityz, y,) of each line detected can be
mputed as, = cos(f) andy, = sin(#). Where the index

Quad-rotor, then we use the well known mathematical modé&P Y ; g P R "
of the Quad-rotor [2]. For the purpose of control we will use® related to the ling. Let's define(x?, y%) as the initial point

the linear model (1) instead of the nonlinear version, sinc%f the line, located below the image’s lower margin, and let

in general the vehicle operates in areas whéfe< /2 T, Yh) be_the Iine’s_ final point Iocate_d_ above the image’s
and|¢| < /2, these constraints are satisfied even when tH&?Pe" margin. If Ehe line hias,?> 0 positive parameter, the
nonlinear model is used together with a feedback contrgl [Zj:oordmates(xl,yl) and (2, y) Will be computed as

[7]. The corresponding coordinate system is represented in

(Fig.2). , a7 =wg +&(=sin(0) 5 yr=yo+Ecos(d) (2)
&= @ = 0 T =g —E(=sin(0)) 5y =yo—Ecos(d) (3)
j)g = —011,1 92 = U2
o= 0 o= 2 (1) where¢ is a known constant defining the line’s bounds. If
V2 = du ¢z = us p <0, (z'n, yi) will be computed as in (2), whiléz}, yi)
= Y1 = Y2 will be computed as in (3). The parallel lines extracted from
2 = 1—wu o = ug the road’s projection on the image are grouped together
with the objective of obtaining a mean line, which will
IV. VISION-BASED STATES ESTIMATION uniquely represent the road in the image with a pair of

k2
Ty

A sufficiently smooth road is represented in the cameraigitial co?rdinatesm =Ty = % and final coordinates
image as a group of lines, (Fig. 3). A straight line in thexp = ”TF Yyr = yTF Where i is the number of lines
image can be seen as a segment of infinite length and whaspresenting the roadyx;,y;) stands for the initial road
center of gravity belongs to the straight line [8]. Using thecoordinate andxr, yr) stands for the final road coordinate.



A. Relativey heading angle computation which allows to switch between two different strategies for
d computing the vehicle’s states. We define also the time event
the point (zp,yr) can be computed asy, = Ty as the time_ when the binary signgl switghes frd)r_to
arctan (yp — yr, r — a7), this value is used for obtaining 0, and T, the time event when the binary signal switches
the heading angle, that will align the vehicle’s longitudinal TOM 0 to 1. _ _ _

a-axis (z;,) with the road’s longitudinal axigz, ), (Fig. 3). F|rs_t, consider the deswe(_j heading angle computation. The
Finally we can expresgy as equation (6) permits to define

wd _ wr + g (4) ws(t) = S(t)¢d(t) + (1 - S(t))¢IMU(TeO) (7)

o , . whereyy(t) is obtained from (4)i;nu (Tso) is the IMU's
the therm; is added to adjusty to zero wheny: s neading angle measurementZat, and () is the desired

vertically aligned withzy,. heading angle that will be used in the Quad-plane embedded

controller. From this result, (7) allows switching fromja(t)

generated by the imaging algorithm, and &t) defined by
Lets consider an image-based distan¢ealong the cam- the IMU's heading angle value at the time when the road

era’s z. axis, which is defined between the road’s centefyas not detected on the image.

of gravity projection(z,,y,) and the vehicle’s center of  Now, lets consider the vehicle’s lateral position estiirati

gravity projection (zo,yo), (Fig. 3). If zin > zyi, then \hen the road is out of the camera'’s field of view. Equation

s = (U452 4 2p) — &, wherec,, represents the image’s (6) permits to estimate

width in pixels. If z; < xr, ; must be replaced byr and

vice-versa. Using¢, the lateral position of the aerial vehicle  €ys(t) = s(t)ey(?)

