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This paper presents a novel vibration control technique for a pendulum via
cable length manipulation. To control the sway angle by using the reeling
and unreeling of the hositing cable, we develop a non-linear feedback
control scheme by utilising parametric resonance, in which the control
input is defined as the acceleration of the cable. Because the governing
equation and the control law are non-linear, it is very difficult to
analytically solve the feedback gains for the stabilization of the system.
Hence, the feedback gains are determined by the use of particle swarm
optimization (PSO), which is an evolutionary computation technique, to
reduce the sway angle to the maximum extent possible. The validity of the
proposed control technique is confirmed by numerical simulations. To
verify the feasibility of the present approach, experiments are also
performed. From the experimental results, we demonstrate that the
application of the PSO algorithm for tuning the feedback gains is valid and
that the proposed non-linear feedback control scheme is effective for the
vibration control of a pendulum with variable length.
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1. INTRODUCTION

Crane systems have been extensively used as transport
systems in many industrial fields. For the efficient and
safe operation of crane systems, their sway motion must
be suppressed. A considerable number of papers are
therefore available on vibration control problems of
crane systems. Abdel-Rahman et al. [1] published an
exhaustive literature review on the modelling and
control of cranes in which a number of papers on
gantry, rotary, and boom cranes were reviewed.
Usually, the load sway of a crane is suppressed by
control forces exerted from a boom or trolley. On the
other hand, when the boom or trolley is not allowed to
move because of some restrictions, an effective
approach for controlling the sway motion is obtained by
using a hoisting mechanism that lifts a load up or down.

Abdel-Rahman and Nayfeh [2] developed an
approach that used the reeling and unreeling of a
hoisting cable to reduce payload pendulations due to
near-resonance excitations. Significant reductions were
obtained via an appropriate choice of the
reeling/unreeling speed. Stilling and Szyszkowski [3]
considered the planar motion of a simple, variable
length pendulum consisting of an inextensible cable of
negligible mass and a point mass and then attempted to
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control the angular oscillation by sliding the point mass
toward and away from a pivot. They reported that
simple rules for generating either attenuation or
amplification of the oscillations by sliding a point mass
can be derived by analysing the energy balance or the
Coriolis forces. As for studies on stabilization control of
a pendulum whose centre of gravity is variable, a
control law based on Lyapunov’s method was proposed
by Yoshida et al. [4]. Okanouchi et al. [5] also
addressed the problem of suppressing the oscillation of
a plane pendulum using three actuated variables (i.e.,
the horizontal and vertical positions of the pivot and the
length of the pendulum) under amplitude constraints. In
references [4,5], the effectiveness of the proposed
control techniques was verified using simulations and
experimental results. Szyszkowski and Stilling [6]
investigated the damping properties of a frictionless
oscillating physical pendulum with a moving mass and
pointed out that the attenuation rule required the mass to
move with a frequency that was double the pendulum
frequency. A proportional derivative control law with
additional gravity compensation was developed by
Gutiérrez-Frias et al. [7] for active vibration damping in
a frictionless physical pendulum with moving mass.
However, reports published so far indicate that
engineers find it difficult to construct controllers
because of complex methodologies.

In this study, we develop a novel control method for
a pendulum via cable length manipulation; in this
method, a metaheuristic algorithm is used to easily
construct the control scheme. As is well known, when
the length of a pendulum changes periodically and the
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frequency is close to twice the natural frequency,
parametric resonance can occur (e.g., [8]). Thus, to
control the sway angle by using the reeling and
unreeling of the hoisting cable, we adopt non-linear
feedback control by utilising the parametric resonance
phenomenon, in which the control input is defined as
the acceleration of the cable. The feedback gains are
determined using particle swarm optimization (PSO) [9],
which is an evolutionary computation technique, to
reduce the sway angle to the maximum extent possible.
An important feature of the proposed method is that the
controller can be easily constructed using the PSO
technique. The effectiveness of the proposed control
technique for suppressing the pendulum oscillation via
cable length manipulation is demonstrated through
simulations and experiments.

