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ABSTRACT

This research presents an efficient control scheme for a 2D Gantry Crane System
incorporated with hybrid ZVDD, PID and IMC controllers. Using the system
identification tool box in Matlab software, an IMC incorporated with ZVDD and PID
is developed and applied to the 2D gantry crane system. The hybid PID with IMC
controller is capable of controlling both the position and sway angle of the 2D Gantry
Crane better than hybrid ZVDD and PID controller. The research work compares the
performances of the hybrid PID with IMC controller and hybrid ZVDD and PID
controllers used for the 2D Gantry Crane System control. The controlled system as
examined under various test signals shows that better performance was achieved
using the hybrid PID with IMC controller because of its robustness to track different
input signals to the system and also when subjected to different payload masses. The
hybrid ZVDD, PID and IMC Controllers require less control effort than the hybrid
ZVDD and PID.

Xvi



CHAPTER ONE

GENERAL INTRODUCTION

1.1 Study Background

Crane is a machine or device used by human to help humans to move loads (payload)
from one point to another. Gantry crane is a type of crane that lifts objects by a hoist
which is fitted in a hoist trolley and can move horizontally on a rail or pair of rails
fitted under a beam. The gantry crane is limited to a 2D movement which is horizontal
and vertical movement. Gantry crane are widely used in industries, construction or
shipyards due to limited human capacity to carry the various types of load. This
system is developed to load and unload heavy materials from one place to another
desired location.

First crane were apparently designed by the Ancient Greeks [1] since 900BC. The
early version of crane was operated using human or animal power such as donkey.
The Ancient Greeks were believed to have utilized these cranes in erection of tall
structures for building construction.

Figure 1.1 shows a typical gantry crane.



structure
support

Figure 1.1 A Gantry crane system [2]

The control objective of this system is to move the trolley to a desired position as fast
and accurate as possible without causing any excessive swing at the final position [3].
In transportation industry, speed is required as the priority issue as it translates into
productivity and efficiency of the system [4-5]. However, controlling the crane
manually by human will tend to excite sway angles of the hoisting line and degrade
the overall performance of the system. At very low speed, the payload angle is not
significant and can be ignored, but not for high speed condition. The sway angle
becomes larger and harder to settle down during movement and unloading [6-7].
Besides, the effect of increasing the hoisting will degrade the performance of sway
angle [8-9]. This is a very severe problem especially in the industries which require
small of sway angle when the time taken for the transportation is short and high safety
[10-11]. It is therefore of utmost importance to come up with a control system design
to automate the gantry crane system in order to achieve its operating goals.

In recent years there has been a significant increase in the number of control system
techniques that are based on nonlinear concepts. One of such method is the nonlinear
inverse-model based control strategy. This method is however highly dependent on

the availability of the inverse of the system model under control, which are normally



difficult to obtain analytically for nonlinear systems. In this work, we investigate the
use of hybid PID with inverse model control strategy to control the sway angle as well
as the position of the gantry crane. The modeling of the control system for the purpose
of this research is adopted. Also, hybrid PID with inverse model controllers will be
used as a control mechanism.

Figure 1.2 shows the schematic diagram of a non-linear gantry crane system.

X —=
. ——F

lrolley

- Pavload

ITl9

Figure.1.2 Schematic diagram of a nonlinear GCS [12]

1.2 Problem Statement

Gantry crane operation induces undesired sway due to the acceleration of an inertia
payload. Once the crane has reached the desired location, oscillation in the payload
remains, which can be both dangerous and inefficient. Crane operators must manually
dampen sway or wait for the oscillation to naturally dampen before taking further

action.

As a result of the above mentioned problems, researchers implemented many different
techniques to solve these problems. Such as model predictive controllers, input
shaping technique, wave based technique, PID controllers, adaptive control

techniques, neural networks and fuzzy logic control algorithm etc.



In this research, hybrid PID with inverse model controller is obtained and applied to

the nonlinear model of the system. MATLAB/ Simulink environment will be used for

the design and implementation of this work.

1.3

Aim and Objectives

The aim of this research is to control the position and sway angle of the 2D gantry

crane by using hybrid PID with inverse model controller. To achieve this aim, the

following objectives are set:

1.

14

To obtain the input-output data of the nonlinear gantry crane model using
system identification toolbox in Matlab.
To design the inverse model controller for the gantry crane using system

identification toolbox in Matlab/Simulink Environment.

. To design the ZVDD controller for the 2D gantry crane using Matlab/Simulink

Software
To design the PID controller for the 2D gantry crane using Matlab/Simulink
Software
To compare the performance analysis of hybrid ZVDD and PID controller to

the hybrid PID with IMC controller.

Scope of Study

The scope of study is limited to:

1.

2.

2D nonlinear gantry crane systems.

The implementation of the control scheme is limited to simulation alone.



1.5 Methodology

The model of the non-linear Gantry Crane system for the purpose of this thesis is
adopted (31). The input/output data of the non-linear Gantry Crane system is obtained
using Matlab/Simulink software by designing the Simulink block diagram for the 2D
Gantry Crane System. Each of the input and output functions exported to the

Matlab/Simulink Workspace.

The Zero Vibration Double Derivative (ZVDD) controller is designed first followed
by the Proportional, Integral and Derivative (PID) controller and then the Inverse
Model Controller using Matlab/Simulink Software. Comparison of result of the
hybrid ZVDD and PID with that of the hybrid ZVDD, PID and IMC in other to

validate the result was performed.

1.6  Thesis Organization

This thesis consists of five chapters. Chapter one gives the general introduction of the
2D gantry crane system. The rest of the thesis report is organized as follows; chapter
two presents the literature review of the research work, chapter three contains the
design procedures of the position and sway angle control of a 2D gantry crane with
hybrid ZVDD and PID and inverse model controllers. Chapter four contains
simulation results and discussion, while chapter five presents summary, conclusion

and recommendations for future research work.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction
This chapter consists of some past work on Gantry Crane System by different
researchers. The theories of the controllers used in this research and least squares

parameter estimation are also discussed.

2.2 Past Work on Gantry Crane System

In order to overcome the addressed control issues in chapter 1, many researchers have
proposed solutions by developing several control schemes for a crane system. The
developed control schemes can mainly be categorized into the open loop and the
closed loop techniques. Besides, a controller based on a combined open loop and
closed-loop technique has also been proposed. In this section, the controllers are
reviewed and discussed based upon these categories in order to help human operators
and to prevent cranes from tipping over.

