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ABSTRACT

The idea of this project presents investigations into the development of
hybrid input-shaping and PID control schemes for active sway control of a gantry
crane system. The main purpose of controlling a gantry crane is transporting the
load as fast as possible without causing any excessive sway at the final
destination. However, most of the common gantry crane results in a sway motion
when payload is suddenly stopped after a fast motion. The failure of controlling
crane also might cause accident and may harm people and the surrounding. The
application of positive input shaping involves a technique that can reduce the sway
by creating a common signal that cancels its own vibration and it also will be used
as a feed-forward control which is for controlling to sway angle of the pendulum,
while the proportional integral derivative (PID) controller will be used as a
feedback control which is for controlling the crane position. The modeling of
gantry crane will be used to simulate the system using MATLAB software. The
ready-made gantry crane hardware system will be used for real-time experiment.
The simulation result will be compare with experiment result. Finally, a

comparative assessment of the control techniques is presented and discussed.
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ABSTRAK

Tujuan utama projek ini dilaksanakan, adalah untuk mengawal pergerakkan
ayuanan bagi sistem kren gantry, menggunakan hasil gabungan dua teknik yang
berbeza iaitu pembentukan input positif dan sistem kawalan PID. Faktior utama
mengawal kren gantri adalah untuk memastikan kren dapat mengangkat beban
secepat mungkin dan meletakkan beban tepat pada kawasan yang dikehendaki tanpa
belaku sebarang ayunan. Walau bagaimanapun, kebiasaannya kebanyakan kren
gantri akan berayun apabila muatan yang dibawa berhenti secara pantas. Kegagalan
mengawal pergerakan kren juga mungkin menyebabkan kemalangan dan boleh
memudaratkan orang ramai dan keadaan sekitarnya. Oleh itu, kaedah pembentukan
input positif diperkenalkan bagi mengurangkan ayunan pergerakan kren dengan
mewujudkan isyarat biasa yang mampu menghilangkan kadar getaran kren tersebut,
selain itu ia juga akan digunakan sebagai kawalan suapan hadapan bertujuan untuk
mengawal dan mempengaruhi sudut bandul, manakala sistem kawalan PID akan
digunakan sebagai kawalan maklum balas untuk mengawal kedudukan kren.
Pemodelan kren gantri akan digunakan dan diterjemahkan ke dalam perisian
MATLAB. Hasil keputusan dari perisian MATLAB vyang diperolehi akan
dibandingkan dengan hasil eksperimen. Akhir sekali, keputusan penilaian

perbandingan teknik-teknik kawalan ini dibentangkan dan dibincangkan.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Cranes are commonly employed in the transport industry for the loading and
unloading of freight, in the construction industry for the movement of materials and in
the manufacturing industry for the assembly of heavy equipment. In addition crane is
important as a lifting machine, generally equipped with wire ropes or chains and
sheaves, which can be used to lift and lower materials vertically and horizontally as
shown in Figure 1.1. It used one or more simple machines to create mechanical

advantages and thus move loads beyond the capability of a human.

Figure 1.1: Gantry Crane



1.2 Problem statement

The requirement of precise cart position control of gantry crane implies that the
residual sway of the system should be zero or near zero. Almost every industry uses a
gantry crane for its material handling applications. These gantry cranes are mostly
equipped with a cabled hoisting mechanism, which are prone to the load sway
problems. Sway persists even if a skilled operator is operating the crane. Because of
danger to the ground staff and ground equipment, these load sways can't be accepted
for such material handling applications. Furthermore, another factor that must be
considered is the effect of the load swing and disturbance on the load will risk hazard
in material handling application of a gantry crane system. Thus, anti-swing control of
material handling cranes is becoming a necessity day by day and many researchers for
anti-sway system have been progressed for a long time after the first appearance of the

crane.

Regarding on this matter, active sway control of the gantry crane need to be
developed, this project will focus on developing hybrid input shaping and PID control
schemes. The application of positive input shaping involves a technique that can reduce
the sway by creating a common signal that cancels its own vibration and it also will be
used as a feed-forward control which is for controlling to sway angle of the pendulum,
while the Proportional Integral Derivative (PID) controller will be used as a feedback
control which is for controlling the crane position. The design control model can be
applied to Gantry Crane Pendulum System hardware to get the result based on the real

experimental implementation.
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Objectives

The objectives of this project are:

14

i.  To design positive input shaping techniques and PID controller for the
anti-sway control of a gantry crane system.

ii.  To control and minimize the sway angle of gantry crane as fast as
possible without causing any sway at the final position.

iii.  To compare the simulation results with experimental results.

Scope of Project

The scopes that need to be proposed for this project are:

ii.

iii.

iv.

Vi.

To study and understand the concept of input shaping and PID controller

Study the dynamic modeling of the Gantry Crane to design the input shaping
algorithm.

Design PID controller based on Ziegler Nichols closed loop method

Design positive input shaping based on:

o Positive zero sway (PZS)

o Positive zero sway derivative (PZSD)

e Positive zero sway derivative-derivative (PZSDD) shapers.

Simulate the design using MATLAB

Do experiment by using Pendulum System Hardware.



1.5  Dissertation Organization

This thesis is a combination of five chapters that contains and elaborates
specific topics such as the Introduction, Literature Review, Methodology, Result and

Discussion, and Conclusion.

Chapter 1 basically introduced the background of the project. In this chapter,
the background of project, problem statement, objectives and scope of the project

will be discussed.

Chapter 2 contains the literature review of various technical papers, journals
and researches regarding to the modeling and various anti sway techniques in

controlling the excessive sway of a gantry crane.

Chapter 3 will be focused on methodologies for the development of hybrid
input-shaping and PID control schemes for anti-sway control of a gantry crane

system. Each step in the work methodology will be explained.

Chapter 4 will be focused on the simulation and experiment result and
discussion of MATLAB and CEM-Tools software. Comparison between each
positive input shaping derivative order with PID controller as a feedback has been
developed. This chapter also discusses a performance of each order and which orders
are more efficient to reduce sway angle of the pendulum base on the experimental

results.

Chapter 5 will be focused an overall conclusion and future recommendation

for future works.



CHAPTER 2

LITERATURE REVIEW

2.1 An Overview

The main purpose of controlling a gantry crane is transporting the load as fast
as possible without causing any excessive swing at the final position. However, most
of the common gantry crane results in a swing motion when payload is suddenly
stopped after a fast motion [1]. The swing motion can be reduced but will be time
consuming. Moreover, the gantry crane need a skillful operator to control manually
based on his or her experiences to stop the swing immediately at the right position.
The failure of controlling crane also might cause an accident and may harm people

and the surroundings.

Various attempts at controlling gantry crane system based on open loop
System were proposed. For example, open loop time optimal strategies were applied
to the crane by many researchers such as discussed in [2,3]. They came out with poor
results because open loop strategy is sensitive to the system parameters (e.g. rope
length) and could not compensate for wind disturbances. Another importance of open
loop strategy is the input shaping introduced by Karnopp [4], Teo [5] and Singhose

[6]. However the input shaping method is still an open-loop approach.

On the other hand, feedback control which is well known to be less sensitive

to di C . . 5
disturbances and parameter variations [7] is also adopted for controlling the gantry



On the other hand, feedback control which is well known to be less sensitive
to disturbances and parameter variations [7] is also adopted for controlling the gantry
crane system. Recent work on the gantry crane control system was presented by
Omar [1]. The author had proposed PD (proportional + derivative) controllers for
both position and anti-swing controls. Furthermore, a fuzzy-based intelligent gantry
crane system has been proposed [8]. The proposed fuzzy logic controllers consist of
position as well as anti-swing controllers. The fuzzy logic controllers were designed
based on the information on the skillful operators and without the need of crane
model and its parameters. The performance of the proposed intelligent gantry crane
system had been evaluated experimentally on a lab-scale gantry crane. It was shown
that the proposed system has a good positioning performance as well as a good
capability to suppress the swing angle in comparison with the crane controlled by the

PID (proportional + integral + derivative) controllers [8].

