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Abstract. Event-triggered control is a resource-aware sampling strat-
egy that updates the control value only when a certain condition is
satisfied, which denotes event instants. Such a technique allows a reduc-
tion of the control’s computational cost and communications demand.
In this paper, an asynchronous feedback is developed for event-triggered
stabilization of a PVTOL (Planar Vertical Take-Off and Landing) system
wherein the control loop is closed through an Internet connection. The
proposed feedback ensures asymptotic stability to the desired position.
Real-time experiments are carried out in order to show the convergence
of the PVTOL to the desired position as well as robustness with respect
to external disturbances. Results show that the proposed strategy can
reduce the number of control updates and consequently reduce the com-
munication traffic over the network without sacrificing performance of
the whole system.

Keywords: PVTOL, Network Control, Event-Trigger, LQR Control,
Attitude Stabilization

1 Introduction

A cyber-physical system (CPS) is the integration of computation with physical
processes. Embedded computer networks monitor and control the physical pro-
cesses, usually with feedback loops where physical processes affect computations
and vice versa. The intersection between physical and information-driven (cyber)
functions represents a challenge and results in innovation [1]. For CPS, the use of
digital platforms and networks emerges as an obvious trend to save space, weight
and energy. However, digital implementations can result in additional challenges,
like determining how frequently the control signal needs to be updated and
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applied such that the stability properties are still guaranteed.

In this context, Network-based control has emerged recently as a topic of
significant interest in the control community. The reason for this is that in many
practical systems it is difficult to install the physical plant, controller, sensors and
actuators in the same place, and thus signals must be transmitted from one place
to another. In modern systems, these components are often connected over the
network media, giving rise to the so-called networked control systems [2],[3],[4].
Consequently, the traditional periodic control design cannot be applied anymore
in embedded and networked systems (with limited resources) so resource-aware
implementations are required. Recent work addresses alternative frameworks
where the control law is event-driven. Whereas in the classical time-triggered
approach the control law is computed and updated at the same rate regardless
of whether it is really required or not, the event-based paradigm relaxes the pe-
riodicity of computations and communications by calling for resources whenever
they are indeed necessary. A notable example is shown in [5] where the control
law is updated less frequently than with a periodic scheme while still ensuring
the same performance. Typical event-detection mechanisms are functions of the
variation of the state (or at least the output) of the system, like in [6], [7],
18], 19], [5], [10], [11], [12], [13]. Stabilization of linear and nonlinear systems is
analyzed in [14], [15], [16], [17], where the events are related to the variation
of a Lyapunov function or the time derivative of a Lyapunov function (and
consequently to the state too). Although event-based control is advantageous
regarding computational resources, and many works report theoretical results
(about stability, convergence and performance) only few works report practical
implementation [18].

Among many embedded and networked cyber-physical systems, Unmanned
Aerial Vehicles (UAVs) have received growing interest in research. They may
prove useful for many civilian missions such as video supervision of road traffic,
surveillance of urban districts, forest fire detection or building inspection. This
progress was motivated by the enormous military/civil applications of such
vehicles along by the technological progress in sensors, actuators, processors,
power storage devices and communication technology. The Planar Vertical Take
Off and Landing aircraft (PVTOL) represents a challenging nonlinear system
problem that is often considered a benchmark model in aerospace engineering
to design control laws for UAVs since it can be seen as the projection of a six
degree of freedom flying body into a vertical plane attached to the body [19].
Furthermore, the dynamics of the PVTOL system includes many difficulties that
explain the popularity of this model such as the under-actuation (three degrees
of freedom for only two controls), or the non-minimum phase property (zero
dynamics that are not asymptotically stable). This system also concentrates all
the difficulties of the well known Brocketts integrator (also referred to as the
unicycle) that one gets by neglecting the coupling factor and the gravity. Since
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its introduction in [20], a great number of approaches have been proposed to
control this peculiar system. The proposed control approaches can be classified
into two families: trajectory tracking or path following control approaches [21,22]
and stabilization control approaches [23,24,25,26]. In spite of the great number
of papers found in the literature, the PVTOL control problem remains an active
area of research.

