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Comparative Study of Input Shaping with Different Polarities and Modes
Selection in Hybrid Control Schemes of a DPTOC System
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Abstract: This study presents a comparative assessment on input shaping techmques with different polarities
and sways frequency modes in hybrid control schemes of a Double-Pendulum-Type Overhead Crane (DPTOC)
System. The hybrid control schemes consist of cart position trajectory tracking and sway control of a DPTOC
System. A non-linear DPTOC System 1s considered and the dynamic model of the system is derived using the
Buler-Lagrange formulation. The proposed method known as the Single Input Fuzzy Logic Controller (SIFLC)
reduces the Conventional two-mnput FLC (CFLC) to a Single Input Single Output (SISO) controller. The SIFLC
is developed for position control of cart movement. This is then extended to incorporate positive and negative
input shaping schemes for both hook and load sway angle suppression. Both positive and negative input
shaping with different modes selection 15 designed based on the properties of the system. The results of the
response with the controllers are presented in time and frequency domains. The performances of control
schemes are examined in terms of level of input tracking capability, sway angle reduction and time response
specifications in comparison to SIFL.C controller. Finally, a comparative assessment of the control techniques
1s discussed and presented.
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INTRODUCTION

The main objective of controlling a crane system is
transporting the load as fast as possible without causing
any excessive swing at the final positon. However, most
of the common crane results in a swing motion when
payload 1s suddenly stopped after a fast motion. Various
attempts in controlling cranes system based on open- and
closed-loop control system have been proposed. For
example, open loop time optimal strategies were
applied to the crane by many researchers (Manson, 1992;
Auernig and Troger, 1987). Poor results were obtained in
these studies because open-loop strategy 1s semsitive to
the system parameters and could not compensate for the
effect of wind disturbance. In other hand, feedback
control which is well known to be less sensitive to
disturbances and parameter variations has also been
adopted for controlling the crane system. For example, PD
controllers has been proposed for both position and
anti-swing (Omar, 2003). However, the
performance of the controller 15 not very effective in
eliminating the steady state error. In addition, an adaptive
control strategy has also been proposed by Yang and

controls

Yang (2007). However, the control techmque requires a
non-lmear control theory which needs a complicated
mathematical analysis. The modern control approaches
include Fuzzy Logic Controller (FLC) has also been
proposed for controlling the crane system by several
researchers (Lee and Cho, 2001). Although, those modermn
control methods are very promising for DPTOC
applications, they require substantial computational
power because of complex decision making processes.
However, it 1s possible to take full advantages of FL.C for
DPTOC application if the computational time of FLC is
minimized. Tn this study, the Single Tnput Fuzzy Controller
(SIFLC) 1s proposed. The SIFLC 1s a sumplification of the
Conventional Fuzzy Controller (CFLC). [t 1s achieved by
applying the Signed Distance Method (Choi et al., 2000)
where the input to SIFL.C is only one variable known as
distance. This 1s in contrast to the CFLC which requires
an error and the derivative (change) of the error as its
inputs. The reduction in the number of inputs simplifies
the rule table to one-dimensional, allowing it to be treated
as a Single Input Single Output (SISO) controller. As
SIFLC can be treated as SISO controller, it can be a
practical controller for DPTOC System. As the objective
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of the controlling crane system is to transfer a load from
one location to another location, the position error and
the velocity of the cart will be the mput of the SIFLC.
However, the SIFLC is limited for position control of cart
and cannot cater for sway control To overcome this
problem, an mput shaping schemes 1s incorporated to the
system to suppress the sway of hook and load angle,
especially when the cart reaches the desired position
(Ahmad et al., 2009a). In previous research, input shaping
schemes has been proposed for sway angle suppression
of wvarious types of crane system (Ahmad et al,
2008h, ¢, 2010). Moreover, the previous study also proved
that the positive input shaper with high robustness
mcreases the delay m the cart position responses
(Ahmad er al., 2009d, e). To reduce the delay in the cart
position response, negative amplitude input shapers have
been introduced and mvestigated. By allowing the shaper
to contain negative umpulses, the shaper duration can be
shortened while satisfying the
constraint. However, the proposed input shaping with
different polarities from previous research only limited to
a single sway motion of a gantry crane system.