However, most of the feedback control system proposed needs sensors for
measuring the cart position as well as the load swing angle. In addition, designing the
swing angle measurement of the real gantry crane system, in particular, is not an easy
task since there is a hoisting mechanism. Some researches have also focused on
control schemes with vision system that is more feasible because the vision sensor is
not located at the load side. The drawbacks of the vision system, among those are

difficult maintenance and high cost [9].

During the operation of crane system in the container yard, it is necessary to
control the crane trolley position so that the swing of the hanging container is
minimized. Recently, an automatic control system with high speed and rapid
transportation is required. Choi et al. have proposed a neural network two degree of
freedom PID controller to control the swing motion and trolley position. As the
gantry crane has lots of dynamic characteristics, PID parameters must be changed in
varying conditions automatically. At these points, it is important to tune the

parameters of the PID control adaptively using a neural network self tuner [10].



Pieper and Surgeno at December 1994 have proposed a single input discrete
time sliding mode control for a gantry crane problem. The controller is applied to a
simulated pneumatically actuated cart positioning system. The cart tracks a set point
in position while steadying a suspended pendulum. Actuators are three valued
solenoid operators and pulse-width modulation is used between the control law and

the valve [11].

Positioning a crane swinging load, at the bottom end of a cable, by moving a
gantry trolley at the top, involves resolving the apparently conflicting demands of
exact load positioning and active swing damping. Proposed control strategies to date
have been open-ended, involving asymptotic approach to final rest positions. By
contrast, a new control strategy, assuming an idealised cable, stops the load dead,

exactly at the target, in a finite time, for all but the shortest manoeuvres [12].

The proposed method is easier to derive and implement than the time optimal
control schemes and does not require the feedback of adaptive controllers. Rather
than attempt to obtain exactly zero residual vibration, which is a practical
impossibility, the technique yields non-zero, but low levels of vibration. The control
technique investigated here is input shaping — a feed-forward technique that
generates a command signal that is self-canceling. Input shaping is implemented in
real time by convolving the command signal with an impulse sequence. The process
has the effect of placing zeros at the locations of the flexible poles of the original
system. An early form of input shaping was posicast control proposed in the late
1950's [13]. More recently, a form of posicast control was successfully applied to the
transport of suspended objects [14]. Posicast control is based on a simple linear
model and is, unfortunately, very sensitive to modeling errors [15, 16]. When a crane
hoists its payload, the system frequency changes, and therefore, posicast control will

result in some amount of residual vibration.



Robust input shaping techniques has recently been proposed [15, 17] and
shown to work effectively on long-reach manipulators [18], as well as on
configuration-dependent systems [19]. An IIR filtering technique related to input
shaping has been proposed for controlling suspended payloads [20]. Input shaping
has been shown to be effective for controlling oscillation of gantry cranes when the
load does not undergo hoisting [21, 22]. Experimental results also indicate that

shaped commands can be of benefit when the load is hoisted during the motion [23].

The effectiveness of gantry cranes is often limited by both the transient sway
and the residual oscillation of the payload. If the crane acts large like a pendulum,
then experienced crane operators can eliminate much of the residual sway by causing
a deceleration oscillation that cancels the oscillation induced during acceleration. The

success of this approach depends largely on the skill and diligence of the operator.

The feed-forward control technique of input shaping can be used to reduce
the crane sway. Input shaping is easier to derive and implement than time-optimal
control schemes and does not require the feedback mechanisms of closed loop and
adaptive controllers. Input shaping is implemented in real time by convolving the
command signal with an impulse sequence (an input shaper). This process is
illustrated in Figure 1 with a pulse input and an input shaper containing three positive
impulses. Note that the shaped input that results from the convolution has a rise time
that is longer than the unshaped input by an amount equal to the duration of the input

shaper.

Input shaping is a form of Finite Impulse Response (FIR) filtering that places
zeros near the locations of the original system's flexible poles. The impulse
amplitudes are equivalent to the filter coefficients. The impulse amplitudes and time
locations are determined by satisfying a set of constraint equations. Input shaping has
been shown to be effective for controlling oscillation of single pendulum gantry

Cranes [21, 22].



The industrial use of gantry cranes in ship yards is ever increasing, with a
demand for greater safety and faster transfer of loads. The uncontrolled pendulum
motion of loads suspended from a gantry crane endangers both the operating
personnel and the often fragile load being transported. The crane operator, by the
skillful manual drive of the gantry controls, ensures that this unavoidable pendulum
motion subsides as quickly as possible. Since extended loading and unloading time is
costly. Increasingly however, relatively high speed operating conditions mean that
manual suppression of load swing by the operator is not possible, so alternatively
mechanical or control engineering solutions have to be found. Mechanical solutions
such as cable bracing or scissor-action systems are extremely expensive to install and
maintain. Active crane swing compensation, on the other hand is a relatively
inexpensive means of achieving greater safety and faster transfer of loads. There has
recently been significant research addressing the problem of modeling and
controlling gantry cranes. Butler [24] develops a dynamic mathematical model for an
overhead gantry crane, but he and Forest [25] assume that the cable sway angle is
very small in order to linearize the nonlinear system. A controller was then designed
for this linear system. Unfortunately', when the acceleration of the load is not small
with respect to gravitational acceleration, the assumptions made will not be justified.
Kenison [26] has gone on to develop a model for complex loads that do not
approximate simple pendulum motion. However, the control algorithm he uses is
input shaping, where he uses a feed-forward system that is susceptible to output
disturbances such as wind forces on the container, which are of particular concern in

windy coastal regions such as the Eastern Cape in South Africa.



CHAPTER 3

METHODOLOGY

3.1 Introduction

This section described the methods used to reduce sway angle by using
hybrid input shaping and PID control schemes. The methods explained by this action
are very important procedures in order to ensure the flow of research move smoothly
as planned. The methodology of this research is divided into three major sections

such as:-

i.  Modeling of gantry crane
ii.  Design and develop hybrid input shaping and PID control schemes

iii.  Simulation and experiment of gantry crane system
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Figure 3.1: Work Methodology
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3.2  Modeling of gantry crane

Modeling of a gantry crane is needed to represent the system that's been
focused in order to do an analysis and further work. This involves obtaining the
dynamic characteristic of the system. With dynamic analysis, it can predict such a

problem, before a system is built.

The two-dimensional gantry crane system with its payload considered in this
work is shown in Figure 3.2, where x is the horizontal position of the cart, L is the
length of the rope, 0 is the sway angle of the rope, M and m is the mass of the cart
and payload respectively. In this simulation, the cart and the payload can be
considered as point masses and are assumed to move in two-dimensional, x-y plane.
The tension force that may cause the hoisting rope is also ignored. In this study the
length of the cart, L = 0.5 m, M = 2.49 kg, m = 0.5 kg and g = 9.81 m/s2 is

considered.

Y-axis
A
Cart

X-axi

|

\
OO

S

X payload Center point, G

mg

Figure 3.2: Gantry Crane Model
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3.2.1 Specifications of the lab-scale gantry crane

The detail specification of the lab-scale gantry crane system is shown in
Table 3.1. The straight line motion of the ball screw moves the cart that is connected
to it and the pendulum angle that is connected to the cart is controlled. The gantry
crane system requires two sensors and the pendulum angle is recognized by the
encoder that is connected to the pendulum. The location of the cart is recognized by

the encoder that is connected to the motor as shown in Figure 3.3.