2.2.1 Open Loop Techniques

The most practical and advanced crane controllers available today are controllers
based on an open loop approach designed to automate and shorten the cycle time for
the gantry cranes operating along a pre-defined path. The open loop approach is
intended not to excite the swing motion. It is simple to implement but cannot suppress
swing motion caused by external disturbance. The most widely used of the open loop
control techniques is input-shaping technique. An anti-swing crane control by using
input shaping has been widely implemented in the literature [13-14]. By using this

technique, the system’s vibration is reduced by convolving the command input signal



with a sequence of impulses that have been designed based upon natural frequencies
and damping ratios of the system. Although there will be effectively no residual
oscillations but large transient oscillations will happen during the transportation.
Besides, input-shaping techniques are limited by the facts that they are sensitive to
variations in the parameter values about the nominal values and changes in the initial
conditions and external disturbances and require highly accurate values of the system
parameters to achieve satisfactory system response

In [15], wave-based technique was proposed in which the control mechanism, in the
form of mechanical waves, was conceptualized. If the motion of the trolley is seen as
launching mechanical waves into, or absorbing waves out of the system, there is a
greater hope of achieving the position control and vibration absorption successfully.
Here ‘waves’ are taken not so much in the usual understanding as periodic motions in
space and time, but more as propagating, long-wavelength disturbances that may or
may not be oscillatory in nature. Such wave-based models are closer to the physics of
the problem and allow characteristic features of the system dynamics to be used

positively and creatively

2.2.2 Closed-Loop Control Schemes

The other control scheme that has been commonly designed for a crane control
system has been a feedback-loop control scheme. It was a great control scheme that
enabled the crane system to adjust its performance based upon the desired output
response. Feedback schemes utilise the measurement and the estimation of the system

states to reduce the oscillations and to obtain an accurate positioning for the system.

A Linear Quadratic Regulator (LQR) has been used for the control of crane systems.

In [16], an LQR method was applied for the anti-sway control of an overhead crane.



A parametric formula technique was used in order to solve the LQ inverse problems
when finding an appropriate weighting matrix, Q but obtaining an analytical solution

to the Ricatti equation is quite difficult.

As proposed in [17], a parallel distributed fuzzy LQR controller that was combined
with a GA was designed for the anti-sway control of a double-pendulum type
overhead crane. A fuzzy controller was used in order to minimise the upper bounds of
the quadratic performance function, whereby a GA was utilised in order to only select
the important rules among all of the rules generated. The simulation results showed a
satisfactory and faster response.

In [18], a state feedback controller was utilised in order to achieve robustness with
respect to a rope length’s variation and a linear matrix inequality (LMI) approach was
formulated. However, the design of a linear controlled system requires for a linearised
crane system which may be insufficient in terms of the precision of the model’s
representative. The nonlinear factors, such as the wind, the cable length’s variation,
the load mass and the trolley friction of the crane system were not included. All these
factors may influence and minimise the reliability and the performance of the
linearised model.

A Model Predictive Control (MPC) has become one of the most popular multivariable
control algorithms owing to its advantages in dealing with constraints, its capability of
utilising simple models, its closed-loop stability assurance and its robustness against
parametric uncertainties [19]. An enormous amount of research has been carried out
and has been reported by using an MPC for controlling gantry cranes and overhead
cranes [20-24]. For instance in [20] two criteria functions were considered that have
indicated the tasks of positioning the cargo to a target position in a minimum transfer

time and with a prevention of the cargo sway that was caused by the cargo’s



acceleration together with external disturbances. In order to obtain a solution for the
criteria functions or the objective functions of the MPC, multi-criteria optimisation
was utilised where the contribution of the individual functions was defined by its
weight in order to achieve an optimum control signal.

The MPC-based schemes for a constrained under-actuated state (the swing angle)
were also presented in recent papers [25, 26]. The optimum methods for an MPC
controller have depended upon the desired criterion function that was selected by the
designer. Most of the research for MPC controller designs has mainly focused on the
position control and a sway angle reduction. The work in [27] implemented the MPC
to improve robustness and to control the induced payload swing of a shipboard crane.
The algorithm was combined with a feedforward control to minimise the
displacement of the load in a horizontal direction.

The work in [28] has proposed a combination of an NN and an SMC, in order to
achieve a precise trolley position and to eliminate the payload sway angles. An SMC
has been used as a self-tuning algorithm for the purpose of tuning the proposed NN
parameters. In [29], an NN controller was proposed with an evolutionary
computational training that was able to control the load swing in both the
circumferential and the radial directions, concurrently. Moreover, the proposed
algorithm was effective and simpler to realise than a conventional controller.

The work in [30] presented a partial feedback linearization (PFL) and adaptive sliding
mode control (SMC) for sway suppression of a rotary crane in a situation of
inaccurate model or poor parameter representation. Though it is simple to design and
implement, PFL is highly affected by parameter variations. More so, in [31] an
investigations into the development of hybrid input-shaping and PID control schemes

for active sway control of a gantry crane system was proposed. Positive input shaping



technique was applied in order to reduce the sway by creating a common signal that
cancels its own vibration and used as a feed-forward control which is for controlling
the sway angle of the pendulum, while the proportional integral derivative (PID)
controller is used as a feedback control which is for controlling the crane position.
The PID controller was tuned using Ziegler-Nichols method to get the best
performance of the system. The hybrid input-shaping and PID control schemes
guarantee a fast input tracking capability, precise payload positioning and very
minimal sway motion. The modeling of gantry crane is used to simulate the system
using MATLAB/SIMULINK software. The results of the response with the

controllers were presented in time domains and frequency domains.

23 Theory of The Controllers
In this research, ZVDD, PID and Inverse Model Controllers are designed. The
combination of these controllers gives better simulation result when compared to

hybrid ZVDD and PID Controllers.