In the present paper, a networked control systems, where the control loop is
closed over a Internet connection is addressed. A deported event-triggered con-
troller is designed to control a PVTOL system. The update policy is driven by
events dependent on the time derivative of a CLF. The idea is to show that
an event-triggered scheme could reduce the number of control function calls
and consequently the network communications traffic even in such a case where
rotor blades have to be actively controlled. The rest of the paper is organized
as follows. In Section 2, the event-based control strategy for linear systems is
detailed. Section 3 introduces the PVTOL mathematical model and states the
problem of the control strategy for position stabilization. Experimental results
are presented in Section 4 and discussions finally conclude the paper.

2 Event-Based Control for the Stabilization of Linear
Systems

Let us consider the linear time-invariant dynamical system

&= Ax + Bu (1)

with € R™, u € RP. For sake of simplicity, null stabilization with initial
time instant ¢ty = 0 is considered. Also, by event-based feedback we mean a set of
two functions, namely ¢) an event function e : R” x R™ — R that indicates if one
needs to recompute the control law (when e < 0) or not (when e > 0) and ) a
feedback function + : R® — RP. The solution of (1) with event-based feedback
(e,7) starting in x¢ at ¢ = 0 is then defined in [16] as the solution (linear case)
of the differential system.

& = Az + Bvy(m) (2)
_Jaz if e(z,m)<0,z#0
" | m otherwise

with  2(0) =29 and m(0) = xo (4)

Here we recall the definition of semi-uniform Minimum Sampling Interval
(MSI) event-triggered control:
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Definition 1. [16] An event-triggered feedback (v, €) is said to be semi-uniformly
MSI if for all § > 0, and all xo in the ball of radius § centred at the origin B(J)
the inter-execution times, that is the duration between two successive events, can
be below bounded by some T > 0.

With this formalization, the control value is updated each time e becomes
negative. Usually, one tries to design an event-based feedback such that e cannot
remain negative (and so the control is updated only punctually). The time
instants where it is negative can therefore be considered as events and m is
the memory of the value of the state at the last event. In addition, one also
wants two events to be separated with a non vanishing time interval to avoid
the Zeno phenomenon. All these properties are encompassed in the well-defined
property introduced in [16], where a well-defined event-based control is a piece-
wise constant control with non zero sampling intervals. In the same paper, it
is proved that nonlinear systems affine in the control and admitting a Control
Lyapunov Function (CLF) can be globally asymptotically stabilized by means
of such event-based feedback.

Proposition 1. Consider the linear time-invariant system & = Ax + Bu. Let
P be, the positive definite matriz solution of the Riccati equation

AP+ PA—ePBBTP=-Q,Q >0 (5)

Then V(x) := z¥ Px is a CLF for the system since for all x, u = f%eBTPx
with € € RY renders V' strictly negative for  # 0.

Proof. The proof is trivial, since it is a slight variations of the well-know Lya-
punov’s results [27]

Then, we have the following theorem, which is a particular case of the event-
based universal formula proposed in [16]:

Theorem 1 (Event-Based LQR Stabilization). Taking the CLFV = 27 Pz
for system (1), where P is a positive definite matriz solution of the Riccati
equation (5), then the event-based feedback (e,~) defined by

+(m) = —5eBT Pm (6)
e(z,m) = (o — D)aT (ATP + PA)a:

—4axTPBR—1BTP(ax - m) (7)
with o €]0,1]

where m is defined in (8). Then the control law (6) is well-defined and the closed-
loop system is asymptotically stable.
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The idea behind the construction of event-based feedback (6)-(7) is to com-
pare the time derivative of the Lyapunov function V(z) in the event-based case,
that is applying v(m), and in the classical case, that is applying v(x) instead of
~(m). The event function is the weighted difference between both, where o is the
weighted value. By construction, an event is enforced when the event function
vanishes to zero, that is hence when the stability of the event-based scheme does
not behave as the one in the classical case. Also, events will be more frequent
with smaller o.

Proof. The proof was given in [16] for nonlinear affine in the control systems.

The particular case of linear systems is hence trivial.

3 PVTOL Mathematical Model and Control

In this section the system’s mathematical model is presented. Afterwards, the
problem statement and the control design will be shown.

3.1 Mathematical Model

The PVTOL aircraft considered in the present work is composed of two inde-
pendent motors which produce a force and a torque on the vehicle. The main
thrust, T, is the sum of each motor thrust which is a function of the motors’
angular velocities. The roll torque, I', is obtained from the difference between
motors’ thrust f; and f5, that is

T =(f1+ f2) (8)
I'=1(f1— f2) (9)

where [ is the distance between the rotor and the aircraft’s center of mass.