N

Figure 1. A variable length pendulum.

2. MATHEMATICAL MODEL

Figure 1 shows a pendulum with variable length, where
[ is the cable length, 4 is the sway angle of the load, m is
the mass of the load, and F are the control forces
applied to the load. We assume that the cable is a
massless rigid link and that the load is a point mass. In
addition, the load is constrained to move in the vertical
plane. On the basis of this assumption, the equations of
motion for the system can be written as (e.g., [3])

ml —ml6* —mgcos@=F, (1)
é+z§é+§sm9=o, Q)

where g is the acceleration of gravity. It should be noted
that the dynamics of the load hoisting and swing are
described by Egs. (1) and (2), respectively. If the
desired cable length 1 is controlled, the dynamics of the
load hoisting can be negligible. The present study
adopts this assumption, and hence, only Eq. (2) is used
in the vibration control scheme mentioned in the next
section.

3. CONTROL DESIGN

In this section, we propose a non-linear feedback
control scheme for the oscillation attenuation of a
pendulum via cable length manipulation. The validity of
the proposed method is confirmed numerically.
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3.1 Non-linear feedback control

In the present study, we attempt to attenuate the
oscillation of a pendulum via cable length manipulation.
Generally speaking, it is difficult to control the motion
of a pendulum by vertical up-and-down motion. On the
other hand, when a pendulum is subjected to a vertical
harmonic excitation whose frequency is close to twice
the natural frequency, a parametric resonance
phenomenon can occur. Thus, we propose a control law
utilising the parametric resonance.

In the proposed control scheme, the control input is
defined as the acceleration of the cable for the purpose
of the cable length manipulation. Under the following
condition

[ >16*+gcosd, 3)

the cable sags. To simply avoid this situation, we
impose the following constraint on the acceleration of
the cable:

|1 |<8.0 m/s>. 4)

Taking into account Eq. (4), a non-linear feedback
control is defined as

, {U, (U<8)
u=l=4_. ; )
8sign(U), (U [>8)
U =[|6]+ k, (1~ 1, )+ ko], 6)

where u is the control input, sign( e ) is the signum
function, and [, is a target length of the cable. The term
k1|0 is introduced to move the cable in twice the
frequency of the pendulum oscillation, in which the
parametric resonance is utilized to suppress the sway
angle. Furthermore, it is desirable to control not only the
sway angle but also the cable length. Thus, PD control

for the cable length is given by the terms ky(/-/p) and k3 .

Because the governing equation (2) and the control
law (5) and (6) are non-linear, it is very difficult to
analytically solve the feedback gains (k1, k2, and k3) in
Eq. (6) for the stabilization of the system. Hence, in the
present study, the feedback gains are determined by use
of the PSO. The algorithm for the non-linear control
design method using the PSO will be mentioned in the
next subsection.

3.2 Control design using PSO

In the algorithm, the feedback gains (k, &, and k3) are
considered to be the optimized parameters. First of all,
the optimized parameters are randomly initialized. By
using the control law (5) and (6), the sway angle of the
pendulum is calculated by numerically integrating (2)
until time ¢ = 10 s, where the feedback gains are set to
k1= 0, k=10, and k3= 5 in the time interval (8 <z<10 s).
In order to reduce the pendulum oscillation as much as
possible, the fitness value f'is defined as

S =0 > (7

is the maximum absolute value of the

max

where |8 |
sway angle in the time interval (8§ <#<10 s). In addition,
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to realise the suppression of oscillations within a certain
cable length range, we consider the following constraint

1, <I1<I,. (8)

If Eq. (8) is not satisfied, we add a large penalty to the
fitness value (i.e., this operation is a penalty function
method to handle constraints in the constrained
optimization problem). According to the PSO algorithm,
the fitness value can be minimised and then the optimal
feedback gains can be obtained. The algorithm for
tuning the feedback gains based on the PSO can be
summarized as follows:

1) The positions and velocities of all particles are
initialized randomly. The position and velocity
vectors of the i-th particle are respectively defined
as

X; :[xf,l»xi,zs ) x[,d] > Vi :[v[,l’v[,Z’ ""Vf,d] 5 (9)

where the elements of the position x; ; represent the
optimized parameters (i.e., the values of the
feedback gains), and d is the dimension of the
search space (i.e., the number of the feedback
gains).