2.3.1 Input Shaping Techniques

Input Shaping techniques have been utilized to generate low vibration commands for
flexible systems such as robot manipulators, industrial cranes and many types of
automated machinery. Input shaping is a notch filtering technique whereby a specially
designed sequence of impulses known as the input shaper is convolved with a
reference command thereby resulting to a new form of command that causes little or
no residual vibration. By using these techniques, the system’s vibration is reduced by
convolving the command input signal with a sequence of impulses that have been

designed based upon natural frequencies and damping ratios of the system. Figure 2.1

10



(a) shows the ZV shaper implementation by convolving sequence of two impulses

with the desired system command.

e =
4 I N - o
£ _. 2 £
B * 2l * 2
3 ) 3
Tune 0 ty 0 t, Time

Figure.2.1 (a) ZV shaper

Robustness can be improved by increasing the number of impulses. Adding an

impulse to ZV produces TS shaper.

Implementation of the ZVD shaper is shown in figure 2.1 (b)

Amplitude
Amp]itucle

—

0t tSTime

A Ay
*3
1 4
Tune 0 ty t

Figure.2.1 (b) ZVD Shaper
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Initial Command

-

1

Input Shaper

Shaped Command

Figure.2.1 (c) Input Shaping Processes [32]

Table 2.1 shows summarized of positive input shaping techniques

Positive Zero Positive Zero Sway | Positive Zero Sway
Sway (PZ5) Derivative (PZSD) Derivative-
Dernvative (PZSDD)
+ Contain 2 + Contain 3 impulse | » Contain 3 impulse
impulse responseinclude: responseinclude:
response 1. Unity 1. Unity
include: amplitude amplitude
i. Unity summation summation
amplitude ii. Time ii. Time
summation optimality optimality
ii. Time COonstraints constraints
optimality 1ii. First order iii. Second order
constraints robusmess robusmess
constraint constraint
equation. equation.
Ala
Al A2 L%
Al A3 Tl AdT
1 2 i1 t2 i3 i1 2 t2 t4

Table 2.1 Positive Input Shaping Techniques.
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2.3.2 PID Control Scheme

In this section, PID control is presented. Proportional, Integral and 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. The desired closed loop dynamics is obtained by adjusting the
three parameters such as Proportional gain (K},), Integral time (77) and Derivative time
(Td), often iteratively by "tuning" and without specific knowledge of a plant model.

The general representation of PID is given as

e(t)

ar (21)

o1
U(t) =K, |e(t) + FJ.e[r)dr+T,,d
‘2

- 1
C(S) =Kp + K, 5 +KpS (2.2)

Where U(t) is the control signal, K, K; and &, are respectively the proportional,

integral and derivative gains. e(?) is the error calculated by taking the difference
between the actual signal and the output response. PID can be tuned manually or
automatically to meet the desired response based on the three available features. The
proportional gain is responsible for the system response. However, faster response
leads to steady state error. The integral gain takes care of the steady error. The
derivative feature reduces overshoot. Thus, if those features are not tuned properly, it
may affect the closed loop stability of the system. The block diagram of a PID control
scheme is shown in Figure 2.2. The signal is applied to the gantry crane. The resulting
responses will be feedback for comparison with the reference input. The controller is

tuned to make this error zero.

13
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Figure 2.2 The PID controller structure

2.3.3. Inverse Model Controller

Inversion of system dynamics is a widely investigated approach used to design the
FFC to obtain precision tracking of output trajectories through a combination of feed-
forward and state feedback controllers. Inverse dynamic analysis reverses the process
by taking the system output function as input to the plant and taking the system input
function as output to the plant. Figure 2.3 and Figure 2.4 Shows the System
identification block diagram of getting IMC and hybrid ZVDD, PID and IMC

respectively.

X ,| PLANT y

\ 4

0

Figure 2.3: System Identification Block Diagram to Obtain IMC

u | ZVDD _ . -
R PID PLANT >
+ + 0
IMC

A 4

Figure.2.4 Hybrid ZVDD, PID and IMC
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24 Least-Square (Ls) Parameter Estimation

Least squares (LS) parameter estimator is one of the most popular estimation
algorithms. It forms the basis of other more complicated estimation algorithms. Karl
Friedrich Gauss first formulated the least squares estimation method in 1795 for
astronomical computation purposes [33]. Various other methods are also available
such as Bayesian method and maximum likelihood method. All these methods are

based on minimizing certain cost functions.

The discrete time (D-T) least squares is a basic technique for parameter estimation.

Before this method is described, some of the important notations are defined.

k = discrete time index

ulk) = system input at discrete-time k

y(k) = measured system output at discrete-time &

8(k) = unknown parameter vector to be estimated

a(k) = estimate of (k)

plk) = vector of input and output signals, and possibly their delayed signals
(k) = y(k)—y(k)= residual

y(k) = estimated output signal

15



In general, this method finds the ‘most probable” value of 8, denoted by &, such that it

minimizes the sum of the squares of the residual, & which will be explained in greater

details in the following sections.

There are 2 ways of estimating parameters using the LS algorithm namely, Offline LS
Estimation (Batch Processing) and Online LS Estimation (Recursive Least Squares —

RLS).
2.4.1 Offline/Batch Least-Squares Estimation

Offline LS estimation can be used to estimate system parameters when at least a set of

input data into the system and a set of the corresponding output data are available.

Consider the D-T transfer function

Nt

yik) _ _ byibz "4 bypz” - 2.3)

ullk) l—a,zt—a, =z " "— . ap.=z

That can be written as

y(k) = ayy(k —1) + a,y(k —2) + - ay y(k—N,) +bou(k) +bju(k— 1)+

by, u(k — N,

(2.4a)

Equation (2.4b) is then arranged in regression equation form as follows
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ay
| %
(k) — [v(k—1) - y(k— NE) wl(le) - wllk— Nb)_ b a
wT;Zk} 51
:b"ﬁ‘ =
-]
=o' (k)6
=$(k) (2.4b)

B(k) is determined such that the output calculated from the right hand side of
Equation (2.4), which is §(k) = ¢” (k)#, matches as closely as possible with the

measured yv(k)in the sense of least squares. This is done by minimizing

/= ;i[g(mf

k=1

=1 o —e" (0]’

k=1
] =ZE(N)TE(N) (2.5)

Where,
N = total number of data available for estimation
C(N) = Y(N) — Y(N)...
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=Y(N) — @(N)E

= [e(1) =(2) - =(NV)]

Y(N)T = [¥(1) y(2) - ¥(N)]
@ (1)

‘I’(Nj — qjl":(zj
@’ (N)

J in Equation (2.5) is minimized by expanding the quadratic function, finding its

derivative and equating it to zero to find the minimum point,

O _ Ty g =

36 DY —@F) =0

giving,

§ = [@IN)T O(V)| ™ S(N)TY(N) 2.6)

Where & is unique if [@(N)T @(N)] is non-singular. Equation (2.6) is the equation

used to find the estimated parameters for batch processing of LS method. The method
can be used to find the relationship between two variables of both linear and nonlinear

systems. The following examples show how the LS method is used.
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Example 2.1

Given that a process model of the formy(k) =

i._ u(k) with the input-output

experimental data at different time instant k, {u(k), ¥(k)}, given in Table 2.2 below

Table 2.2 input and output data for example

K 1 2 3 4
u(k) 1 N} 1 1
(k) 12 4 12 4

Assuming that u(k < 0) = 0 and y(k < 0) =0, the unknown parameters, a and b,

can be estimated using the simple least squares method.