In this study, the effectiveness of the Proposed
Hybrid Control Method as well as the differences in
polarity and variety in mode selection for input shaper is
evaluated to a nonlinear DPTOC Model. Control
strategies based on SIFLC with positive and negative
mput shaper controller are mvestigated. A simulation
enviromment 18 developed withn Simulink and Matlab for
evaluation of performance of the control schemes.
Simulation results of the response of the DPTOC System
with the controllers are presented in time and frequency
domams. The performances of the control schemes are
examined 1n terms of level of input tracking capability,
swing angle reduction and time response specifications in
comparison to the SIFLC control. Finally, a comparative
assessment of the control techniques is presented and

same robustness

discussed.

Fig. 1: Description of the DPTOC System
MATERIALS AND METHODS

The DPTOC System with its hook and load
considered in this research is shown in Fig. 1 where x is
the cart position, m is the cart mass and m, and m, are the
hook and load mass, respectively. 6, is the hook swing
angle, 0, is the load swing angle, 1, and 1, are the cable
length of the hook and load, respectively and F is the cart
drive force. In this simulation, the hook and load can be
considered as point masses. This study provides a brief
description on the modeling of the DPTOC System as a
basis of a simulation environment for development and
assessment of the composite control techniques. The
Euler-Lagrange formulation 1s considered in characterizing
the dynamic behavior of the crane system incorporate
pavload. By Lagrange’s equations, the dynamic model of
the DPTOC System shown in Fig. 1 is assumed to have
the following form (Spong, 1998):

M(q)§+Cla.4)4+G(q) =T (1)

Where, the matrices M (q)e®R™, Clq.qe%* and G
{qyeR’ represent the inertia, Centrifugal-Coriolis terms and
gravity, respectively and are defined as:

m+m, +m, (m, + m, ), cosB, m,l, cosf,
M(q)=| (m, +m,)l, cos8,  (m, +m,)I}  m,]], cos(8 —8,) 2)
m,l, cos@, m,l1, cos(0, - 0,) m,l

0 —(m, +m,)0 sin6,

~m,1,9, sin8,

Clg.qr=|0 0 m,1,1,0, sin(0, - 0,) (3)
0 -m,1L8 ;sin(B -96,) 0
G(q) = [O (m, +m,)gl sinQ m,gl,sin0, ]T )

where, g is the gravity effect. The state vector g and the control vector  are defined as:



Int. J. Syst. Signal Control Eng. Appl., 5 (1): 5-13, 2012

q=[x & ez]T
T=[F 0 of

After rearranging Eq. 1 and multiplying both sides by
M, one obtains:

g=M"(-Cq-G+7T) )

Where M ™' is guaranteed to exist due to det (M)=0.
In this study, the values of the parameters (Liu et al.,
2006) are defined as: m=5kg, m; =2kg, m,=5kg, |, =2m,
l,=1mandg =98 msec™.

Tn this study, control schemes for rigid body motion
control of the cart and swaying angle reduction of double
pendulum are proposed. Tnitially, the SIFL.C controller is
designed. Then, both positive and negative input shapers
are incorporated in the closed-loop system for control of
both hook and load sway angle.

Fuzzy Logic Controller (FLC) 15 a linguistic-based
controller that tries to emulate the way human thinking in
solving a particular problem by means of rule inferences.
Typically, a FLC has two controlled mputs, namely error
(e) and the change of error (¢). Tts rule table can be
created on a two-dimensional space of the phase-plane
(&€)as shown in Table 1. It is common for the rule table
to have the same output membership in a diagonal
direction.

Additionally, each point on the particular diagonal
lines has a magnitude that 1s proportional to the distance
from its main diagonal line L,. This i1s known as the
Toeplitz structure.

The Toeplitz property is true for all FLC types
which use the error and its derivative terms, namely ¢
and ™" as imput variables (Ayob et al, 2009). By
observing the consistent patterns of the output
memberships in Table 1, there 1s an opportumty to
simplify the table considerably.

Instead of using two-variable mput sets (&¢), it 1s
possible to obtain the corresponding output, 1, using a
single variable input only. The significance of the
reduction was first realised by Chot ef af (2000) and 1s
known as the Signed Distance Method. The method
sunplifies the mumber of mputs into a single input variable
known as distance, d.