2) Evaluate the fitness value (7) from the numerical
integration of Eq. (2) by using Egs. (5) and (6), in
which the cable length constraint (8) is checked.
Next, set pbest;, which represents the previous best
position vector of the i-th particle, to the fitness
value. Furthermore, choose the position vector with
the best fitness value among all the particles as
gbest.

3) The velocity and position vectors of the i-th particle
are updated using the following equations:

VI = AV e (pbest, - (")

(10)
+c,r" (gbest — x")],
X;}Hl) — X;n) +vi(n+1) , (11)
where n stands for the iteration number, " and

™ are two independent uniform random numbers
with values from 0 to 1. In addition, the following

relation prevails among the coefficients y, ¢i, and c;.

- 2
12-p—p* 49|

Typically, ¢; and ¢, are both set to 2.05.

, p=c +c,, p>4. (12)

4) Calculate the fitness value of all the particles using
the same procedure as described in Step 2). For
each particle, if the current fitness value is better
than pbest;, then pbest; is replaced by its position
vector. If the best value in the current pbest; is
better than gbest, then gbest is replaced by its
position vector.

5) If n is less than the maximum iteration number,
then the iteration number is updated as n=n+1
and Steps 2)-4) are repeated. The value of gbest
obtained finally is inferred as the optimal solution
(i.e., the optimal feedback gains are deternimed).
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Figure 2. Simulation results: (a) sway angle, (b) cable
length, and (c) control input.

3.3 Numerical results

Numerical examples are considered to evaluate the
performance of the proposed cable length manipulation
technique for the vibration control of the pendulum. In
the following numerical simulations using the PSO
algorithm, the number of particles is set to 20 and the
maximum number of iterations is set to 50. The search
space for the optimised parameters is considered to be
as follows:

k, [0,150], k, €[0,500], k, €[0,50]. (13)

The initial conditions for the sway angle and cable
length are taken as

6(0) =30deg, 8(0)=0, /(0)=0.5m, i(0)=0. (14)

The target cable length in Eq. (6) and the constraint
condition in Eq. (8) are set to be

l,=05m, I, =03m, [, =0.7m. (15)

For the above parameters, the optimal feedback gains
obtained using the PSO algorithm are as follows:

k, =1937, k, =90.45, k,=1.631.  (16)

Figure 2 shows time histories of the sway angle,
cable length, and control input. It should be noted that
the feedback gains are set to k= 0, k= 10, and k3= 5 in
the time interval (8 <¢#< 10 s), as mentioned in the
previous subsection. It can be observed from Figure 2(a)
that the pendulum oscillation decays sufficiently,
thereby ensuring the validity of the proposed control
technique. Comparing Figures 2(a) and 2(b), it can be
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seen that the frequency of the cable length is about
twice that of the sway angle. This fact indicates that the
effect of the term k6| in the non-linear feedback
attenuates the pendulum oscillation.

4. EXPERIMENTAL VALIDATION

Experiments are performed to validate the non-linear
feedback control scheme developed in the previous
section.

Figure 3. Photograph of the experimental setup.

4.1 Experimental setup

Figure 3 shows a photograph of the experimental setup
for a pendulum with variable length. The cable length
can be changed by using a pulley, which is actuated by
an AC servomotor (SGMAH; Yaskawa Electric Corp.).
The servomotor is operated in the speed control mode,
which facilitates the control of the desired cable length
using a servo drive unit (SGDM; Yaskawa Electric
Corp.). A serial encoder mounted on the servomotor
measures the pulley angle, and then, a measurement of
the cable length is performed. As shown in Figure 3, the
cable is passed through a slit of a rigid rod, whose angle

is measured by a potentiometer (SP2800; B & PLUSS K.