First the plant model can be written in the form that uses the backward shift operator

as follows:

bz~

1+az"*

y(k) = u(k)

v(k)(1+az™t) = bz u(k)

v(k)+ ay(k —1) = bu(k — 1)

v(k) = —ay(k— 1) + bu(k— 1)

Writing in the regression form,
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y(k) = [~y(k—1) u(k—1D][;]

@ (k) 3

The estimates using the least squares method is obtained as

6 = [@T(W) PN LT W)Y (W)

where,

YT =vT(4)=[y(1) »(2) y(3) y(®)]=[12 4 —12 —4]

@7 (1] y(0) u(0) 0 0
T &
_ _|e @ |7y w(1))_f-12 1
{D‘(N) —‘i:"("'l') - K,[JT(E: - _F(zj IL(E) - —4 -1
ot (0] L=y(3) u(3) tz =1
5 _ [0.5
Therefore, 8 = [ 1 n]
Giving, y{k) — £:¢(I¢) where 0.5 and 10 are the estimated values of a and b

1+05="

respectively.

MATLAB has a System Identification Toolbox that can do the offline estimation
process by providing the set of input-output data. Users can specify the type of model

and method to be used.
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2.5  Conclusion

This chapter summarised brief literature review of the past work carried out by
researchers in controlling the position and sway angle of a 2D gantry Crane system
control. Also, the theories of the controller and least-square parameter estimation
were discussed. The next chapter will present the hybrid ZVDD, PID and Inverse

Model Controller design.
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CHAPTER THREE

METHODOLOGY

3.1 Introduction
In this chapter, the model of 2D Gantry Crane System will be presented. Firstly, the
ZVDD controller will be designed followed by PID controller and the Inverse Model

controller for the position and sway angle control of 2D Gantry Crane system.

3.2 2D Gantry Crane Model

From figure 3.1, it is observed that the load hanged at the end of the bar, which is
rigid. At a particular time, the cart will move to x, the force that has been applied on
the cart is F, the mass of the cart is m,, the mass of load is m,, the length of the bar is

/, and the angle between the bar and vertical axis is 6.

X —=

lNolley

Pavload

£

Figure 3.1 Gantry Crane Model

The mathematical models for both the acceleration of trolley and angular acceleration
of the load swing in non-linear form adopted for the purpose of this thesis are

represented as shown in Eq 3.1 and 3.2 respectively.
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_ (F.— m.lBcosB + (mzlé sing)g.)

%

(my +m;)

. ((—gsinf)—Xcosf)
6= l

3.1)

(3.2)

Eq. (3.1) and (3.2) are the two equations used for the controller design. Where

m;: mass of the trolley (kg)

mM,: mass of the payload (kg)

I: Length of rope (m)

g: Gravity acceleration (m/s?)

f: Angle of load swing (rad)

i: Acceleration of trolley (m/s?)

8: Angular acceleration of the load swing (rad/s?)

Table 3.1 Estimated parameters of the 2D Gantry Crane System

Parameter (s) Symbol (s) Value (s) Unit (s)
Mass of the cart m, 2 Kg
Length of the bar [ 0.64 m
Acceleration due to gravity g 9.81 m/s

3.3 Controllers

3.3.1 Input Shaping Control Scheme

The design objective of input shaping is to determine the amplitude and time locations

of the impulses in order to reduce the detrimental effects of system flexibility. Using

Curve fitting toolbox in the MATLAB software to determine the damping ratio and
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natural frequency of the system, with the input and output data obtained from the
nonlinear crane system. 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 four-
impulse sequence namely zero vibration derivative-derivative (ZVDD) with

parameter as shown in Eq. (3.3).

— _ m _ Im _ 3m
1= 0, h= — = —, t4y=—
W wy wd

1
Y 143K 43K 4K
(3.3)
s 3K
143K +3K+ K (3.4)
b= 3K°
P 143K 43K 4K 3.5
KE
As = R (3.6)
1+3F+3K+ K '
Where
I
K=e -7
(3.7)
[ 2
Wy = wpy/1—¢ (3.8)

w,= natural frequency, { = damping ratio.
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Table 3.2 Estimated parameters of the Input Shaper

Amplitude(m) Time(s)
Parameter Value Parameter Value
A, 0.1280 t, 0
A, 0.3790 t, 0.6909
Ag 0.3694 ts 1.3817
A, 0.1236 ty 2.0726

3.3.2 PID Control Scheme

The Proportional, Integral and Derivative (PID) controller of this work was designed
using auto tuning method to obtain the various gain values of the proportional, integral
and derivative. The time domain equation and general transfer function of PID
controller are given as in Eq. (3.9) and (3.10)

t

r e(t)

| e@dr +Tyd== (3.10)

U(t) = Kp|e(t) + It

1
T;
o

1
C(S) = Kp + K, <+ KpS (311)

Where K, K; and K, are the proportional gain, integral gain and derivative gain

respectively.