Table 3.1: Lab-scale gantry crane specifications

Item Specification
W x L x H (mm) 1330 x 200 x 250
Length of pendulum (L) 0.5m
Weight of pendulum (M) 0.5Kg
Mechanical
Weight of the cart (m) 249 Kg
Displacement movement 900 mm
Ball screw pitch 12.7 mm
Motor output 24 V,60 W
Maximum rotation of motor 3800 rpm
Electrical
Encoder Pulse 4000 pulse
Motor input voltage 0-5V

Figure 3.3: Gantry Crane Pendulum Hardware
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3.2.2 Dynamic modeling of gantry crane

This section provides a brief description of the modeling of the gantry crane
system. The Euler-Lagrange formulation is considered in characterizing the dynamic
behavior of the crane system incorporating payload. The kinetic and potential energy

of the whole system is given by:

T = % Mx? +% m(x? + i% + 126% + 2xlsind + 2x16cos6)

The potential energy can be formulated by:

3.2
U =-mglcos6 (3.2)
Using Lagrange equation:
3.3)
d [dL dL g
i
. (34
u = (mL + mc)#, + mLl(6cosd — 6%sinb)
3.5)

my %1 cos0 + my 16=-m,gsinf

¥1cos0 + 16 = —gsind
From equation (3.4) and (3.5), the equation can be rewritten in the state space
equation form:

my+m, my lcosB] [x1] _ [mLézsinB +u G.7)
my, cos@ my 1 2} —my g sinf .
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mc+mysin2@
_ 5 , (3.8)
u cos@ +my sin 0 (g+102cosd )+gm, sind

u+my sin 0(162+gcosd )
[51-
9. —_—
l (m +mysin20)

From the above equation 3.8 is in nonlinear function, it can’t be used easily for the
purpose of analysis, design and other. In order to get a linear model, linearization
must be implemented in the above model. The following condition will satisfy the

aim:
cosf =~ 1;sinf = §;sin’ 0 ~ 0;0% ~ 0
X1 Xy cart position
X2| _|%2| _| cartvelocity
“lo| | bar'sangle
] bar's angle rate (3.9)

The linear model of the uncontrolled system can be represented in a state-space form

as shown in equation by assuming the change of rope and sway angle are very small.

3.2.3 State space representation of the system
The state space of gantry crane is represents in equation 3.10 as show below

x = Ax + Bu
Yy =Cx+ Dx (3.10)
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. : 0 0 1 0 0
X
o I I 0 0 0 1 0
c =2[=12=10 =2 o o 1
L P 0 M ﬁ
x ] =((M+m)+g)
2 a 0 M+l 0 0 Mb’
c=[1 0 0 0]
D=[0] G.11)

3.2.4 Parameter used in this dynamical equation is as follows:

0: angle of load swing (rad)

M : mass of the load (kg)

m : mass of the trolley (kg)

L : length of rope (m)

g : gravity acceleration (m/s?)

X : acceleration of trolley (m/s?)

6: angular acceleration of the load swing (rad/s?)

3.3  Research on positive input shaping techniques

3.3.1 Objective Input Shaping

i.  To determine the amplitude and time location of the impulses based on the
natural frequency and damping ratios of the system
ii.  To work as a feed-forward controller which is for controlling the sway angle
of the pendulum for reducing vibrations of gantry crane.
iii. To design and develop command signal that cancels its own vibration based
on positive zero sway (PZS), positive zero sway derivative (PZSD) and

positive zero sway derivative-derivative (PZSDD) shapers.
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3.3.2 Operation of Input Shaping

Positive input shaping was generated through the convolution of the impulse
function with bang-bang input. Each of the positive input shaping contains a different
value of impulse. An unshaped bang-bang force is used to determine the
characteristic parameters of the system for design and evaluation of input shaping
control techniques. Figure 3.4 and 3.5 show the illustration and block diagram of

input shaping technique.

Button Command - Shaped Command
Zero Vibration (velocity set-points )
Input Shaper
*1g
0 ot 0 A 0 A Tt
Time A = Period of Swing L

Figure 3.4: Illustration of input shaping technique

Command
Input +
—> AN >
SHAPER ) CONTROLLER PLANT
Figure 3.5:

Block diagram of input shaping outside closed loop system
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Lero Vibration (vetocity set-points )
Input Shaper
* l ] q : !
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Command
Input N
B NPUT PID
5| pLANT >
SHAPER ~7| CONTROLLER PL
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3.3.3 Bang-bang Input Techniques

The bang - bang input of positive input shaping was implemented in real time
by convolving the command signal with an impulse sequence. Each of the positive
input shaping contains a different value of impulse. This process is illustrated based
on positive zero sway (PZS), positive zero sway derivative (PZSD) and positive zero

sway derivative-derivative (PZSDD) shapers.

3.3.4 Development of positive input shaping

For this project, positive input shaping controller of anti sway is developed
for the system. Based on the previous research, input shaping can reduce the sway of
the system significantly. The positive input shaping control scheme will divide into
three types which are positive zero sway (PZS), positive zero sway derivative
(PZSD) and positive zero sway derivative-derivative (PZSDD). Each of the positive
input shaping contains a different value of impulse. Table 3.2 shows the summarized

of positive input shaping techniques.



Table 3.2: Positive Input Shaping Techniques

Positive Zero Sway
(PZS)

Positive Zero Sway

Derivative (PZSD)

Positive Zero Sway
Derivative- Derivative
(PZSDD)

e Contain 2 impulse

responses include:

i. Unity amplitude
summation

ii. Time optimality
constraints

Al A2

L1

t1 2

e Contain 3 impulse
responses include:
i. Unity amplitude

summation
ii. Time optimality
constraints
iii. First order
robustness
constraint equation.
A2
Al 3
t1 t2 t3

e Contain 3 impulse
responses include:
i. Unity amplitude
summation
ii. Time optimality
constraints
ili. Second order
robustness constraint
equation.

A2 A3

Al A4

LL11

t1 2 3 t4

3.3.5 Design equation of Input Shaping Schemes

The design objectives of input shaping are to determine the amplitude and
time locations of the impulses in order to reduce the detrimental effects of system
flexibility. These parameters are obtained from the natural frequencies and damping
ratios of the system, The corresponding design relations for achieving a zero residual
single-mode sway of a system and to ensure that the shaped command input produces
the same rigid body motion as the unshaped command yields a two-impulse

8equence namely zero-sway (ZS) with parameter as shown in equation (3.12)
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£ m
tl — 0: 2= wd
1 =K
A= A= (3.12)
where
_Eﬂ
=e
Kk 1-¢&

(w, and { representing the natural frequency and damping ratio respectively) and ¢
and 4 are the time location and amplitude of impulse j respectively. This yields a
three-impulse and four-impulse sequence namely zero-sway-derivative (ZSD) and
zero sway- derivative (ZSDD) with parameter as shown in equations (3.13) and

(3.14) respectively:

2
t - =.1 T —
1=0, ¢t — by (3.13)
1 2K K*
A= = A =— Aa=rmm—
1+2K+K 1+ 2K + K? 1+ 2K + K?
t1=0 = = -
1 ’ t; oy tz3 = ol ty = e (3.14)
L= ) S 3K
1+3K+3K2+k3 ' 2T T143K+3K?+K°
3K2 K3

3= -
143K +3K2+ K7 ' =113k 73k2+ K3




3.3.6

ii.

ii.
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Advantages of Input Shaping

Designing an input shape does not require an analytical model of the system;
it can be generated from simple, empirical measurements of the actual
physical system.

Input shaping does not affect the stability of the closed loop system in any
way. It simply modifies the command signal to the system so that all moves,
regardless of length, are vibration free.

Input shaping does not require a dedicated transducer to measure the
vibrations. It can be applied successfully to systems where vibrations cannot

be observed at the feedback transducers.

Research on PID controller techniques

Proportional-Integrated Derivative (PID) control is the most popular feedback

controller used within the process industries involved in controlling the crane

position. PID also provides a constant system output at a specified set point.

4.1

ii.

iii.