K.). The sway angle of the pendulum is acquired from
the potentiometer. The measurement and control of the
experimental setup are implemented on a DSP board
(DS1104; dSPACE GmbH), which has a 500 Hz
sampling rate.

Figure 4(a) shows the free vibration of the pendulum
measured by the potentiometer when the cable length is
0.5 m. As can be seen in Figure 4(a), the data of the
potentiometer signal contains some noise, which has a
harmful influence on the performance of the feedback
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control scheme. To eliminate the noise in the
potentiometer signal, we employ a nonlinear digital
filter to Estimate the Smoothed and Differential values
of the sensor inputs by using Sliding mode system
(ESDS) [10, 11]. The system of the ESDS can be given
by the following differential equations:

X =X,

=-UR’sign[aR(x, — y)+x, ]}

; (17
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Figure 4. Free vibration of the experimental setup: (a)
potentiometer signal and (b) values estimated by ESDS.

where x; is the noise removed signal (the estimated
angle) and y is the input signal (the potentiometer
signal). The parameters UR” and aR are chosen as 100
and 30, respectively. The sway angle estimated by the
ESDS is presented in Figure 4(b). As depicted in Figure
4(b), the estimated value is smooth and the noise is
perfectly removed. In the following experiments, we
adopt the ESDS as the noise removal filter for the
potentiometer signal, and then, the estimated value is
used in the non-linear feedback control scheme.

On the other hand, it can be observed from Figure 4
that the pendulum oscillation does not decay with time.
Therefore, we can recognise the experimental setup to
be a frictionless pendulum.

4.2 Experimental results

In the previous section, we show from the numerical
simulations that the proposed cable length manipulation
technique facilitates the suppression of the pendulum
oscillation. To further evaluate the feasibility of the
vibration control scheme, we perform experiments.

The time histories of the experimental results
obtained by using the non-linear feedback law (5) and
(6) are illustrated in Figure 5. Here, the feedback gains,
initial cable length, and target cable length are the same
as those in Figure 2. It should be noted that Figure 5(a)
displays the data obtained from the ESDS. A
comparison between Figure 4(b) and 5(a) demonstrates
that the proposed feedback controller, whose gains are
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tuned by the PSO, is quite effective in attenuating the
oscillation of the pendulum. As can be seen in Figures
5(a) and 5(b), the frequency of the cable length is about
twice that of the sway angle as observed in the
numerical results, and hence, we reconfirm the effect of
the term k;|6| in the non-linear feedback law. Moreover,
the cable length converges to the target length with a
decrease in the amplitude of the sway angle. This

confirms the effectiveness of the terms k,(/-/y) and k; [in
Eq. (6).

a)

u [m/s?]

0 5 10 15 20
1s]

Figure 5. Experimental results: (a) sway angle, (b) cable
length, and (c) control input: (1(0)=0.5 m, 1,=0.5 m, [, =0.3 m,
1b=0.7 m, k4=19.37, k,=90.45, k;=1.631).

In order to further check the feasibility of the
proposed method for controlling the vibration, we
change the cable length conditions and then perform the
simulations and experiments. Figures 6 and 7
respectively present experimental results under the cable
length conditions (/(0)=0.6 m, [,=0.5 m, /; =0.3 m, [,
=0.8 m) and (/(0)=0.7 m, /,=0.7 m, /;=0.5 m, [;;=0.9 m).
It should be noted that the initial length /(0) and target
length I, are not mutually equal in Figure 6. The
feedback gains are obtained as k1=18.67, k,=92.04,
k3=1.904 for ({(0)=0.6 m, /p=0.5 m, /;=0.3 m, /;;=0.8 m)
and £1=14.97, k,=68.14, k;=1.000 for (/(0)=0.7 m, /,=0.7
m, [;=0.5 m, /;;=0.9 m). It is apparent in Figures 6 and
7 that the present method can control both the sway
angle and the cable length under different cable
conditions. Therefore, we can say that the proposed
cable length manipulation technique for a pendulum
with variable length facilitates the simultaneous control
of the sway angle and the cable length.
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Figure 6. Experimental results: (a) sway angle, (b) cable
length, and (c) control input: (1(0)=0.6 m, 1,=0.5 m, [, =0.3 m,
1b=0.8 m, k,=18.67, k,=92.04, k;=1.904).
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Figure 7. Experimental results: (a) sway angle, (b) cable
length, and (c) control input: (1(0)=0.7 m, 1,=0.7 m, |, =0.5 m,
1b=0.9 m, k,=14.97, k,=68.14, k;=1.000).
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5. CONCLUSIONS