Figure 3.2 shows the PID controller structure.
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T — PID | PLANT *

¥

¥

Figure 3.2 The PID controller structure
The values of the PID controller used in the design gotten using auto tuning method in
Matlab/Simulink Software are as follows:

K,=1K=01K;=3

3.3.3 Inverse Model Controller

Inverse dynamic analysis reverses the process by taking the system output function as
input to the plant and taking the system input function as output to the plant. This was
done using system identification tool box in MATLAB. Steps taken in designing the
IMC controller are stated below: The simulink block diagram is run and the input/output

data are exported to Matlab command window. Figure 3.3 shows the Simulink block diagram

of Nonlinear Gantry Crane

[

x
u
Trolley Position
X position

Fx

-

th p  th
Step1
GC_CRANE Thets
o1
t
,—-: theta
Clock time=0 2

Figure 3.3 Simulink block diagram of Nonlinear Gantry Crane System
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Also from the Matlab command window, system identification toolbox is launched as

shown in Figure 3.4

=
File Options Window Help
1
Import data | Import models v
St . X Seririin e .
"' Operations "'
<«— Preprocess W
=
Working Data
) 1
Estimate —= v
Data Views Model Views
To To
Time plot Workspace LTl Viewer Model output Transient rezsp Nonlinear ARX
Data spectra Model resids Frequency resp Hamm-Wiener
Freguency function m Zeros and poles
Trash Noize spectrum
Validation Data
Status line is here.

Figure 3.4 System Identification toolbox
Input/Output data is imported from the Matlab command window through time

domain data by interchanging the input and output variable as shown in Figure 3.5

] Import Data = =

Data Format for Signals

|Time—Domain Signals o |

Workspace Variable

Input: ith |

Output: [ |

Data Information

Drata name: 'm—'

Starting time: e ]
Sample time: o2 ]
|t Import | | Reset |
[ Close | Help |

Figure 3.5 Input/Output data interchanged
The working data which is the imported data is run to get the IMC transfer function of the 2D
gantry Crane after analysing the response as shown in Figure 3.6 and Figure 3.7
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Command Window

Mew to MATLAB? See resources for Getting Started.

Norm of First-order Improvement (%)
Iteration Cost step optimality Expected Achieved Bisections
0 3.725901 b 0.0946 26.7 b b
il 1.00701 1.55e+04 1.45e+03 26.7 73 2
2 0.310156 6.83e+03 8.13e+03 87.1 69.2 0
3 0.0909777 1.11=+04 2.5e+05 299 70.7 0
4 0.0671075 1.7e+04 3.07e+05 903 26.2 5
5 0.0510102 2.88e+03 3.32e+05 1.04e+03 24 2
& 0.0474783 3.94e+03 1.95e+05 1.16e+03 .92 2
7 0.0239592 3.57e+03 1.42e+05 1.2e+03 49.5 1
8 0.0207166 2.75e+03 6.4e+04 692 13.5 0
9 0.0202081 3.6e+03 6.73e+04 168 2.45 3
10 0.0200705 893 2.73e+03 55.5 0.681 0
11 0.020067 283 638 259.3 0.0177 4]
1z 0.02008869 21,1 643 29.8 0.000593 0
13 0.0200669 26 48.3 30.1 3.48e-05 0
14 0.0200669 3.5 64.5 30.2 3.34e-08 4]
15 0.0200669 2.58 4,57 30.3 3.29e-07 0
16 0.0200669 0.314 6.57 30.3 3.17e-08 0
17 0.0200669 0.258 0.437 30.3 3.16e-09 0
18 0.0200669 0.0273 0.6873 30.3 3.04e-10 4]
19 0.0200669 0.0258 0.0418 30.3 3.04e-11 0
20 0.0200669 0.00245 0.0691 30.3 2.97e-12 0
=
Figure 3.6 IMC Transfer Function Iteration Process
4] System Identification - Untitled = =
File Options Window Help
Import data v Import models v
‘ Operations ‘
|:| < Proprooess ¥ | || | | |
1 | jugl
[:::::::][:::::::] - | || ” || |
I:H:I BT R | || || || |
.- [
Data Views Model Views
Dﬂma plot D Model output DTransient resp Nonlinear ARX

I:‘ Data spectra

|:| Frequency function

Trash

[] Model resids

Validation Data

I:‘ Freguency resp
|:| Zeros and poles

|:| Noise spectrum

Model tf1 inserted. Double click on icon for text information

Hamm-Wiener

Figure 3.7 IMC transfer function identification Process

Eq. (3.12) shows the inverse model transfer function of the plant after running the

system identification Simulink block diagram using MATLAB software

Ty

—1.273s% — 1.254e04s — 4481

s+ 21.35* +959.95 + 1.046e04
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34 Simulation Diagram

Figure 3.8 shows the Simulink block diagram for position and sway angle control of
2D Gantry Crane System with ZVDD, PID and inverse model controllers. From the
Simulink model, it can be seen that the system is a single input and multiple output
(SIMO). The set up combined both three types of controllers with a manual switch as
selector at the input for selecting a test signal. The 2D Gantry Crane model block used

was a nonlinear block (that is nonlinear equation describing the plant).

Traley Fostion

= |_’ l
-O\o—br mi— + .
% L ] S— ; pasiion
wnsises D
beng bang torque signait ZVdd Input Shaper PID Confrollr l
Angle Comversion theta

Inverse mode controllers -
' m
—

Figure 3.8 Simulink Block Diagram with ZVDD, PID and IMC

3.5 Conclusion

This chapter presented design procedures of ZVDD, PID and IMC controllers. The
hybrid controllers were simulated under various test signals to investigate their
performances, the next chapter will discuss the results obtained and findings with

detailed illustrations.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, simulation results for position and sway angle control for a 2D gantry
crane system (GCS) are presented and discussed. This is done with the creation of a
controller that combines the characteristics of ZVDD, PID and IMC to get a better
response. The results obtained for both the hybrid ZVDD and PID controllers with
that of the hybrid ZVDD, PID and IMC controllers were presented and compared

under test signals of step response and bang bang signal.

4.2 Step Response With Parameter Variation
A step signal was set as input to the system with ZVDD, PID and IMC Controllers

with varying payload masses.
4.2.1 When m,=0.5Kg

Figure 4.1, 4.2 and 4.3 shows the various controllers step responses for the position,

sway angle and control signal of the system when the payload mass m,=0.5.

