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Abstract: This paper proposes a novel event-triggered adaptive control of a drone-ball-beam (DBB) system, in which a
drone and a ball-beam system are connected by wires. The proposed controller can track the ball position to a reference
signal even under parameter variations. Furthermore, by introducing an integrator with an auxiliary signal into the control
system, communication failures between the controller and the drone can be detected. The effectiveness of the proposed
control system is evaluated by theoretical analysis and numerical simulation.
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1. INTRODUCTION

In recent years, works carried out by drones have
become more complex and sophisticated. Drones are
being used in various fields, such as rescue operations,
automated transportation to remote islands, and so on.

Considering these circumstances, this paper addresses
the problem of remotely controlling a ball-beam system
[1,2] by using a drone as shown in Fig. 1. This system
is a drone and a ball-beam system connected by a wire
called the drone-ball-beam (DBB) system. The ball’s
position is controlled by the angle of the beam, which
the drone manipulates. Based on the event-triggered
control [3] and high-gain adaptive control [4], this paper
presents a new event-triggered adaptive control method
for the DBB system. The proposed control system
automatically adjusts controller parameters online, which
enables robust control of ball mass variation. In addition,
introducing the integrator with an auxiliary signal [5] to
the control system makes it possible to detect failures
in communication between the controller and the drone.
After detection, switching to another communication line
restores the stability and the control performance. The
effectiveness of the proposed control system is verified

u=U—mg

Ball & Beam

Fig. 1 A drone-ball-beam system

1 Daiki Shinmura is the presenter of this paper.

978-4-9077-6487-6 PR0001/25 ¥400 © 2025 SICE

863

not only by theoretical analysis but also by numerical
simulation.

Symbols

the vertical position of the drone

the mass of the drone

the thrust force of the drone

the acceleration of gravity

the tension of the wire

the angle of the beam

the inertia of the beam (with the ball)
the length of the beam

the position of the ball from the center
of the beam

e NG INe T3

M the mass of the ball
b the coefficient of the force by the gravity
Remark: z, 6 and y are values from an equilibrium

point, (z,6,y) = (z*,0,0). This paper uses the SI unit
system.

2. PROBLEM STATEMENT

Consider a system which consists of a drone and ball-
beam system as shown in Fig. 1. The drone pulls up the
beam with a wire to control the position of the ball on
the beam. The beam is free to rotate around “O”. The
mathematical models of those systems can be derived as
follows [2].

mi=U-mg—T (1

JO=TL— Mg (L—y) ()

2

y:bsinez%z 3)

It is well known that b = 7 if the approximation, g ~ 9.8
is applied. This means that the model (3) does not depend
on the sizes of the ball and the beams.

Now, define the error signal by

“4)

e=r—y
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Fig. 2 The event-triggered adaptive control system

where r is the reference signal for y to track. The control
objective is to achieve the following A-tracking.

limsup |e(t)] < A 4)
t— oo

where A > 0 is an arbitrarily small constant.

Assumption 1. z, Z, e, é (= —y) and L are available.

3. CONTROL SYSTEM DESIGN

This section constructs the event-triggered adaptive
control system shown in Fig. 2. The dashed lines
indicate wireless communications, and “ETM” is the
event-triggering mechanism.

3.1. Adaptive tracker by state feedback
First, the control input u is given by

u=U—mg (6)
Then, the transfer function from u to y is calculated as
Lb
Gls) = (7)

(mL? + J)s* —bMg

Unfortunately, the following adaptive tracker cannot be
applied to this system because its relative degree is four
[4].

®)

p=00e® —aip ©)
where o0y > 0 and o7 > 0 are any constants. To solve
this, introduce the derivative filter H (s) to G(s).

Ue = pe

H(s) = 8° + ass® + a15 + ag (10)

where a9 > 0, a3 > 0 and a3 > 0 are constants
selected so that H(s) is a Hurwitz polynomial. Because
the augmented system G(s)H (s) has a relative degree of
one, the adaptive tracking input u. can be applied to the
augmented system.

u =

dBu,. d?u,. du,

i g TN

= fs(e,é,z2,2,p) + asfa(e, é, 2,p)
+ax1 fi(e, é,p) + ao(pe)

=! Up

+ az + agu.