Objectives PID control

To determine the proportional, integral and derivative scaling coefficients in
the control equation.

To works as a feedback controller which is for controlling the position of
crane for reducing vibrations of gantry crane.

To effectively tune a PID controller al gorithm



3.4.2 Combinational of all three modes (P, I and D)

i. In Time Domain

MV (=K (e(t)+—[e(t)dt+T "‘;(’) J

ii. In Frequency Domain

MV(s)= Kp(1+-1—+Tds)E(s)
Ts

Where,
MV : Manipulated Variable
K,, : Proportional gain
T; : Integral time
T, : Derivative time

e (t): error signal

22

The desired closed loop dynamics is obtained by adjusting the three

parameters such as Proportional gain (Kp), Integral time (7;) and Derivative

time (T), often iteratively by "tuning" and without specific knowledge of a plant

model. Stability can often be ensured using only the proportional.term. The integral

term permits the rejection of a step disturbance. The derivative term is used to

provide damping or shaping of the response.
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3.4.3 PID control procedures in closed loop system:

R e
_>O_) PID
T Controller Pilant >

Figure 3.6: Block Diagram of a PID Control

Figure 3.6 shows the block diagram of a PID controller in a closed loop
system. The variable (e) represents the tracking error, the difference between the desired

input value (R) and the actual output (Y).

This error signal (e) will be sent to the PID controller, and the controller
computes both the derivative and the integral of this error signal. The signal (u) just past
the controller is now equal to the K,, times the magnitude of the error plus the K; times
the integral of the error plus the K, times the derivative of the error. This signal (u) will
be sent to the plant, and the new output (Y) will be obtained. This new output (Y) will be
sent back to the sensor again to find the new error signal (e). The controller takes this

nNew error signal and computes its derivative and its integral again. This process goes on

and on,
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The PID controller calculate the control signal u (t) as mathematically processing

the error signal as shown in formula (3.15)
de(t)
u(t) = KPE(t) + K; f e(t)dt + KdT (3.15)

The improvement of the PID controller performance depends on the method that gains
are defined. When (3.15) is converted into Laplace transform, the result in shown in the

formula (3.16)

U(s) = (Kys + Ki5 + Kis ) E(s) (3.16)

U(s) K,s*+Ks+K,
E(s) s

The PID control scheme is named after its three correcting terms, whose sum constitutes

the manipulated variable (MV) as shown in Figure 3.7

Gantry » 0(t)
g Crane =+ 4(t)
System o
()
+ |« Kp
te Ki
- d
+ il
dt |e Kd

Figure 3.7: The PID controller structure
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3.4.4 Characteristics of PID

A proportional controller (Kp) reduces the rise time of the plant response, but
it cannot eliminate the steady-state error. An integral control (Ki) can remove the
steady-state error, but worsen the characteristics of the transient response. However
the differential gain Kp can improve the stability of the system, so it can reduce the
overshoot and improve the characteristic of the transient response. A derivative
control (Kd) can increase the stability of the system, reduce the overshoot, and
improve the transient response. The effects of each of controllers Kp, Kd, and Ki on
a closed-loop system are summarized in the Table 3.3. The change coefficients of

any one can change other two coefficients.

Table 3.3: The characteristics of P, I, D controllers

RESI(EéNSE RISE TIME | OVERSHOOT SE,}?;;:NG S-S ERROR
Kp Decrease Increase Small Change Decrease
Ki Decrease Increase Increase Eliminate
Kd Small Change Decrease Decrease Small Change

The detail of each characteristic of the response for proportional gain (Kp),

integral gain (Ki) and derivative gain (Kd) are explained as below (i-iii)
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i Proportional Gain

The proportional term makes a change to the output that is proportional to the
current error value. The proportional response can be adjusted by multiplying the

error by a constant proportional gain (Kp). The proportional term is given by:
P out = Kp B(t)

where, P,,; is an output of proportional, K, is a tuning parameter of proportional

gain, e is an error and ¢ is a time.

When the value of K; and K, held constant, a high proportional gain results in
a large change in the output for a given change in the error. If the proportional gain is
too high, the system can become unstable. In contrast, a small gain results in a
smaller output response to a large input error, and a less responsive or less sensitive
controller. While if the proportional gain is too low, the control action may be too

small when responding to system disturbances as shown in Figure 3.8.

e afRrenze s gﬂ;il |
Kp-U& e

Figure 3.8: Plot of PV vs time, for three values of K,
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Integral Gain

The contribution of the integral term is proportional to both the magnitude of
the error and the duration of the error. The integral in a PID controller is the sum of
the instantaneous error over time and gives the accumulated offset that should have
been corrected previously. The accumulated error is then multiplied by the integral
gain (K;) and added to the controller output. The integral term is given by:

t
Iout = Ki f E(T)d‘l'
0

where, I,,; is an output of integral, K; is a tuning parameter of integral gain, e is

an error, T is a dummy integration variable and ¢ is a time.

When the value of K, and Kq held constant, the integral term accelerates the
movement of the process towards set-point and eliminates the residual steady-state
error that occurs with a pure proportional controller. However, since the integral term
responds to accumulated errors from the past, it can cause the present value

to overshoot the set-point value. The comparison of those different values of K; as

shown in Figure 3.9.

15 — T v v L

I [ P—
Ki=2 l reference signal
— K= =

" “Kp=1 Ki=1 Ki=1

Ki=05

0 2 4 6 8 10 12 14 1B 18 20

Figure 3.9: Plot of PV vs time, for three values of K;
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Derivative Term

The derivative of the process error is calculated by determining the slope of
the error over time and multiplying this rate of change by the derivative gain Kd. The
magnitude of the contribution of the derivative term to the overall control action is

termed the derivative gain, Kd. The derivative term is given by:
d
Doy = Ky '&Ee(t)

where, D,,; is an output of derivative, K; is a tuning parameter of

derivative gain, ¢ is an error and ¢ is a time.

When the value of K, and K; held constant, the derivative term slows the rate
of change of the controller output. Derivative control is used to reduce the magnitude
of the overshoot produced by the integral component and improve the combined
controller-process stability. However, differentiation of a signal amplifies noise and
thus this term in the controller is highly sensitive to noise in the error term, and can
cause a process to become unstable if the noise and the derivative gain are
sufficiently large. The comparison of those different values of K; is shown in Figure

3.10

Kd=05 reference signal l

Kp=1 Ki=1 Kd=1
05

L L i L I L L '

0 2 4 8 8 10 12 14 16 18 20

Figure 3.10: Plot of PV vs time, for three values of Kq
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3.4.5 Ziegler—Nichols Frequency Response Method (second method)

The second method targets plants that can be rendered unstable under
proportional control. The technique is designed to result in a closed loop system with
25% overshoot. Ziegler and Nichols proposed rules for determining the values of the
propoﬂional gain (Kp, integral time (77, and the derivative time (74 based on transient

response characteristics of a given plant.

For the Ziegler-Nichols Frequency Response Method, the critical gain, Ker and
the critical period, Pcr have to be determined first by setting the 7i =co and 7u = 0.
Increase the value of Kp from 0 to a critical value, adjust gain to make the oscillations
continue with a constant amplitude as shown in Figure 3.11, the value of Kcr is at which
the output first exhibits sustained oscillation. Table 3.4 shows the formula of controller

tuning parameters for the second method of Zigler-Nichols.