1.2 - T T T T
1
. —REF
£0.8 —ZVDD+PID+IMC| |
= -+=» ZVDD+PID
S 0.6 i
2
a 0.4
0.2 *
o 1 1 1 1
0 20 40 60 80 100

Time(s)

Figure 4.1 Position of the controller when m,=0.5Kg
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Figure 4.2 Sway Angle of the controller when m,=0.5Kg

50

Control Signal(v)

—ZVDD+PID+IMC
--=- ZVDD+PID -

10
Time(s)

16

20

Figure 4.3 Control Signal of the controllers when m,=0.5Kg

The summary of the above step responses for the position, sway angle and control

signal can be seen in Table 4.1 below

Table 4.1 Summary of performance measures of GCS step responses when m,;=0.5Kg

Controllers Settling Overshoot | Maximum Control | Maximum Sway
Time(s) Signal (v) Angle (deg)
ZVDD+PID 20 1.17 44 2.95
ZVDDA+PID+IMC 30 0 41 1.77
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As can be seen from table 4.1, the hybrid ZVDD and PID has high overshoot but
settles faster when compared to the hybrid ZVDD, PID and IMC controllers having
no overshoot..The control effort of the hybrid ZVDD, PID and IMC Controllers is

lesser when compared to the hybrid ZVDD and PID Controllers.

4.2.2 When m,=0.3Kg

Figure 4.4, 4.5 and 4.6 shows the various controllers step responses for the position,

sway angle and control signal of the system when the payload mass m,=0.3Kg

12— .
1
—REF
£038] —ZVDD+PID+IMC|-
1 :+:+ ZVDD+PID
o
E 0.6 7
8
o 0.4 7
0.2 ]
o | | | |
0 20 40 60 80 100
Time(s)
Figure 4.4 Position of the controller when m;=0.3Kg
4 T I
: —2ZVDD+PID+ IMC
-+ ZVDD+PID
=)
[}}
=)
3
=)
=
<
>
© 4k
= :
n H : 4
::‘:
_6 1 | |
0 5 10 15 20

Time(s)
Figure 4.5 Sway Angle of the controller when m,=0.3Kg
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Figure 4.6 Control Signal of the controllers when m;,=0.3Kg

The summary of the above step responses for the position, sway angle and control

signal can be seen in Table 4.2

Table 4.2 Summary of performance measures of GCS step responses when m2=0.3Kg

Controllers Settling | Overshoot | Maximum Control | Maximum Sway
Time(s) Signal (v) Angle (deg)
ZVDD+PID 22 1.17 44 33
ZVDDA+PID+IMC 30 0 41 2

As can be seen from table 4.2, the hybrid ZVDD and PID has high overshoot while

the ZVDD, PID and IMC controllers has none.

4.2.3 When m,=0.1Kg

Figure 4.7, 4.8 and 4.9 shows the various controllers step responses for the position,

sway angle and control signal of the system when the payload mass m,=0.1Kg.
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Figure 4.7 Position of the controller when m,=0.1Kg
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Figure 4.9 Control Signal of the controllers when m,=0.1Kg
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The summary of the above step responses for the position, sway angle and control

signal can be seen in Table 4.5 and 4.6 below

Table 4.3 Summary of performance measures of GCS step responses when m,=0.1Kg

Controllers Settling | Overshoot Maximum Maximum Sway
Time(s) Control Signal (v) Angle (deg)
ZVDD+PID 21 1.17 44 3.75
ZVDD+PID+IMC 22 0 41 2.25

As can be seen from table 4.3, the hybrid ZVDD and PID has high overshoot while

the hybrid ZVDD, PID and IMC controllers has none.

4.3 Bang Bang Response With Parameter Variation

The idea of using a bang bang signal is to observe the output responses with the
controllers whether it tracks the input signal at different time intervals. This will
enable us to know the robustness of the system. A bang bang signal was set as an
input to the system, the output behavior of the system was observed with the

controllers and the combined responses were plotted versus time and compared

accordingly under varying payload masses.
4.3.1 When m,=0.5Kg

Figure 4.10, 4.11 and 4.12 shows the various controllers bang bang responses for the

position, sway angle and control signal of the system when the payload mass m,=0.5.
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Figure 4.10 Position Bang-Bang response of the controller when m,=0.5Kg
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Figure 4.11 Sway Angle Bang Bang response of the controller when m,=0.5Kg
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Figure 4.12 Control Signal Bang Bang responses of the controllers when m,=0.5Kg
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The summary of the above bang bang responses for the position, sway angle and

control signal can be seen in Table 4.4

Table 4.4 Summary of performance measures of GCS bang bang responses when

m2=05Kg
Controllers Maximum Control Maximum Sway
Signal (N) Reached (deg)
ZVDD+PID 44 12.7
ZVDD+PID+IMC 40.5 7.9

As can be seen from Table 4.4, the hybrid ZVDD and PID have both maximum
control signal and maximum sway of 44N and 12.7° respectively while that of the
hybrid ZVDD, PID and IMC controllerS has both maximum control signal and

maximum sway of 40.5N and 7.9° respectively.

43.2 Whenm;,=0.3Kg

Figure 4.13, 4.14 and 4.15 shows the various controllers bang bang responses for the
position, sway angle and control signal of the system when the payload mass

m2=03Kg
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Figure 4.13 Position Bang-Bang response of the controller when m,=0.3
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Figure 4.14 Sway Angle Bang Bang responses of the controller when m,=0.3Kg
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Figure 4.15 Control Signal Bang Bang responses of the controllers when m,=0.3Kg
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The summary of the above bang bang responses for the position, sway angle and

control signal can be seen in Table 4.5.

Table 4.5 Summary of performance measures of GCS bang bang responses when
m,=0.3Kg

Controllers Maximum Maximum Sway

Control Signal (N) Reached (deg)

ZVDD+PID 60 12.85

Proposed Controller 40 8

As can be seen from Table 4.5, the hybrid ZVDD and PID have both maximum
control signal and maximum sway of 60N and 12.85° respectively while that of the
hybrid ZVDD, PID and IMC controllers has both maximum control signal and

maximum sway of 40N and 8° respectively.

433 Whenm;,;=0.1Kg

Figure 4.16, 4.17 and 4.18 shows the various controllers bang bang responses for the
position, sway angle and control signal of the system when the payload mass

m,=0.1Kg.
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Figure 4.16 Position Bang Bang response of the controllers when m,=0.1Kg
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Figure 4.17 Sway Angle Bang bang responses of the controllers when m,=0.1Kg
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Figure 4.18 Control Signal Bang Bang responses of the controllers when m,=0.1Kg
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The summary of the above bang bang responses for the position, sway angle and

control signal can be seen in Table 4.6

Table 4.6 Summary of performance measures of GCS bing bang responses when

m2=0.1Kg
Controllers Maximum Control Maximum Sway
Signal (N) Reached (deg)
ZVDD+PID 59.5 12.87
Proposed Controller 40 8

As can be seen from Table 4.4, hybrid ZVDD and PID have both maximum control
signal and maximum sway of 59.5N and 12.87° respectively while that of the hybrid
ZVDD, PID and IMC controllers have both maximum control signal and maximum

sway of 40N and 8° respectively.