The distance represents the absolute distance
magnitude of the parallel diagonal lines (in which the
input set of e and ¢ lies) from the main diagonal line
L, To derive the distance, d variable, let Qle.e)

Table 1: Rule table with Toeplitz structure
e

3 PL PM Ps Z NS NM NL
NL Z NS NM NL NL NL NL
NM PS Z NS NM NL NL NL
NS PM Ps zZ NS NM NL NL
Z PL PM P38 Z NS NM NL
Ps PL PL PM Ps Z NS NV
PM PL PL PL PM P8 Z NS
PL PL PL PL PL PM Ps Z
Table 2: The reduced rule table using the Signed Distance Method
d Ty Loy Ly L Le Ly Lpp
u;  NL NM NS Z PS PM PL

Main diagonal line, L,

c+ie=0

Fig. 2: Derivation of distance variable

be an intersection point of the main diagonal line and the
line perpendicular to it from a known operating point
Pie;.¢) as shown m Fig. 2. It can be noted that the main
diagonal line can be represented as a straight line
function, 1.e.:

é+he=0 (6)

In Eq. 6, variable A is the slope magnitude of the main
diagonal lme L. The distance d from pomt P(e.&) to point
Q(eg. &) can be obtamned as (Ayob ef al., 2009):

e+ e 7

J1+ 22

The derivation of distance mput variable resulted
in a one-dimensional rule table, in contrast to a two-
dimension table required by the conventional FLC. The
reduced rule table 1s shown in Table 2 where Ly, Ly L,
L., 1ps Lgy and Ly are the diagonal lines of Table 2. The
diagonal lines correspond to the new input of this rule
table while NT., NM, NS, Z, PS, PM and PL represent the
output of corresponding diagonal lines. As can be

d=
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realized, the control action of FLC is now exclusively
determined by d. Tt is therefore appropriate to called it the
Single Input FL.C (SIFLC).

The overall structure of SIFLC derived from the
Signed Distance Method can be shown in Fig. 3. Two
system state variables e (position error) and x (velocity of
the cart) are selected as the feedback signal. The input to
the FL.C block is the distance variable d while the output
from FLC block 1s the change of control output u,;. The
fal output of thus FL.C 15 obtained by multiplying u, with
the output scaling factor denoted as r. The output
equation can be written as:

u=1u,r ®)

Accordingly, the slope magnitude, A and output
scaling factor, r for cart trajectory tracking were deduced
as -1 and 56.03, respectively. Next, the designed SIFLC 1s
combined with input shaping scheme for control of rigid
body motion of the cart and swaying angle reduction of
the system. A block diagram of SIFLC with input
shapmg 15 shown m Fig. 4. Input shaping technique 1s a
feed-forward control techmque that mvolves convolving
a desired command with a sequence of impulses known as
input shaper.

The shaped command that results
convolution 18 then used to drive the system. Design
objectives are to determine the amplitude and time
locations of the impulses so that the shaped command
reduces the detrimental effects of system flexibility. These

from the

parameters are obtained from the natural frequencies
of hook and load sway angle and damping ratios of
the system. For the case of positive amplitudes, each

Signed Distance Method

Control surface
y Uy

d |d u°{>—>

Fig. 3: SIFLC structure for DPTOC with linear control

surface
X
R
u
X | Input + e | SIFLC DPTOC
shaper _? —>

Fig. 4: SIFLC with mput shaping control structure

individual impulse must be <1 to satisfy the unity
magnitude constraint. Tn order to increase the robustness
of the mput shaper to errors mn natural frequencies, the
positive Zero-Sway-Derivative-Denvative (Z3DD) mput
shaper (Ahmad ef al., 2009a, d) is designed by solving the
derivatives of the system sway equation. This yields a
four-impulse sequence with parameter as:

m 2n in
t,=0t,=—,t, =—,t, =—
md md md
1 3K

1 2 7oy = 2 3
1+ 3K+ 3K "+ K 1+3K +3K" + K

2 3
A, = 3K . A, = K : . (9)
1+3K +3K° + K 1+3K +3K° + K

—n
K=e /ﬁ,md:mn 1-¢

Where:

w,and{ = Representing the natural frequency and
damping ratio, respectively

The time location and amplitude of impulse j,
respectively

t; and A,

The selection of natural frequency modes is very
crucial in the performance of sway reduction. Input
shaping techmques based on positive mput shaper has
been proved to be able to reduce sway of a system. In
order to achieve higher robustness, the duration of the
shaper 13 mcreased and thus, increases the delay n the
system response. By allowing the shaper to contain
negative impulses, the shaper duration can be shortened
while satisfying the same robustness constraint. To
include negative impulses in a shaper requires the impulse
amplitudes to switch between 1 and -1 as:

A =(-1*"i=12..n (10)