I-o~— Per _.,l

AVAVAY

Figure 3.11: Step Response for Critical Period (1cycle)

Table 3.4: Critical Gain (Kcr) and Critical Period (Pcr)

PID TYPE Kp Ti Td
P 0.5 Ker 00 0
PI 0.45 Ker Per 0
1.2
PID 0.6 Ker 1 (2 Fer
2 8
Ker = 1 P 2
Al |Gp(jwe)Gr(jwe)Gs(jwe)| e (wc)



Amphtude

Pcr

Step Response

Time (sec)

Figure 3.12: Sustained oscillation response

From the graph in Figure 3.12, tuning of PID Mode has been determined as shown in
Table 3.5:-

Table 3.5: Calculation of PID based on Ziegler Nichols (second method)

Value Critical
. . Kp Ti Td
gain and period
Pcr
0.6 x Kcr =1/ (T) - Per
Ker=1 0.6x1 5 58
=1 (_
Pcr=5 0.6 / 2 =3
= -—1— = 0.625
2.5
=04
Tuning PID Kp =0.6 Ti=0.4 Td =0.625
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3.5 Simulation Studies

Figure 3.13 shows a block diagram of sway control using hybrid input
shaping and PID controller schemes for the gantry crane system. The systems are
then built in the MATLAB software. The output signal that generated from
simulation will give preliminary results for hybrid input shaping and PID control
schemes. The result will be used as reference for experimental of reducing sway
angle of the gantry crane system. Simulation result of the response is presented in

time and frequency domains.

T o B
b, Input _tC\ . U0 Crane ——X(1)
— ] L

1 | Shaper 4 K, L5, System [ »0(1)
: Tl
| d | .

: = 5 Kd I

, :

: 1 !

I o s [ Ki :

| 1

! 1
S PID Controfler  __ _ ________ -

Figure 3.13: Block diagram for hybrid input shaping and PID control schemes

In the simulation process, two controllers have been used to control the sway
of gantry crane. Input shaping has been used as a feed-forward controller and PID
have been used as a feedback controller. The output of the system is represented in
term of sway angle of the pendulum, velocity of the pendulum, the position of the
Cart and the velocity of the cart. The whole system for the simulation work is shown

in Figure 3.14, which is executed by a combination of each block in Figure 3.15
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Cart and the velocity of the cart. The whole system for the simulation work is shown

in Figure 3.14, which is executed by a combination of each block in Figure 3.15
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(connection inside the system of input shaping controller) and Figure 3.16
(connection inside the system of PID controller). State space block has been used to
implement the 2D modeling of the gantry crane system as shown in Figure 3.17. For
the configuration in the system, the parameters can be changed by changing the value
of the parameter in m-file as shown in Figure 3.18. For the simulation
implementation, the manipulated variables are the initial value of rode position,
length of the rode and mass of the rode. The simulation has been executed at the

interval of 0.001 second for 10 seconds as shown in Figure 3.19.

{7 wob)_crane hybrid (AU9004 *
Ph Edt Wew Smdlstion Fomat Tools Help

D FW& - = oS Nomal . e @ »BEe

mJl o )

epl

L[]

TP
wCatbu

LJ ]

#Cand

Aepl
-
- } ) - 4.’ PID ‘l*, 2D Crane ’ -
nped TP L = e Shite 1 pee ’.{ P l
gty ’
-—

feang Angie o8 Fendubyi

:1{77 ]

Vatority #1 £ 4

I.l—.h.‘..i‘ ]
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Figure 3.14: Simulink Model of Gantry Crane System
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Figure 3.15: Input shaping controller inside the system
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Figure 3.17: 2D modeling of gantry crane inside the system
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3.6 Experimental Studies

The experiments will be conducted by using a gantry crane pendulum system,
1/O board hardware, CEM-Tools and MATLAB software, to achieve the same output
as the simulation studies. The pendulum system used in this study transmits the
rotational power of the motor that is generated as the motor rotates through the balil
screw and the rotation is changed into the straight line motion. The straight line
motion of the ball screw moves the cart that is connected to it and the pendulum
angle that is connected to the cart is controlled. The gantry crane system requires two
sensors and the pendulum angle is recognized by the encoder that is connected to the
pendulum. The location of the cart is recognized by the encoder that is connected to
the motor. The detail specification of the lab-scale gantry crane system is shown in

Table 3.1.

The filter algorithm is implemented by using an industrial personal computer
(Pentium IV, CPU 2.4GHz). The encoder sensor’s signals from the angle and cart
motion are connected to the analogue I/0 Port of RG-DSPIO01with a voltage range
of -10 V to +10 V. The output of the controller is also sent to the analogue I/O Port
of RGDSPIOO0!1 using 25P connector. The hybrid input shaping and PID control
techniques algorithm is implemented in CEM-Tool software with the sampling

period selected at 1 ms.

3.6.1 Verification of Control Design

The unshaped bang-bang torque input is designed in SIM-Tool to determine
characteristic parameters of the system for the design and evaluation of the hybrid
input shaping and PID control technique. The suitable values for every step are

chosen. The output of the step design must balance between positive and negative
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part at Y-axis. The configurations for parameter settings unshaped bang-bang torque
input are shown in Figure 3.20-3.22. Figure 3.20 shows the parameter setting in step
1. The bang-bang torque input started at 0.2 sec for X-axis which stated 1 as the
initial value and the final value is 2 for the Y-axis. The input signal parameter setting
in step 2 is started at 0.5 sec for X-axis while the initial value is 0.0 and the final
value is -2 for the Y-axis as shown in Figure 3.21. Then, Figure 3.22 shows the
parameter setting in step 3 at 0.8 sec for X-axis whereas for Y-axis, the initial value

is 0.0 and the final value is 1.

Configure Block Parameter ]

[ Signal_Generator : Step |
Block Name ! Stepl

| Parameter Setting |
Stant_lime

0.2

Iniial_value

1

Final_value
2

CanceliC) Help(H)

Figure 3.20: Parameter Setting in Step 1
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[ Sigral_Generator : Step |
Block Name i StepZ

[ Parameter Setting |
Stant_time

|05

Initial_value

|0

Final_value

/3
L

Cancel(t) Help(H)

Figure 3.21: Parameter Setting in Step 2
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Configure Block Parameter
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Block Mame : ] Stepl

| Parameter Setting )
Stail_time

0.8

Initial_value

0
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|

L

Cancell(C) Help[H)

Figure 3.22: Parameter Setting for Step 3

The coding for positive input shaping in M-file mode is converted to CEM
mode. The coding is run in CEM mode and the variable is stored in the workspace of
SIM-Tools as shown in Figure 3.23-3.24. The variable stored in the workspace is
depending on the derivatives of the input shaping. After the coding has been run in
CEM-Tools, the results from CEM-Tools then were being transferred to MATLAB

to get the final result of sway angle and the horizontal position cart.
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3,6.2 Data Collection and Analysis Controller Design

The experimental study was developed by using CEM-Tools interface with
Gantry Crane Pendulum System Hardware. Figure 3.25-3.28 shows the complete
plock diagram of SIM-Tools model design with and without controller based on PID
control schemes and also interfacing connection between CEM-Tools and Gantry

Crane Pendulum System Hardware.

This experiment will collect the data for angle of the sway and position of the
cart. Firstly, start the simulation with initial block diagram followed by SIM-Tool
model design. The Gantry Crane Pendulum System hardware will react when the
block diagram of SIM-Tool start. The cart will swing-up based on the program. Then
the data automatically save in variables of CEM-Tool. The data from CEM-Tool will
convett into the workspace of MATLAB. The experiment is continuing to find the
natural frequency w, by taking the highest amplitude in the power spectral density
(PSD) response and then multiply it with 27 to get the natural frequency that will be
used in CEM-Tools software. Then, the final output graph for angle of the sway and

position of the cart are generated from MATLAB source code.