Y

where f1, fo and f3 are shown in Appendix.
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3.2. Event-triggering mechanism

Next, introduce the ETM [3] on the controller side.
The control input u can be rewritten as follows.

u(t) = uh(ti), Vt € [ti,tprl) (12)

Each ¢t; (+ = 0,1,...) is defined by the triggering law:
to = 0 and
tipr :=inf {t > t; | |e(t)] > €0} (13)
£ = uh(ti) — uh(t), Vt € [ti,ti+1) (14)

where €9 > 0 is a constant. Using the above ETM
guarantees that |e(t)| < g9, V¢ > 0.

Lemma 1. All the signals of the event-triggered
adaptive control system constructed above are bounded.
Moreover, for given ), there exist y, o and 7" such that
the A-tracking (5) can be achieved.

Proof. The transformed state equation of the augmented
system is expressed as

J=oy+Bu.+8+¢ w+ly, B3>0

w=0w+ry+1 (15)

where «a, 3, ¢ and ¢ are constants, a vector and a matrix
respectively, w is the state of the augmented system, € is
a virtual signal of ¢ filtered by 1/H (s), and Iy and I, are
bounded disturbances caused by the gravity.

The error system can be obtained as follows.

é=—PBp"—a)e+B(p*—pe
—BE— @ w —ly,

w=0w+ Kkr — ke —1; (16)

Because of the minimum phase property of (14), all
eigenvalues of ® lie in the left half complex plane. Hence,
for any positive definite matrix (), there exists a positive
definite matrix P such that ®T P + P® = —2Q).

Define a positive definite function by

V:1{62+wTPw+1(p*—p)2} (17

2 ao

The time derivative of V' can be evaluated by

. 1 2
v<-g (2 —2a- S el e - 1) 2

P1

1 K2
-5 (2@ -3 %) Jul?

~ L (01 - 012(p*)2>(p* -p)°

20’0 )
P3
)
+§(é(2)+12+r2+1) (18)

Po
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Fig. 3 Introduction of the integrator

where £y > £(t), 1 > max{|lo(t)|, [l1(¢)|}, V¢ > 0.

For given small §, () exists so that po > 0, and there
exist sufficiently small o1, large o and p* such that p; >
0 and p3 > 0. Thus, the following inequality holds.

P2
Amax(P)’pS} 19)

Therefore, the signals, e, w and p are bounded. Because
le] < v/2V, it is shown that

. )
V<—pV+Lt o= min{m,

90

limsup |e(t)] <

t—o00 14

(20)

Taking 6 so that A > dpg/p ensures (5).
Thus, the proof is completed. |

4. FAILURE DETECTION

If communication is lost, the drone will no longer be
able to receive the input signal. Hence, the model of the
communication failure is expressed by

u(t) =& YVt > tp Q1)

where £ is an unknown constant, and tx > 0 is an
unknown time when the failure occurs.

To detect the failure (21), an integrator is introduced
as shown in Fig. 3 Then, the control input is modified as
follows [5].

u(t) = U}L(ti) + U(t), \V/t S [ti, ti+1) (22)
0(t) = un(ti) + yosgn(un(t:)) (23)
where v > 0 is a constant.
When the failure (21) happens, v obeys
b = &+ yosgn(§) (24)
which yields
v>v (£>0)
. 25
{U<—70 (€<0) (%)

Thus |v| tends to diverge if the failure occurs. By using
this property, the detection can be achieved. That is, the
detection time is defined by

tp :=inf {¢ | |v(t)| > T} (26)
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After the detection, the drone switches the failed the
communication link to another link to restore the stability.

Then, the following main results of this paper can be
obtained.

Theorem 1. The event-triggered adaptive control system
constructed above has the following properties.
(P1) If the failure (21) occurs, then, the detection time £ p
exists and satisfies

2r

tp —tp < —
Yo

27

(P2) All the signals are bounded before and after the
failure. Moreover, the A-tracking (5) can be achieved.