The constraint in Eq. 10 yields useful shapers as they
can be used with a wide variety of inputs without leading
to over-currenting. For a Uty Magnitude (UM) negative
Zero-Sway (75) shaper, ie., the magnitude of each
impulse is |1], the shaper duration is one-third of the sway
period of an undamped system while the shaper
duration for the positive shaper is half of the sway period.
In this research, the previous SNA input shaper
(Mohamed et al, 2006) is modified by locating the
negative amplitudes at the centre between each positive
impulse sequences with even number of total impulses.
This will result the shaper duration as one-fourth of the
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sway period of an undamped system as shown in
Fig. 5. The modified SNA-ZSDD shaper is proposed and
applied in this research to enhance the robustness
capability of the controller while increasing the speed
of the system response. By considering the form of
modified SNA-ZSDD shaper shown in Fig. 5, the
amplitude summation constraints equation can be
obtained as:

2at2c-2b-2d=1 (1)

The values of a-d can be set to any value that satisfy
the constraint in Eq. 11. However, the suggested values
of a-d are <|1] to avoid the increase of the actuator effort.

C C
a a
T 0.5t 15t 251, I 35t
0 l t, t, l t, l
! l :
-d -d

Fig. 5: Hlustration of negative mput shaping inpulses

RESULTS AND DISCUSSION

In this comparative study, the application of input
shaping techniques in hybrid control schemes for
trajectory tracking capability and sway suppression are
examined.

Imitially, a SIFLC controller is designed to control the
cart position. This 1s then extended input shapers with
several mode combinations for control of sway of the
system. The natural frequency was obtained by exciting
the cart posittion with an unshaped reference input
under SIFLC controller. The input shapers were
designed for pre-processing the trajectory reference nput
and applied to the system in a closed-loop configuration
as shown in Fig. 4. In this study, the cart position of
DPTOC is required to follow a unit step trajectory of 5 m.
The responses of the DPTOC System to the unshaped
trajectory reference mput were analyzed in time-domain
and frequency domain (spectral density). The first three
modes of sway frequency of the system are considered as
these dominate the dynamic of the system. These results
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Fig. 7. Response of the DPTOC with hybrid SIFL.C and negative input shaping; a) Cart position; b) Hook and load swing

angle and ¢) PSD of hook and load swing angle

were considered as the system response to the unshaped
mput under tracking capability and will be used to
evaluate the performance of the input shaping schemes
with three types of mode combination. Implementation
results with SIFLC controller have shown that the
steady-state cart position trajectory of 5 m for the
DPTOC System was achieved within the rise and settling
times and overshoot of 1.979, 5.354 sec and 7.44%,
respectively. However, a noticeable amount of oscillation
occurs during movement of the cart. Tt is noted from the
sway of hook and load angle response with a maximum
residual of +0.6 and +0.8 rad, respectively. Moreover, from
the PSD of both hook and load swing angle response, the
sway frequency is dominated by the Ist three modes
which 1s obtamed as 0.294, 1.079 and 1.668 Hz. The
closed loop parameters with the SIFLC control will
subsequently be used to design and evaluate the
performance of hybrid controllers with input shapers.
The application of both positive and negative input
shaper with single mode, 1st two and three modes of sway
frequency are applied to the DPTOC System. With the
natural frequency of 0.294, 1.079and 1.668 Hz, the time

10

locations and amplitudes of the impulses for the proposed
input shapers scheme were obtained by solving Eq. 5-11.
However, the amplitudes of the modified SNA ZSDD
shaper were deduced as [0.3, -0.1,0.5,-0.2,0.5,-0.2, 0.3,
-0.1] while the time locations of the impulses were located
at the half of the time locations of positive ZSDD shaper
as shown in Fig. 5. The system responses of the DPTOC
System to the shaped trajectory input using SIFLC with
both positive and negative shapers are shown mn Fig. 6
and 7, respectively.

It 15 noted that the proposed control schemes are
capable of reducing the system sway while maintaining
the input tracking performance of the cart position. Similar
cart position, hook and load swing angle and power
spectral density of both hook and load swing angle
responses were observed as compared to the STFLC.
Table 3 shows the level of sway reduction of the system
responses at the different combination of modes in
comparison to the SIFLC control. In overall, higher levels
of sway reduction were obtained using SIFL.C with three
modes shaper as compared to the case with single and
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Table 3: Level of sway reduction of the hook and load swing angle and specifications of cart position response