Fig. 1. PVTOL
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From Fig. 1, we can have the following dynamic model of the PVTOL aircraft:

miy =T cosf —mg — cy
mi = —Tsinf — ct

Jo=T—cb

(10)

where z,y denote the horizontal and the vertical position of the aircraft’s center
of mass, 6 is the roll angle of the aircraft with respect to the horizon, m is the
total mass of the aircraft, g is the gravitational acceleration, J is the moment of
inertia and c is the damping coefficient which will be considered zero for design
purpose. These equations describe the motion of the vehicle as a set of three

coupled second order differential equations.
We introduce the state vector T = (x1 x3 x3 x4 x5
system is then represented in state variable form as

l"l:l‘g
. T c
Ty = —COSTy — g — —XT2
m m
T3 = T4
. . Cc
Ty = —— STy — — T4
m m
.56.5:336
. I ¢
Tg — - — —=Tg
J J

26)T = (x @y y 0 0)T. The

(11)

In order to achieve the stabilization in a desired point x., it is convenient to
redefine the state and the input so that z. is an equilibrium point of the system
with zero input. Letting z = & — x., u =T — mg, the equations become

Z-l = Z2

. U+ mg c

Zy = cos(z5) —g — —22
m m

2'3 = Z4

. u+mg . c (12)

2y = — sin(zs) — — 24

m m

2:'5 = Zg

. I ¢

6= — — —2z

6= 7 = %

The linearization of system
x.)with ¢ = 0, yields

z2=Az+ Bv
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where
0100 0O

0000 0 0
0001 0 0
0000-g0|"
0000 0 1
0000 0 0

o oo o3lfko
o oo oo

and the control vector is

v=(v1 v2)T = ()T (15)

3.2 Problem Statement

The objective is to design a control law that drives the PVTOL to a specified
constant position starting from any initial condition such that the linearization
remains valid.

On the other hand, the PVTOL benchmark is equipped with two computers,
called local computer and deported computer, an acquisition card, an Attitude
Heading Reference System (AHRS) and an infra-red sensor. The AHRS, infra-red
sensor and local computer continuously monitor the state  (angular and linear
position and velocity) which is continuously broadcast over the network, and
is denoted by x(t) (see Fig. 2). Then, based on current state information and
the last computed control signal, which is piecewise constant, the event-function
decides when to calculate, to update and to broadcast the control signal over the
network. The last step is carried out on the deported computer. Whenever the
local computer receives a new control signal, it updates and applies the signals
for the actuators (PWM signals).

Thus, the problem consists of showing that the PVTOL system can be
stabilized by means of event-triggered feedback as defined in Section 2, i.e. with
the control law (6) together with the event function (7). Another motivation is
the reduction of network traffic. Reducing the traffic used for control (thanks
to an event-triggered approach) allows i) to reduce traffic congestion over the
network and ii) to broadcast other sensor data such as video.

3.3 Event-Triggered Control
Now, we have the main result.

Corollary 1. Consider the PVTOL dynamics given by (10) and (12) and the
CLF given by V(z) = 2T Pz. Then the event-triggered feedback (vy,e) defined by
(6) with z as state variable, stabilizes the PVTOL system locally (z — 0 i.e.

T — x.) . Furthermore, the feedback (v, e) is semi-uniformly MSI and smooth
on RS,
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PVTOL system

IMU and

infrared
sensor

Local computer

Network

()

Deported computer

Fig. 2. Block Diagram

Remark 1. Assuming that the whole state of system (13) can be measured and
(A, B) is a stabilizable pair, then, it is known possible to design a state-feedback
control that minimizes the value of an (infinite horizon) quadratic cost functional
defined by

J = /00 (ZTQZ + efluTu> dt (16)
0

where @) is a positive definite matrix and € is a positive constant. The control
law
u=—eBT Pz (17)

stabilizes (13), where P is a positive definite matrix solution of the Riccati
equation

ATP 4+ PA—e¢PBBTP-Q=0 (18)

Note that the first and second terms of (16) correspond to the energy of the
controlled output and the control signal respectively, and the LQR strategy
has to minimize both. However, decreasing one requires the other to be large,
and viceversa. The role of e consists in establishing a trade-off between these
conflicting behavior (the smaller € is, the larger control is and smaller the output
is).