In this study, we develop a cable length manipulation
technique for the vibration control of a pendulum with
variable length. In the proposed non-linear feedback
control law, we introduce a term that allows us to move
the cable at a frequency that is twice the frequency of
the pendulum oscillation. A parametric resonance
phenomenon is thus utilised to suppress the sway angle.
Because the governing equation for the pendulum and
the proposed control law are non-linear, it is very
difficult to analytically solve the feedback gains for the
stabilization of the system. Thus, we attempt to tune the
feedback gains by using a PSO algorithm. The PSO is a
metaheuristic algorithm, and it facilitates the easy
determination of the feedback gains without any control
knowledge. From the experimental results, we confirm
that the controller tuned by the PSO realises not only
oscillation attenuation but also cable length control.
Therefore, it is concluded that the proposed control
scheme is effective for the oscillation attenuation of a
pendulum whose length can be variable as a control
input.
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TEXHUKA HEJIMHEAPHOI YIIPAB/bAIbA
KJIATHOM IPOMEHOM AYXUHE Y/KETA:
INPUMEHA OIITUMU3AIIMJE POJEM
YECTUIA KOJ ITPOJEKTOBAIBA
YIIPAB/bAYA

AKkira Abe

Panx npukasyje HOBY TEXHHKY ylpaBibama BHOparjama
KJIaTHAa IPOMEHOM IyXKHHE yxKeTa. Y LY YIpaBlbama
YIJIOM BHUXamka NPUMEHOM HAMOTaBama U OIMOTaBama
IHM3JIMYHOT y)KeTa Pa3BHIM CMO LIEMY HEIMHEapHOT
ylnpaBjbatha y TOBpaTHOj cmpe3n  KopuiihemeM
rapameTrapcke pe3oHaHIle KoJ| Koje je yiia3 yIpaBibamba
nedunucan kao yoOps3awme yxera. Kako cy riaBHa
jeAHaUYMHA U 3aKOH yIpaBJbathba HEJIMHEAPHH, BEOMa je
TEIIKO aHATUTHYKH PELINTH YTHIAj OBPATHE CIpere y
cTabmin3oBamy cuctemMa. OTyna Cy YYMHLU TOBpaTHE
cpere ojpeljeHn NPUMEHOM ONTHUMHU3AIMjE pPOjeM
4ecTULa (I1CO), €BOJLyTUBHOM TEXHUKOM
n3padyHaBama, a OM Ce yrao muXama PeayKoBao J0
MakcMManHO  Moryher. BamumHoct — mpemioxkeHe
TEXHWKE yIpaBjbamba je TIOTBp)eHa HYMEPHUKUM
cuMynandjamMa. ¥ OUJby BepUpHKAIHje H3BOIBHBOCTH
IPUKa3aHe METOJe W3BPIICHU Cy ekcrepumeHTH. Ha
OCHOBY pe3yJiTaTa eKCIIepUMEeHaTa II0Ka3ajil CMO 1a je
npumena [ICO anropuTMa BanmugHa 3a yckiahuBame
YUMHKA IOBpaTHE CIIpEre M Jia je NpeyUIoKeHa Iiema
HEJIMHEapHOI  yIpaBJbakba Yy MOBPATHOj  CIIPE3H
epukacHa 3a ympaBibambe BHOpanujama KiIaTHa ca
IIPOMEHJBHBOM JY>KUHOM YIKeTa.
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