The results of the experiment are compared between a simulation design with
and without a controller. Comparisons of the time response specification based on
hybrid input shaping and PID controller technique are recorded. The time response
specifications of rise time, settling time, overshoot and attenuation sway angle of the
pendulum will indicate which of techniques in input shaping is more efficient to
reduce a sway angle of the gantry crane system. Finally, a comparative assessment of

the control techniques is presented and discussed.
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CHAPTER 4

RESULTS AND DISCUSSIONS

41 Introduction

This chapter is discussing about all results which are simulation and

experimental results and followed with discussions for this project. The simulation

studies were done using MATLAB and experimental studies were done using CEM-

Tools with Gantry Crane Pendulum. The results will divide into four major sections:

ii.

iii.

iv,

Simulation results using MATLAB for hybrid input shaping and PID
controller

Experimental results using CEM-Tools with Real Gain swing-Up
Inverted Pendulum

Result analysis

Comparative Assessment
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42 Comparative Assessment of Simulation

The bang-bang input voltage of 1.5V is applied to the cart of the gantry crane
system. To study the effectiveness of sway suppression, PZS, PZSD and PZSDD shapers
with PID controller are designed based on the sway frequencies and damping ratios of
the gantry crane system. The first mode, sway of the system is considered, as these
dominate the dynamic of the system. The responses of the gantry crane system to the
unshaped input were analyzed in time-domain and frequency domain (spectral density).
These results were considered as the system response to the unshaped input and will be

used to evaluate the performance of the input shaping schemes.

43  Simulation result using MATLAB software

In simulation, result of sway angle, horizontal position cart and power spectra
density values were presented by using two controllers which are for feed-forward
controller, input shaping has been used to control the sway angle of the pendulum and
for feedback controller, PID has been used to control the crane position. Figure 4.1
shows a block diagram of a gantry crane by using hybrid input shaping and PID control
techniques, which has been studied to reduce the sway of gantry crane. Performances of
the input shaper and PID control are examined in terms of swing angle reduction and
time response specifications. Finally a comparative assessment of the control techniques

18 presented and discussed.
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Figure 4.1: A block diagram design of a gantry crane system in MATLAB

43.1 Simulation result without controller

Figure 4.2-4.4 shows the response of power spectra density, swing angle of the
Pendulum and the horizontal position cart of the gantry crane system without using
hybrid input shaping and PID controlier schemes. These results were considered as the
SYstem response of the unshaped bang-bang torque input to evaluate the performance of
gantry crane by comparing the result between a simulation design before and after
#pplying controller. These results show that a sway occurred during the movement of the

Pendulum. The maximum amplitude of sway angle obtained 30.68 dB with the sway
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ency 0.883Hz, while the maximum amplitude of sway angle of the pendulum and

i-ontal of the cart is = 0.189 rad and 3 cm respectively.

Power Spectral Density (dB)

-80 -

-100 - -+

120" = = b — . I — 4 S SN 4 el
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Frequency (Hz)

Figure 4.2: Power Spectra Density without Controller
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43.2 Determination of Cut-off Frequency

The Cut-off frequency was obtained by simulating a block design in MATLAB
with an unfiltered bang-bang torque input. The bang-bang torque command is required
in order for the angle of gantry crane position. The first mode of the sway of the system
is considered. The responses of the gantry crane system to the unfiltered bang-bang
torque input were analyzed in the frequency domain (Spectral density). These results
were considered as the system response to the unfiltered input and will be used to

evaluate the performance of hybrid input shaping and PID control techniques.

The graph of cutoff frequency is shown in Figure 4.5. Thus, the sway frequency
of the gantry crane was obtained at 0.883 Hz for the first mode of sway. A suitable
cutoff frequency is half the sway frequency. Since the sway frequency must be higher
than the bandwidth of the input signal, a cutoff frequency chosen in this way properly
filters out unwanted frequency components. If the cut-off frequency is too high, those
components may not be filtered out. If the cut-off frequency is too low, it might narrow

the bandwidth of the input signal.

3p). X:0883
Y:21.16

L e

Power Spectral Density dB

~
o

2 4 6 8 10 12 14 18 18 20
Frequency Hz

Figure 4.5: Cut-off frequency




48

433 The Unshaped Bang — Bang Torque Input Design

The unshaped bang-bang torque input is designed in simulation to determine
characteristic parameters of the system and evaluation of the positive input shaping
technique including PZS, PZSD and PZSDD as show in Figure 4.6-4.8. A suitable
unshaped bang-bang torque will be designed by using a small value of parameter to
reduce the amplitudes sway angle of the pendulum. Thus, it will make less vibration of
the sway angle and the settling down will becomes longer to obtain a reduction of sway

angle of the pendulum with the increment number of impulses in positive input shaping

techniques.

Bang-bang Input of PZS

2 | I = ik T~ B T e T

Step
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Time (ms)

Figure 4.6: Bang-bang Input Torque for PZS
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44 simulation result with controller based on hybrid input shaping and PID

| control schemes.

Positive Zero Sway (PZS) and PID Controller

Figure 4.9 to 4.11 show the power spectral density, sway angle of the pendulum
and the horizontal position of cart of gantry crane after positive zero sway (PZS) shaper
d PID control schemes being applied to the system. These results show the
performance of hybrid input shaping and PID control schemes has been developed to
the sway angle of the gantry crane. Based on simulation result the level sway
duction of the pendulum in Figure 4.9 shows a slight changed for hybrid PZS shaper
PID control by achieving as much as 2.113 dB. Figure 4.10 shows a maximum

ion in amplitude of sway angle of the pendulum is + 0.0358 rad compared to

Power Spectra Density with PZS and PID
40 ;- ———p— 3 - T -—

—
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Figure 4.9: Power spectra density PZS and PID
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Swing Angle of Pendulum with PZS and PID
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44.2 Positive Zero Derivative (PZSD) and PID Controller Schemes

Figure 4.12 to 4.14 show the power spectral density, sway angle of the pendulum
and the horizontal position of the cart of gantry crane after positive zero sway derivative
(PZSD) shaper and PID control schemes being applied to the system. When increasing
the value of proportional gain (Kp) at 250, integral gain (Ki) at 0.0025 and derivative
gain at 1000 the results in Figure 4.12 give an improvement which the levels sway
reduction become decreased to -15.08 dB. The maximum amplitude of sway angle of the
pendulum also decreased to + 0.0081 rad in Figure 4.13 whiles the reading position of
the cart in Figure 4.14 increased to 0.9978 cm and achieved time to settling down the
movement of the pendulum in 1.52 x10* ms with zeros overshoot and the rise time was

increased to 0.92 x10* ms respectively.
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Figure 4.12: Power spectra density PZSD and PID
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443 Positive Zero Derivative-derivative (PZSDD) and PID Controller

Figure 4.15 to 4.17 show the power spectral density, sway angle of the pendulum
and the horizontal position of the cart of gantry crane after positive zero sway
vative-derivative (PZSDD) shaper and PID control schemes being applied to the
:’. stem. The level of sway reduction in Figure 4.15 shows a better improvement by
oiving a reading -38.18 dB. It has been proved with reducing amplitude of sway angle of
the pendulum at 0.0039 rad in Figure 4.16 whiles the reading position of the cart in
s 4.17 increased to 0.9979 ¢m and achieved time to settling down the movement of
.;,‘pendulum in 1.54 x10* ms with zeros overshoot and the rise time was increased to

0.94 x10* ms respectively.
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Figure 4.15: Power spectra density PZSDD and PID
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45 Comparison in Simulation Result
45.1 Comparison of Power Spectra Density

Figure 4.18 shows the comparison of power spectra density (PSD) between
hybrid PID control schemes with PZS, PZSD and PZSDD shaper in the simulation
result. The attenuation of the level of sway angle data in power spectra density was
analyzed of each type of shaper. Based on a comparison result from the PSD of the sway
angle response, the swaying frequencies are dominated by the first mode, which are
obtained as 0.6868 Hz, 0.6868 Hz and 0.5887 Hz with a magnitude of 2.113 dB, -15.08
dB and -38.18 dB for the hybrid PID control schemes with PZS, PZSD and PZSDD
shaper respectively as shows in Table 4.1.
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Figure 4.18: Comparison of Power Spectra Density