Note that the optimal LQR feedback (17) is twice the event-triggered feedback
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(6) . Therefore, the process of tuning the LQR is applicable for tuning the
proposed event-based feedback which is important from a practical point of
view.

4 Experimental Results

Data

acquisition
system l

Acquisition
states and

application
the control

Calculate
control

motors
Emergency
Stop

sensor

Fig. 3. System PVTOL of CCS-Lab

In this experimental section, the effectiveness of the network control is shown
by means of the event-trigger approach proposed in section 2. The real-time
stabilization tests were performed with the PVTOL system developed to the
Control Systems Laboratory of the Electronics Faculty at Autonomous Puebla
University (see Fig. 3). The system consists of a structure of carbon fiber for the
frame, two brushless motors, an inertial measurement unit', an infrared sensor,
the DAQ National Instrument? and a mechanical structure of aluminum. The
prototype is connected to a computer that acquires the state vector and applies
control signals to the motors. This data is sent through the network to a second

! http://www.microstrain.com/inertial/3DM-GX1/
2 http://sine.ni.com/nips/cds/view/p/lang/en/nid/203224/
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computer that calculates and returns the control signals (see Fig. 3). For this,
both computers have the software Labview installed. In order to hover, the pro-
pellers generate enough force for elevation. One propeller rotates clockwise and
the other one counterclockwise to create torque around the y axis. The rotational
movement depends on the velocity difference between the two propellers.

Table 1 lists the main parameters associated with the PVTOL system.

Table 1. Parameters associated with the PVTOL

Symbol Description Value
m  Mass of the system 0.433 kg
d  Distance from pivot to each mo- 0.163 m
tor

J  Equivalent moment of inertia 0.0552 Kg - m?
roll

The charts (a)-(i) present the results obtained in the two experiments. The
charts (a)-(b) shows the altitude and linear velocity whereas angle roll and
angular velocity are provided in the charts (c)-(d). The charts (e)-(f) show
the control signals that contains the “thrust” and the “torque” and chart (g)
is the Lyapunov function, which we can see decreases while the system begin
stabilized. Charts (h)-(i) give the event function and a representation of the
sampling instants where 1 means the control is updated and 0 indicates that is
kept constant. The event function behaves as described in equation (7).

For the control law, the values ¢ and € of the event function for all three cases
are 0.89 and 1 respectively. The o value determines the frequency of events.

Stabilization of PVTOL: In the first experiment, the stabilization of the PV-
TOL by the networked control is tested, bringing the system from y = 0.35cm
to y = 0.58cm. The results are depicted in Fig. 4(a). The angle of the system
remains stable around 6 = 0 degrees see Fig. 4(c). In Fig. 4(i), it is shown
that some large intervals without any samples exist. This test was carried out
in 6.5 seconds in which the control was calculated 266 times, which is 65 %
of the feedback for continuous control. During this period, the Lyapunov
function approaches zero, as can be seen in Fig. 4(g). Fig. 4(e) and Fig. 4(f)
give the force required for stabilization.

The Robustness of network control to disturbances: The second exper-
iment tested the robustness of the proposed control against disturbances.
It started with the system in the point y = 0.35cm. In this first part, a
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disturbance is applied in the angle § = 0. After the system was stabilized,
the target altitude of y = 0.58cm was set, and another disturbance was
applied in the altitude. Once the prototype reaches the equilibrium, the
target altitude was changed to y = 0.49cm and another angular disturbance
was applied, see Fig. 5(a). Fig. 5(c) shows the behavior of the x axis and
angular velocity during disturbances. Fig. 5(g) shows how the Lyapunov
function decreases while the system is stabilized. Likewise the event function,
Fig. 5(h), is greater than 0 when there are disturbances causing more control
updates. Fig. 5(1) shows the 484 times that the algorithm was calculates in
14 seconds.

—
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Fig. 4. Stabilization of PVTOL without disturbances
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5 Conclusions and Future Work

The aim of this paper was to implement an event-based control strategy wherein
the control loop is closed through a Internet connection. This work is based
on the general formula introduced in [16] and the contributions of event-based
LQR reported in [28]. The results obtained during the experiments showed the
effectiveness of the proposed control strategy for the nonlinear system (although
it was designed for the linearized system). The results also showed that the
proposed strategy can reduce the number of control updates and consequently
reduce the communication traffic over the Internet connection without sacrificing
performance of the whole system. Although experiments only considered the
altitude and angle, in future work the whole state will be considered.
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