The angle between the camera's, axis an

B. Lateral position with respect to the road

relative to the road is estimated as Tar (8)
. (1= s0) (eTa)+ [ i)
x T.
ey — Za_ (5) s0

where e, (t) is obtained as in (5)e,(Ts) is the lateral
position estimation afyo, andy(t) is the vehicle’s lateral
velocity obtained from optical flow estimation. From the
equation (8), it is possible to switch between two different
methods for estimating the vehicle’s a lateral positiontw.r
By implementing an optical flow algorithm to the camera’she road. In the first method, the lateral position is obtaine
image, translational velocities can be estimated. Considgom the road line detection in the camera’s image. The
that the arrangement camera-vehicle is moving in a 3-Becond method uses the road’s positiofiigtin combination
space w.r.t. a rigid scene. When performing an optical flowith the integral ofy during the time the road is not being

computation, the coordinates of the;,y;) features are detected by the imaging algorithm, i.e., during a time define
known, in fact, they all undergo the same movement. Ay time eventsl;, and 7.

mean value for the optical flow can be expressed by using
all the tracked features a3F, = Vor, + K.Vor, + Ror, V. CONTROL STRATEGY

andOF, = Vor, + K,Vor, + Ror,. The termsOF; and The proposed control strategy is based on the idea that
OF, are the optical flow means measured in the imagge giobal system (1) is constituted of two subsystems, the
coordinate system, the relative depth is expresselias, aititude dynamics and the position dynamics, each one with
and K, K, are constant scale factors depending on thg (ime_scale separation between them [11]. From this fact, i

intrinsic camera parameters. The rotational optical flame& js hossible to propose a hierarchical control scheme where
Ror, and Ror, are compensated and the pseudo-speegg, osition controller outputs desired attitude angies ¢,

(Vor,,Vor,,Vor.) are deduced, by using a similar ap-gn4.),,) which are the angles to be tracked by the orientation
proach than the one presented in [10]. This method providggnirollers.

—z% =z, —zijy = ¢ and zVor, = %, where we

are considering that the camera and Quad-plane arrangem@ntAttitude Control

share the same movement, i.if,y¢, 2¢) = (&, 9, £). The integral sliding mode control is used for stabilizing

the attitude dynamics of the Quad-plane. The approach is

aé%(plained for the pitch dynamics, but the same procedure

must be followed for generating the roll and yaw dynamics.
In a real experimental application, the image of the roa@the error equation for the pitch sub-system is defined as

can be lost in certain moments. To address this problers, lef); = 0, — 6:1,. Lets choose the switching function defined

define a binary signat : [0, 00) — {0,1} as in [12] as

where z represents the Quad-plane’s height andis the
focal length of the camera, in the. direction.

C. Translational velocities estimation

D. States computation when the road is out of the camer
field of view

) = 0 road not detected at time
s T 1 road detected at time

(6) 0(0,1) = 61 +228; + \? / 01(7)dr (9)
0



In (9) the parameten\ is the slope of the sliding line, with e,, = (Y, ya,,€)T. Then, (13) can be represented as
which should accomplishedl > 0 to ensure the asymptotic é,, = Are,, Where
stability of the sliding mode. The time derivative of (9) can

be calculated agp = us + 2)\02 + A20;, and from the A; = ]S li ko 14
sliding mode condition> = 0, we find the equivalent control L= __fg _0L4 81 a4

ug,, = =203 — A20,. For obtaining a control law such that
6, remains on the sliding surface(d,t) = 0, V¢ > 0, we The control schema when the line is not detected proposes
propose the Lyapunov function candidatep) = %@2. A the same structure given by (12), with the difference of

condition for the stability of the pitch sub-system is g having a set of alternative gains. Thus, the closed-loop
if we can ensure that the conditiarfp) = 14?2 < njp| system is represented by, = Anre,,, Where

holds forn > 0. Thus, the system remains on the sliding

surface and the states go to the origin. Theh < —n|y| Aoy — _ko ‘ _kl i 0 (15)
and the controller must be chosen in a way that = NL = _N1L3 6“4 ]\(’)“

us,, — Ksign(p) where K > 0.

herekyrs, knpsa andky; are positive real numbers.