Table 4.1: Response of Power Spectra Density after applying controller
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Table 4.1: Response of Power Spectra Density after applying controller

Controller Power Spectra Density
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452 Comparison of Sway Angle of the Pendulum

Figure 4.19 shows the comparison of sway angle of the pendulum between
ybrid PID control schemes with PZS, PZSD and PZSDD shaper in the simulation
result. Based on comparison result, it shows that the level of sway angle was
sig;tljj‘ﬁcantly reduced with the increasing of positive input shaping derivative order. This
is evidenced in the pendulum sway angle responses. The magnitude of sway angle was
achieved as £0.0358 rad, +0.0081 rad and +0.0039 rad for the hybrid PID control
schemes with PZS, PZSD and PZSDD shaper respectively as shows in Table 4.2.
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Figure 4.19; Comparison response of sway angle of pendulum



Table 4.2: Response of Swing Angle of Pendulum after applying controller
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By comparing the result presented in Table 4.3, it is noted the highest
_formance in the reduction of the sway of the system is achieved using hybrid input
, based on a PZSDD shaper with PID control schemes. This is observed and

oared to hybrid input shaping based on PZS and PZSDD shaper with PID control
_f;‘:w‘,, at the first mode of sway. For comparative assessment, the level of sway
;f[., ion of the sway angle of the pendulum using hybrid input shaping and PID control
es is shown in Figure 4.20. The result shows that, highest level of sway reduction
is achieved using PZSDD with PID control schemes followed by PZSD and PZS with
a control schemes. Therefore, it can be concluded the combination feed-forward and
" ack controller based on hybrid input shaping and PID control schemes provide

ter performance in sway reduction as compared to the uncontrolled techniques in the

Table 4.3: Level sway reduction of the single pendulum

| Feedback
Controller Controller sway of the pendulum of the pendulum (rad)

Feed-forward Attenuation (dB) of | Amplitude of sway angle

Uncontrolled 30.68 +0.187

PZS 2.113 +0.0358

PID PSDD -15.08 ' +0.0081

PZSDD -38.18 +0.0039
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By comparing the result presented in Table 4.3, it is noted the highest
p erformance in the reduction of the sway of the system is achieved using hybrid input

shaping based on a PZSDD shaper with PID control schemes. This is observed and

compare
schemes at the first mode of sway. For comparative assessment, the level of sway

d to hybrid input shaping based on PZS and PZSDD shaper with PID control

reduction of the sway angle of the pendulum using hybrid input shaping and PID control
schemes is shown in Figure 4.20. The result shows that, highest level of sway reduction
is achieved using PZSDD with PID control schemes followed by PZSD and PZS with
PID control schemes. Therefore, it can be concluded the combination feed-forward and
feedback controller based on hybrid input shaping and PID control schemes provide

better performance in sway reduction as compared to the uncontrolled techniques in the

overall.

Table 4.3: Level sway reduction of the single pendulum

Feedback Feed-forward Attenuation (dB) of | Amplitude of sway angle
Controller Controller sway of the pendulum of the pendulum (rad)
Uncontrolled 30.68 +0.187
PZS 2.113 +0.0358
PID PSDD -15.08 +0.0081
PZSDD -38.18 +0.0039
—
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Comparison of Attenuation Level of Sway
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Figure 4.20: Level of Sway Reduction

5.3 Comparison of Horizontal Position Cart

Figure 4.21 shows the comparison of the horizontal position cart between hybrid
PID control schemes with PZS, PZSD and PZSDD shaper in the simulation result. Based
on €omparison result, the position of the trolley keeps reducing with higher derivative
order of positive input shaping. Therefore, the speed of the system was reduced by the

Mcreasing number of impulse sequence.

The corresponding rise time, settling time and overshoot of the trolley position
“S5ponse s depicted in Table 4.4. Using the hybrid PID control schemes with PZS
18PCs, the cart motion is more faster than PZSD and PZSDD shaper. However, there is

QVershoot in the responses of the cart motion for all hybrid input shaping and PID
©ontro cages.
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The settling time and rise time of the cart position response by using the PZS
taper with PID control schemes is smaller than using the PZSD or PZSDD shaper with
, control schemes which are 1.50 x10* ms follow by 1.52 x10* ms and 1.54 x10* ms
,;; settling time while for the rise time is at 0.80x10* ms, 0.92 x10* ms and 0.94 x10*

. ;mpectively.
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Figure 4.21: Comparison Response of Horizontal Position Cart



able 4.4: Response of Horizontal position of the cart after applying controller
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The time response specifications of rise time, settling time and overshoot of the

art position response for hybrid input shaping and PID control schemes are depicted in
!e 4.5. Based on Figure 4.21, it is noted that a slower cart position response before
nd after using controller was achieved. It is shown that, by incorporating more number
;i'mpu]ses in input shaping control schemes resulted in a slower response. Comparison
fthe response specification of the cart's position response of hybrid input shaping and
control schemes is summarized in Figure 4.22. It is noted that the settling time of
the cart position response by using the PZS shaper with PID control schemes is smaller
using the PZSD or PZSDD shaper with PID control schemes. It shows that the
sed of the system response can be improved by using PZS shaper with PID control
hemes. It is concluded that the proposed feed-forward and feedback controllers are

pable of reducing the system sway while maintaining the steady state position of cart.

Table 4.5: Specification of horizontal position of cart response

Feedback | Feed-forward Rise Time | Settling Time | Overshoot
Controller | Controller x10% (s) x10* (s) (%)
PZS 0.80 1.50 0
PID PSDD 0.92 1.52 0
PZSDD 0.94 1.54 0
\
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Figure 4.22: Comparison Times Response of the System

Experimental results using CEM-Tools

'Iﬂ order to verify the effectiveness of the proposed hybrid input shaping and PID
“MES, experimental research was conducted on a Real Gain lab-scale gantry crane
tem, 1/0 board hardware and CEM-Tools, to achieve the same output as the

ation studies. In this investigation, hybrid input shaping and PID control schemes

'Mplemented and tested with the experimental environment of the lab-scale gantry
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crane system and the corresponding results are presented. The bang-bang input voltage

of £10V is applied to the cart of the gantry crane system.

To study the effectiveness of sway suppression, PID controller schemes are
designed based on the sway frequencies and damping ratios of the gantry crane system.
The first mode of the sway of the system is considered, as these dominate the dynamic
of the system. The responses of the gantry crane system to the unshaped input were
analyzed in time-domain and frequency domain of power spectral density. These results
were considered as the system response to the unshaped input and will be used to

evaluate the performance of the hybrid input shaping and PID control schemes.

4.6.1 Experiment result without controller

Figure 4.23 show horizontal position of cart of and sway angle of the pendulum
of gantry crane without using hybrid input shaping and PID controller schemes. These
results were considered as the system response of the unshaped bang-bang torque input
to evaluate the performance of gantry crane by comparing the result between experiment
design before and after applying controller. The maximum amplitude of sway angle of
the pendulum and horizontal of the cart is + 13.34 rad and 43.24 cm respectively. It is

Noted that a sway occurred during the movement of the pendulum.




67

Hudatetal Position Can

Figure 4.23: The horizontal position of the cart and sway angle of the pendulum
without a controller

12 Bang — Bang Torque Input Design

The bang-bang input torque of input shaping were generated through the
Volution of its impulse. Table 4.6 shows the bang-bang input of positive input
Ping based on PZS, PZSD and PZSDD shaper in experimental result.