Specification of cart

Attenuation (dB) of position response
sway of the cable (mode)
Rise Settling
Types of shaper Mode selection Swing angle 1 2 3 time (sec)  time (sec) Overshoot (%)
Positive 1 Hook swing angle (6,) 32.54 0.25 -4.89 3.958 6.192 0.12
Load swing angle (8,) 32.90 0.83 12.25
2 Hook swing angle (8,) 31.49 53.19 0.19 4315 6.975 0.02
T.oad swing angle (0;) 31.85 53.05 16.95
3 Hook swing angle (8,) 43.52 58.28 748 6.048 10.780 0.00
Load swing angle (8;) 43.46 57.97 23.78
Negative 1 Hook swing angle (6,) 25.26 1.03 -11.39 4.983 6.013 1.24
Load swing angle (8,) 25.32 1.91 2.91
2 Hook swing angle (8,) 25.51 26.35 -9.54 4.958 6.857 0.96
T.oad swing angle (0;) 25.86 27.98 752
3 Hook swing angle (8)) 44.48 30.19 -3.78 6.515 10.510 0.96
Load swing angle (8,) 43.54 30.82 1247
60+ -
B | mode 12 .
504 m 2 mode (@ W Positive 1 mode
22 |@3mode B Positive 2 mode
z %40' 104 = Positive 3 mode
< .S 30 B Negative | mode
23 B Negative 2 mode
'E 3 201 3848 Negative 3 mode
L v 1z
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-8 =
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-104
-20-
707
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& 5507 ®)
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S 2304 . . L ..
D Fig. 9: Rise and settling time of cart position response
o on
— §20-
104 with input shaping control schemes as compared to the
o SIFLC control was achieved. Moreover, the overshoot of

1 2 3 1 2 3
Negative mode

Positive mode

Fig. 8: Level of hook and load swing angle reduction; a)
Hook swing angle; b) Load swing angle

two modes shaper. This can be clearly observed from the
response of both hook and load sway angle in Fig. 6b and
7b for positive and negative input shaping, respectively.
However with single mode shaper, the cart position
response as shown in Fig. 6a and 7a is faster as
compared to higher number of mode combinations. Tt
shows that for both positive and negative mput shaping,
the speed of the system response reduces with the
increase in number of modes as well as number of impulse
sequence. The corresponding rise time, setting tume and
overshoot of the cart position response using SIFLC
control with single mode, 1st two and three modes of
positive and negative shapers 1s shown in Table 3. It 1s
also noted that a slower cart position response for STFL.C

11

the cart position response is also reduced with the
increase in number of modes.

Besides, comperiseon m different polarity input
shaping also can be shown in Table 3. In general, it is
noted that the higher performance in the reduction of
sway of the system 1s achieved using positive input
shaping. This is observed and compared to the
negative mnput shaping at the single mode, 1st two and
three modes of sway frequency. For comparative
assessmment, the levels of hook and load sway reduction
using both positive and negative shapers are shown with
the bar graphs in Fig. &.

The result shows that for both hook and load sway
angle, the highest level of sway reduction is achieved in
control schemes usmng the positive shaper with all
combination of sway frequency modes. Therefore, it can
be concluded that the positive ZSDD shapers provide

better performance in sway reduction as compared to the
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modified SNA ZSDD shapers in overall. Comparisons of
the time response specifications of the cart position
responses of input shaping control schemes using both
positive and negative shapers are shown in Fig. 9 for the
rise and settling times. It 1s noted that the settling time of
the cart position response by using the modified SNA
ZSDD shaper 1s smaller than the case using the positive
ZSDD shaper. It shows that the speed of the system
response can be improved by using a negative impulse
mput shapers.

CONCLUSION

The development of hybrid control schemes based
on SIFLC control with positive and negative shapers in
single mode, first two and three modes for input tracking
and sway suppression of a DPTOC System has been
presented. The performances of the control schemes have
been evaluated mn terms of input tracking capability, level
of sway reduction and time response specifications.
Acceptable performance in mput tracking control and
sway suppression has been achieved with proposed
control strategies. Moreover, a significant reduction in the
system sway has been achieved with the hybrid
controllers regardless of the number of modes in the input
shapers design. A comparison of the results has
dem onstrated that the STFL.C control with higher number
of mput shaper modes provide higher level of sway
reduction as compared to the cases using lower number
modes for both positive and negative shapers. However
with lower number of modes, the speed of the response 1s
slightly improved at the expenses of decrease in the level
of sway reduction. Comparative assessment also
demonstrated that the positive shapers provide higher
level of sway reduction as compared to the cases using
modified negative SNA shapers.

By using the modified negative input shapers, the
speed of the response is slightly improved in term of
settling time at the expenses of decrease in the level of
sway reduction. It 1s concluded that the proposed hybrid
controllers are capable of reducing the system sway whle
mamtaimng the input tracking performance of the DPTOC.
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