4.4 Discussion

As can be seen from table 4.1, 4.2 and 4.3 respectively when a step signal was set as
input to the system, the hybrid ZVDD, PID and IMC controllers has no overshoot
while that of the hybrid ZVDD and PID controllers has overshoot. The hybrid ZVDD,
PID and IMC controllers achieved about 66%, 65% and 66% less sway respectively
when compared to the hybrid ZVDD and PID controllers. Although the hybrid ZVDD
and PID settles faster than the hybrid ZVDD, PID and IMC controllers but has a

better control effort.

Similarly, as can be seen from Table 4.4, 4.5 and 4.6 respectively, when a bang bang
signal was set as input to the system, the hybrid ZVDD, PID and IMC controllers

achieved about 60% less sway than the hybrid ZVDD, and PID controllers. The
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hybrid ZVDD, PID and IMC controllers has a slower tracking ability when compared
to the hybrid ZVDD and PID controllers. Control signal bang bang response for the
hybrid ZVDD and PID controllers increase by 8% when compared with the hybrid

ZVDD, PID and IMC controllers

4.5  Conclusion

This chapter discussed the simulation results of the position and sways angle control
of 2D Gantry Crane System with hybrid ZVDD, PID and IMC controllers. The
controlled system as examined under various test signals shows that better
performance was achieved using the hybrid ZVDD, PID and IMC controllers because
of its robustness to track different input signals to the system and also when subjected
to different payload masses, the hybrid ZVDD, PID and IMC controllers performed

better.
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CHAPTER FIVE

SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Summary

The basic aim of this thesis is to control the position and sway angle of the 2d gantry
crane by using the hybrid ZVDD, PID and IMC controllers. In order to realize this
aim, a reasonable survey on position and sway angle control system of a 2D Gantry
Crane System which gives rise to a literature review presented in chapter two. The
mathematical model of the 2D Gantry Crane System was adopted as presented in
chapter three. The hybrid ZVDD, PID and IMC controllers designed were set to
provide precise tracking objective as well as controlling the sway angle of the system
under various types of test signals, with the help of MATLAB/SIMULINK software,

simulation results were obtained and presented accordingly.

5.2 Conclusion

In this thesis, the use of Hybrid ZVDD, PID and IMC controller in position and sway
angle control of 2D Gantry Crane System reveals that enhance and effective way in
control performance was achieved as compared to the hybrid ZVDD and PID
controller. Simulation results obtained in this thesis shows that some of the limitations
of the hybrid ZVDD and PID controllers were eliminated or drastically reduced with
the use of the hybrid ZVDD, PID and IMC controllers. As can be seen from the result
obtained in Table 4.1, 4.2, 43, 44, 4.5 and 4.6, set point tracking was quite
demonstrated under various test signals, better performance was found to be
associated with the hybrid ZVDD, PID and IMC controllers as compared to its

counterpart of hybrid ZVDD and PID interms of overshoot and sway angle reduction.
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5.3  Contribution
1. The hybrid ZVDD, PID and IMC controllers when subjected to different
payload masses of 0.5Kg, 0.3Kg and 0.1Kg gives better simulation results and
performance as compared to hybrid ZVDD and PID. It achieved about 66%
less sway compared to ZVDD and PID controller.
2. The control effort of Hybrid ZVDD, PID and IMC is lesser when compared to

hybrid ZVDD and PID with about 7.3%

5.4  Recommendations

From the design, it can be seen that the precision of the system and the performance
of the controller depends on the various values of the gains and accurate inverse
transfer function of the non-linear system. For future work, it is recommended that
there is need for further investigation of PID controller which will bring about simpler
methods in tuning its parameters as need of precision are demanded especially in
automatic control aspect. Utilization of the interactive tools will help in obtaining the
accurate transfer functions of the models that are difficult to get ordinarily in nature

and also help in designing the inverse model controller.

44



REFERENCES
[1] M. Lahanas. “Ancient Greek  Inventions. 2011 ”Internet:
http://www.mlahanas.de/Greeks/InventionsC.htm [Dec 28, 2011]
[2] M. Mailah, C. S. Yoong, “Disturbance Rejection Control Applied to a Gantry
Crane”. Jurnal Mekanikal June 2008, No. 25, 64 — 79. 2008
[3] M. A. Ahmad, H. Ishak, A. N. K. Nasir and M.S.Ramli “Comparison of Active
Sway Control of a Gantry Crane System,” Proc. - 2009 3rd Asia International

Conference on Modeling and Simulation, AMS 2009. 431-435. 2009

[4] D. V. Diep, and V. V. Khoa, “PID-Controllers Tuning Optimization with PSO
Algorithm for Nonlinear Gantry Crane System,” International Journal Of
Engineering And Computer Science ISSN:2319-7242 Volume 3 Issue 6 June,

2014 Page No. 6631-6635, Vietnam 2014.

[5] S.Y.S. Hussien, H. I. Jaafar, R. Ghazali, and N. R. A. Razif, “The Effects of
Auto-Tuned Method in PID and PD Control Scheme for Gantry Crane
System,”. International Journal of Soft Computing and Engineering (IJSCE)

ISSN: 2231-2307, Volume-4 Issue-6, January 121-125. Malaysia. 2015

[6] M. Maghsoudi, M. J.. Mohammed, Z. Pratiwi, A. F. Ahmad, and A. R. Husain,
2012. “An Experiment for Position and Sway Control of a 3D Gantry Crane,”
in ICIAS 2012 - 2012 4th International Conference on Intelligent and
Advanced Systems: A Conference of World Engineering, Science and
Technology Congress (ESTCON) - Conference Proceedings, 2012. 2: 497-502.

2012

[71 M. A. Majid, W. S. W. Mohamad, S. Bakar and K. Samarahan, 2013. “A

Comparison of PID and PD Controller with Input Shaping Technique for 3D

45



Gantry Crane,” IEEE Conference System Process Control, December. 13—15,

2013.