It is important to mention that in the experimental plat-
The movement in the —y plane is generated by orientat-form, the gains were chosen experimentally, this resulted i
ing the vehicle’s thrust vector in the direction of the dedir gjfferent values for both cases. When the road is detected,

displacement. Therf,; and¢, behaves as virtual controllers the values were selected &5 = 1800, K14 = 650 and

for the positioning dynamics. The control proposedfan  f, . — 1. Gains were selected sy 3 = 1800, kyrs = 1

B. Position Control

o, respectively, are defined by and kxr;r = 20 for the case where the highway is not
ur = kps(21 — 21y) + kvz(z2 — 22,) + 1 (10) detected.
g — lexlnimm)thelta=ra) ) C. y-Posiion Contol Stabily Analysi
1

In this section we prove the stability in each region as
wherekyz, kps, kp. andk,. are positive real numbers. well as in switching boundaries, i.e., when the gains of (12)
1) y-Position Control: The lateral position control is switch to alternative values.

formed by a pair of PID controllers, one for the case where It is possib|e to find a common Lyapunov function for
the highway is detected and the other one for the case Wth@ closed-loop system formed applying the two controllers
it is not. The PID controllers have different gains with thQ)f the lateral position dynamics [13]. However, under this
goal of obtaining a behavior like a PD (when the highwaypproach, same pole locations need to be chosen in the two
is inside of the camera’s field of view) and a PI (when theases: when the highway is detected and when it is not.
highway is not detected) controller according to the gaipor the present application different gain values are being
values chosen. The PD controller ensures a rapid response §@plied. Thus, we can define a state-dependent switched

maintaining the vehicle'y coordinate at a minimum value, |inear system given by the closed-loop system and the
i. e.,y = 0 [5]. The PI controller is used when the vehicleswitching conditions

looses the image of the highway, since at this moment a

switch to an alternative method for measuring theingle byy = { Arey, !f Ya, <0 (16)
andy position occurs. In both cases the control objective is Anrey, if ya, >0
to regulate they; state to the origin, i.ey14 = 0. Note that each individual system in (16) is stable, since the
The control schema when the line is detected, proposesyiatricesA; and Ay are Hurwitz.
feedback control law given by Now, suppose that there exists a famill,, p € P of
1 functions from&™ to R", with P = 1,2, ..., m defining the
¢ = u—l(—kL3y1 = krayz + krif) (12)  finite index set. For the linear system case, this results in a

family of systems: = A,z with A, € ®™*". Now we define
a piecewise constant function : [0,00) — P with finite
number of discontinuities, named switching times, defined o

wherekys, kp4 andky; are positive real numbers. Here we
have introduced the additional statewhere{ dynamics are

given by¢ = y14 —y1 = —y1. Defining a distance namet} every bounded time interval. Thengives the index (t) €
as the lateral position existing between the vehicle’s exent ) . . .
P of the system that is active at each instant of time

of gravity projection and the point where the camera los .
the image of the highway (Fig. 3), a change of coordinatgzhe next theorem proves the stability of the whole system

can be made such thal, — y1 + d. and i, — ya, — yo IS including in the times where the switch occurs:
its derivative. Thus, using the control (12), the closedplo .Theorem 1-C°$S'der Vectors,, symmgtrlc matncesSP
system of they dynamics is given by Wlth. Qefr:x S,,a.: > O},. Vp € P having non-negative
entries and symmetric matricé3, such that:
Udy = Yds T
Yd» = —kr3yd, — kraya, — krié (13) Ap By + Py Ay + 5pSp <0, G20 (17)
£ = —va 0 < Py — Py+ foglpy + tpgfog fOr somet,, € R (18)



With the boundary betweef?, and 2, of the form {z :
g; = 0}, fpq € R™. Then every continuous, piecewigeé s
trajectory of the systemh = A, tends to zero exponentially.
Before proving Theorem 1, let’s use the following theo-
rem. w w w w w w
Theorem 2:The systemi = f(t,z), f(t,z) = 0, is time [5
exponentially stable on the regidn = {z € ®"|||z| < r} if 5
there exists a Lyapunov functidri(¢, ) and some positive
constantse;, cq, c3, such thatVv(t,z) € [0,00) x Do,
Dy = {z € R"[||x]| < r/m}

0 [deg]

¢ [deg]
L‘T‘ o
%
C 1 Il

a2l < V(t,z) < ea|z|? (19)
ov. oV 9
- < - 2
o + g < —callzl (20)
where m is the overshotfrom definition of exponential s - - - - - -
stability. timels
Proof: See [14], pp. 169. [ |