Proof. Consider the case when the failure occurs. From
(28), it follows that

v(t) > v(tr) +70( —tr) (£>0) (28)

v(t) < v(tp) —v0(t —tr) (£<0) (29)
Therefore, tp defined by (26) exists and satisfies

tp —tp < w (30)

Yo

Because of |v(tr)| < T, the inequality (27) holds. (P1)
is true.

From (22), the transfer function of the augmented
system including the integrator can be represented as

G(s) <1 + i) H(s)

_Lb(s+1)(s* + ags? + ays + ao) 31)

N (mL? + J)s® — bMgs
This system is a minimum-phase and has the relative
degree of one. Therefore, the adaptive controller (8) can
be applied and thus Lemmal holds for the system (31).
The system does not have a finite explosion time, and the
failure can be detected within a finite time. Thus, all the
signals in the control system are bounded before and after
the failure. That is, (P2) is true. |

5. SIMULATION

To confirm the effectiveness of the proposed control
system, numerical simulation are shown.
The parameters pf the DBB system are shown below.

m = 0.1 [kg], L =1 [m], M = 0.02 [kg]
The parameters of the controller are selected as follows.
oo = 10, o1 = 0.01, p(0) = 0.01, g9 = 0.002,

v =0.1,T=0.1

The simulation results are shown in Fig. 4. The
reference signal of the ball is set as » = 0.3 [m]. The
communication failure occurs at tx = 20 [s], and the
detection time is tp ~ 20.60 [s] (see the vertical red



lines). From (a) to (d), all the signals are bounded, and
the tracking control can be achieved before and after
the failure. Because the number of communication does
not increase at steady state, the effect of the ETM is
confirmed (see (e)).

In this simulation, a centrifugal force term is added
to the model (3). The results show that the control
system has robustness with respect to nonlinearity of the
centrifugal force.

6. CONCLUSION

This paper presents the event-triggered adaptive
control of the DBB system with communication failures.
The effectiveness of the proposed control system has
been confirmed by theoretical analysis and numerical
simulation.

In future works, the experiments by using an actual
DBB system will be explored. Additionally, robustness
against external disturbances such as wind will be taken
into consideration.

APPENDIX
In (11), f1, fo and f3 are given as follows.

f1 = e(ooe® — o1p) + pé

dfi  0f,. Of b of
Bt =g e (1) £ 5 o
b _ O, Of( b
Bs= " = 9 ¢t e < LZ>
0 ofa .
gy (o0 =)+
REFERENCES

[1] J. Hauser, S. Sastry, and P. Kokotovi¢, “Nonlinear
control via approximate input-output linearization:
the ball and beam example’, IEEE Trans. on
Automatic Control, Vol.37, No.3, pp.392-398, 1992.

[2] M. Hara, R. Takano and M. Takahashi, “Event-
triggered Control of a Hung-type Ball and Beam
System”, IEEJ Transactions on Electronics,
Information and Systems, Vol. 145, No. 3, pp.
341-347, 2025 (in Japanese).

[3] P. Tabuada, “Event-triggered real-time scheduling of
stabilizing control tasks”, IEEE Trans. on Automatic
Control, Vol.52, No.9, pp.1680-1685, 2007.

[4] R. Michino, K. Akaike and I. Mizumoto, “Design of
a High Gain Adaptive Output Feedback Controller
with a Dynamic Event-triggering Mechanism”, Trans
on SICE, Vol. 60, No. 3, pp. 168-175, 2024 (in
Japanese).

[5] M. Takahashi, T. Matsuki and M. Hara, “An
event-triggered control system to detect network
disconnection”, Trans. on SICE, Vol.60, No.3, pp.
176-181, 2024 (in Japanese).

866

03

10 20 30 40 5
t[s]

(a) The position of the ball, y [m]

0.00 ’kﬁ

10 2 30 40 5
ts|

(b) The position of the drone, z [m]

oF— —

10 2 30 40 5
tfs]

(c) The control input, u

v

10 20 30
tls)

40 5

(d) The absolute value of the integrator output, v

3000

2000

1000 //

10 2 30 40 E
t[s]

(e) The number of communication, N

Fig. 4 The event-triggered adaptive control system