‘Table 4.6: The bang-bang input of positive input shaping in experimental result.

r;;;n;bang Torque

Techniques Input Shaping

—

Positive Zero Sway

(PZS)

Bang Bang Input of PIS

18}
16}
14}

1:2F

Step
1 --
——————

0600 |-
0400 ,

58
Time (s)

Positive Zero Sway
Derivative
(PZSD)

Bung Bang Input of PZSD

-
=
=h
3

4, 5, 6
Time (s)

Positive Zero Sway
Derivative-
Derivative

(PZSDD)

Blang bung Input of PZSDD

0800

0400 1

3
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463 Experiment result with controller based on PID control schemes

| Figure 4.24 to 4.26 shows the horizontal position of cart of and sway angle of the

sendulum of gantry crane after PID control schemes being applied to the system. In this

experiment, the value between proportional gains (Kp), integral gain (Ki) and derivative

(kd) are compared in respectively.

The level sway reduction of the pendulum in Figure 4.24 shows a highest

reduction in amplitude of sway angle of the pendulum is equal to + 5 rad compared to

e gravitational effect. It is noted that the highest value of Proportional (P=350),
legral (I=385) and Derivative (D=90) as shown in Figure 4.24 may produce a good
esult in term of sway reduction compared to the smallest value of PID modes at P=345,
385 and D=84 as show in Figure 4.25 and at P=320, I=0.3 and D=15 as show in
gure 4.26.

- In terms of overshoot, settling time, rise time and steady state error of the
ontal position cart showed that the response of the system at Figure 4.25 may
lce a good result, with no overshoot, fast rise time and no steady state error
ipare to the response at Figure 4.24 and Figure 4.26. Based on Figure 4.24 the
s of PID modes at P=350, =385 and D=90, may produce highest overshoot and
g time, slower rise time with zero steady state error while in Figure 4.26 the
iS¢ of PID modes at P=320, I=0.3 and D=15, may produced lowest overshoot and

= e and had a small effect on the rise time and steady state error.
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- Figure 4.24: The horizontal position of the cart and sway angle of the pendulum
at P=350, I=385 and D=90
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e 4.26: The horizontal position of the cart and sway angle of the pendulum at
P=320, I=0.3 and D=15

Experimental Result Analysis

Table 4.7 summarizes the levels of sway reduction of the system responses with
d without controller at the first mode. For comparative assessment, the level of sway
ion of the sway angle of the pendulum using PID control scheme is shown in
£4.27. The result shows that, highest level of sway reduction is achieved using the
$ of PID modes at P=350, [=385, D=90 followed by the values at P=345, =385,

Comparing the result presented in Table 4.7, it is noted the highest
mance in the reduction of sway is achieved using PID control scheme. The value
Ziegler Nichols Second Method has considered appropriate since too high
F the Ky, may cause a degraded system in term of stability. The value of K; must
y _in a small value, since an increasing value of I gain tends to increase the

€ of the position cart of gantry crane. Moreover, it might increase the
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figure 4.26: The horizontal position of the cart and sway angle of the pendulum at
P=320, [=0.3 and D=15

Experimental Result Analysis

‘Table 4.7 summarizes the levels of sway reduction of the system responses with
¥ithout controller at the first mode. For comparative assessment, the level of sway
jetion of the sway angle of the pendulum using PID control scheme is shown in

+4.27. The result shows that, highest level of sway reduction is achieved using the

comparing the result presented in Table 4.7, it is noted the highest
Hnce in the reduction of sway is achieved using PID control scheme. The value
eglﬂ' Nichols Second Method has considered appropriate since too high
'—-KD May cause a degraded system in term of stability. The value of K; must
‘ small value, since an increasing value of I gain tends to increase the

e of . e .
the position cart of gantry crane. Moreover, it might increase the



_hoot and degrade the stability of the system. By increasing the value of K, the rise

| Jue of K must be small.

. seitling time and overshoot might decrease in small value, but did not effected the

y state error of the pendulum’s sway angle. For a better stability system, the tuned

Table 4.7: Level of sway reduction responses with and without controller

es Of Ampli of sway an
Conplier | Velue ofcach PIDmode | A7E 00 B e
Uncontrolled +13.34
PID 1 P=350, 1=385, D=90 +5
PID 2 P=345, I=385, D=84 + 14.8
PID 3 P=320, I=0.3, D=15 +16.5

20

15

10

Uncontroller

Single Pendulum

v

PID 1
PID 2

» Maximum Reduction

Comparison Level of Sway Angle of the

l

PID 3

8¢ 4.27: Comparison levels of sway reduction with and without controller




CHAPTER 5

CONCLUSION AND RECOMMENDATION

Conclusion

At the end of this project, active sway control of gantry crane by using hybrid
it shaping and PID control schemes has been presented. The objective set in this
et to control the sway of the gantry crane system had been implemented and
stigated within the lab-scale gantry crane system. In addition, the effects of the

nce derivative order of the positive input shaping in term of a level of sway

Proportional gain (Kp) can improve the stability of the system, so it can
' Overshoot and improve the characteristic of the transient response, while a
control (Kd) can increase the stability of the system, reduce the overshoot,

OVe the trangient response. The comparison result of the specified response of
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e cart Was investigated with the different value parameters of the initial swing angle

on, mass of the loop and the length of the rope.

Moreover the hybrid PID controller and input shaping schemes with higher
of impulses provide a high level of sway reduction. However, in terms of speed
responses, the input shaping with a low number of impulses, results in a higher

epeed of tracking response. In overall, the combination feed-forward and feedback

Limitation of the Project

In this project the investigation into the hybrid input shaping and PID control
smes are done by using MATLAB and CEM-Tools software. The interfacing
jection between CEM-Tools and Gantry Crane Pendulum System are also difficult
et up. The Gantry Crane Pendulum System hardware will react when the block
am of SIM-Tool start. The cart will swing-up based on the program, however for
! shaping schemes data from CEM-Tool have some problem to convert into the
: of MATLAB. Even though the gantry crane system is modeled using
ige-Euler’s Method, there is still a difference between the model and actual gantry
System. Even when applying the technique to Gantry Crane Pendulum System, the

180t not be same with the actual system.
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Recommendation

Based on this project, there are two recommendations for the future works:

The robust and scale gantry crane is used which is preferable to use in the
experiment study.

For the future application, hybrid input shaping and PID control schemes
can be applied to another system which has vibration, to control the
position of the cart, since in the real world, the cart position need to be

controlled for application purposes.
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APPENDIX A

Coding MATLAB based on PZS, PZSD and PZSDD
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Ala(ly=1 /(1451 );
Ma2)=A1a(1)*k1;

80



1)=A1a(1);

j ((tt1a(ni)/sampling_time)+2):((tt1a(ni+1)/sampling_time)+1)
la(i,1)=0;

)la l:(lO/sampling_time)+l);
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M tive Zero Sway Derivative (PZSD)

2P =pi/wd;
R (),

; !(l+2-'kl+k|'¢\2);
e by2r,

=F ]b(l)*ki;\z;



b - 1b(1:(10/sampling_time)+1);
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arting_time=0;
ulation._time=10:
o time=0.001;

‘ ;f. FL;

2/sampling_time)+1:(0.5/sampling_time)+1



Ale(D)=1/(1+3 *k1+3*k1./2+k1°3);
Alc(2)=Alc(1)*3*kl;
Alc(3)=Alc(2)*k1;
Ale(4)=Alc(1)*k173;

ttlc=ttlc./0.001;
tt1c=round(ttic);
tt1c=ttic.*0.001;

for i=1
vic(i,1)=Alc(1);
end

ni=1;
while ni<=ip-1
for i=((tt1c(ni)/sampling_time)+2):((tt1c(ni+1)/sampling_time)+1)
vle(i, 1)=0;
end
for i=(tt1c(ni+1)/sampling_time)+!1
vic(i,1)=Alc(nitl);
end
ni=ni+1;
end

for i=((tt1c(ni)/sampling_time)+2):((30/sampling_time)+1)
vlce(i,1)=0;
end

implc=vlc;
impc=implc(1:(10/sampling_time)+1);

shplc=conv(impc,u);
PZSDD=shplc(1:(10/sampling_time)+1);
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