Proof: [Proof of Theorem 1 | The proof relies on therig. 4. Behavior of the Euler angles during the experimetie System
Theorem 2, then using the Lyapunov function candidateas disturbed in the) angle att = 34s.
V(z) = 2T P,a and assuming that(t) is continuous and
piecewise C!, hence,V(t) has the same characteristics.
Premultiplying and postmultiplying the condition (18) by VII. EXPERIMENTAL RESULTS
the inequality on the left side of (19) is satisfied. In the The strategies for states estimation and control propesed i
same way, inequality (20) follows if we premultiply and Section IV and V, were validated in real-time experiments,
postmultiply both sides of (17) by. which can be described as follows. An autonomous take-off
m s performed, where the goal is to achieve a desired altitude
of 0.70 m over the road. Once at this height, the helicopter
VI. EXPERIMENTAL PLATFORM can detect the road, which allows orientating its heading
A. Quad-plane platform and stabilizing its lateral position, achieving a flying Ipat
well centered over the road. The vehicle is then required to

The control algorithm is implemented on the the Gumsti avigate forward at a desired speediofi/s, regulating its

cqmputerthat Is based on a 72.0 MHz ARM Cortex-A8 CP eading angle and lateral position w.r.t. the road. Once the
with 512MB Flash. memory. It s the heart of the embedde ehicle is near to the end of the road segment, the landing
system and const|_tutes the Fl'g_ht Contr(_)I Computer (FCC?S performed autonomously, and the vehicle descends slowly
The control law is executed in real-time at a 100 H o the ground.

frequency. Inertial measurements are provided at 100 Hz by

: . The switching between the two states estimation ap-
means .Of a 3D.MGX3'25 Inertial M'easurement Um.t (IMU)proaches is illustrated in figure 7. The graphic on the middle
from Microstrai®. For more details of the experimental

latf 1 represents the time instants where the line is being detecte
platform see [1]. (s = 1) and where the line is not being detected={ 0).
B. Embedded vision system The upper graphic represents the desired heading angle as

o ) _computed from (7). The lower graphic represents the lateral
The embedded vision system includes a PlayStétion position error as computed from (8). As we can see in the

Eye camera, and a Flying Netbook computer, where thgyres 4, 5, 6, 7 and 8, the vehicle was perturbed iangle
vision algorithms are programmed. The camera is capable Qi i they position. It is important to say that the graphs

providing 120 images per second of a 320 X 240 resolutioyqyed corresponds at the experiment that can be seen at

The camera is used for observing the scene below the Vehiﬂﬁp://www.youtube.com/watch?v:fAQvSXPAGSQ
and record the image and video. The translational velogity i

the  — y plane is obtained from an optical flow algorithm, VIIl. CONCLUDING REMARKS

which is based on the pyramidal Lucas-Kanade method.  One limitation that we have seen in the real-time exper-

iment was related to the maximum velocity in which the

Quad-Plane can estimate and track the road. Due to the
The helicopter is communicated wireless to a grountimitation on time of the vision algorithm the vehicle has

station PC where a graphical user interface (GUI) allowa limited speed.

monitoring and controlling the Quad-plane. The user can vi- The zeno behavior was no studied in the theoretical part

sualize, in real-time, graphics representing the measemésn of the work, but in practice, this phenomena does not occur

from the on-board sensors as well as graphics representimgreal-time experiments. However, a study related on this

the control law computation. phenomena should be treated on future works.

C. Ground station
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0 ‘ ; ; ; ; ‘ Fig. 8. z — y plane of the navigated path. In this figure we show the

0 10 2 (el 40 50 80 switching effect in the lateral position dynamics (see geak(z,y) =
(2.4,-0.55), (z,y) = (4.6,2.2) and (z,y) = (5.45, 3.15)) when the
system is disturbed and the camera losses the highway image.

Fig. 5. Position of the vehicle during the experiment. Thetem was
disturbed in they position att = 26s andt = 45s.
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Future work will focus on the development of a hybrid
control for switching not only controller gains but also
control strategies.