[8] W. Singhose, L. Porter, M. Kenison and E. Kriikku 2000. “Effects of Hoisting
on the Input Shaping Control of Gantry Cranes,” Control Engineering Practice.

8: 1159-1165. USA. 2000

[9] K. Sorensen, W. Singhose and S. Dickerson, 2007. “A Controller Enabling
Precise Positioning and Sway Reduction in Cranes with On-Off Actuation,”
Control Engineering Practice, Vol. 15, No. 7, pp. 825-837, 2007.

[10] J. H. Yang, and K.S Yang, 2007. “Adaptive Coupling Control for Overhead
Crane Systems,” Mechatronics. 17: 143—-152. 2007

[11] H. L. Jaafar, Z. Mohamed, J.J. Jamian, A. Abidin, A. M. Kassim, and Z.A.
Ghani, 2013. “Dynamic Behaviour of a Nonlinear Gantry Crane System,”

Procedia Technol. 11(Iceei): 419-425. 2013

[12] A. Alhassan, A. Kumeresan D. M. Shehu, M. Auwalu, A. Shehu 20176 Closed-
Loop Schemes For Position and Sway Control of a Gantry Crane System, DOI

10.5013/1JSSST.a.17.32.28. 2016

[13] D. Fujioka, M. Shah, W. Singhose, 2015: .Robustness analysis of input-shaped
model reference control on a double-pendulum crane, in: 2015 Am. Control

Conf., IEEE, Chicago, 2015, pp. 2561-2566. 2015

[14] S. Garrido, M. Abderrahim, A. Gimenez, R. Diez, C. Balaguer 2008: Anti-
swinging input shaping control of an automatic construction crane, IEEE

Transactions on Automation Science Engineering 5(3), 549-557. 2008

46



[15] Z.N. Masoud, M.F. Daqaq. 2006: A graphical approach to input-shaping control
design for container cranes with hoist, IEEE Trans. Control Syst. Technol. 14

(2006) 1070-1077.2006

[16] B. Yang, B. Xiong 2010: Application of LQR techniques to the anti-sway
controller of overhead crane, in: Int. Conf. Manuf. Eng. Autom., Guangzhou,

China,2010, pp. 1933-1936.2010

[17] M. Adeli, H. Zarabadipour, S. H. Zarabadit and M.A. Shoorehdeli: Anti-swing
control for a double-pendulum-type overhead crane via parallel distributed
fuzzy LQR controller combined with genetic fuzzy rule set selection, in: 2011
IEEE Int. Conf. Control Syst. Comput. Eng. (ICCSCE 2011), Penang,

Malaysia, 2011, pp. 306-311. 2011

[18] S. Sano, H. Ouyang, H. Yamashita, N. Uchiyama, 2011: LMI approach to robust
control of rotary cranes under load sway frequency variance, Journal of System

Design and Dynamics. 5 (2011) 1402—-1417.2011

[19] Z. Wu, X. Xia, B. Zhu, 2015: Model predictive control for improving
operational efficiency of overhead cranes, Nonlinear Dynamics. 79 (2015)

2639-2657. 2015

[20] D. Jolevski, O. Bego, 2015: Model predictive control of gantry/bridge crane
with anti-sway algorithm, Journal of Mechanical Science Technology. 29

(2015) 827-834. 2015

[21] B. Kapernick, K. Graichen, 2013: Model predictive control of an overhead crane

using constraint substitution, in: American Control Conference (ACC), 2013-

47



06-17 - 2013-06-19, Washington, D.C. Washington, USA, 2013, pp. 3973—

3978.2013

[22] A. Khatamianfar, A.V. Savkin, 2014: A new tracking control approach for 3D
overhead crane systems using model predictive control, in: 2014 European

control conference, Strasbourg, France, 2014, pp. 796-801. 2014.

[23] M. Vukov, W. Van, L. Boris, H. Hans, J. Ferreau, J. Swevers, M. Diehl, 2012:
Experimental validation of nonlinear MPC on an overhead crane using
automatic code generation, in: 2012 American Control Conference, Montreal,

Canada, 2012, pp. 6264—6269. 2012

[24] H. Chen, Y. Fang, S. Member, N. Sun, 2016: A swing constraint guaranteed
MPC algorithm for underactuated overhead cranes, IEEE/ASME Transactions.

Mechatronics 21 (2016) 2543-2555. 2016

[25] J. Smoczek, J. Szpytko, 2017: Particle swarm optimization-based multivariable
generalized predictive control for an overhead crane, IEEE/ASME

Transactions. Mechatronics 22 (2017) 258-268. 2017

[26] B. Kimiaghalam, A. Homaifar, B. Sayarrodsari, 2001: An application of model
predictive control for a shipboard crane, in: Proceeding of American Control

Conference, Arlington, Virginia, 2001, pp. 929-934. 2001

[27] L. Lee, P. Huang, Y. Shih, T. Chiang, C. Chang, 2014 Parallel neural network
combined with sliding mode control in overhead crane control system, Journal

of Vibration Control. 20 (2014) 749-760. 2014

48



[28] K. Nakazono, K. Ohnishi, H. Kinjo, T. Yamamoto,: 2008 “Vibration control of
load for rotary crane system using neural network with GA-based training”.

Artificial Robot. 13 (2008) 98—-101. 2008

[29] L. Drag, 2016 Model of an artificial neural network for optimization of payload

positioning in sea waves, Ocean Engineering. 115 (2016) 123—-134. 2016

[30] T. A. Lee, V. Dang, D.H. Ko, and T.N. An, : 2013. Nonlinear controls of a
rotating tower crane in conjunction with trolley motion," Journal of System and

Control Engineering, vol. 227, no. 5, pp. 451-460.2013

[31] M. Z. Mohd Tumaril, L. Shabudinl , M.A. Zawawil and L. H. Ahmad Shah:
2013 Active sway control of a Gantry Crane Using Hybrid input shaping and
PID control schemes, International Conference on Mechanical Engineering

Research (ICMER2013), 1-3 July. 2013

[32] D. Blackburn, W. Singhose, J.Kitchen, V.Patrangenaru, J.Lawrence, T.Kamoi,
A. Taura: 2009,”Command Shaping for Nonlinear Crane, Journal of Vibration

and Control” Volume: 16 page(s): 477-501.2009

[33] V. STREJ: Least Squares Parameter Estimation Automatica/Vol.16. rp. 535-550

1980

49



