Control of Rotary Cranes Using Fuzzy Logic and
Time-Delayed Position Feedback Control

Amjed A. Al-Mousa

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Master of Science
n

Electrical Engineering

Ali Nayfeh, Co-Chair
Pushkin Kachroo, Co-Chair
Tim Pratt

November 27, 2000
Blacksburg, Virginia

Keywords: Tower Crane, Gantry Crane, Crane Control, Hybrid Control
Copyright 2000, Amjed A. Al-Mousa



Control of Rotary Cranes Using Fuzzy Logic and
Time-Delayed Position Feedback Control

Amjed A. Al-Mousa

(ABSTRACT)

Rotary Cranes (Tower Cranes) are common industrial structures that are used in
building construction, factories, and harbors. These cranes are usually operated manually.
With the size of these cranes becoming larger and the motion expected to be faster, the
process of controlling them became difficult without using automatic control methods. In
general, the movement of cranes has no prescribed path. Cranes have to be run under

different operating conditions, which makes closed-loop control preferable.

In this work, two types of controllers are studied: fuzzy logic and time-delayed position
feedback controllers. The fuzzy logic controller is introduced first with the idea of split-
horizon; that is, to use some fuzzy engines for tracking position and others for damping
load oscillations. Then the time-delayed position feedback method is applied. Finally, an
attempt to combine these two controllers into a hybrid controller is introduced. Computer
simulations are used to verify the performance of these controllers. An experimental setup
was built on which the time-delayed position feedback controller was tested. The results

showed good performance.

This work was supported by the Office of Naval Research under Contract #N00014-
96-1-1123.
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Chapter 1

Introduction to Cranes

1.1 Cranes in Industry

The crane can be considered as one of the most important tools used in industry to transfer
loads and cargo from one spot to another. Usually cranes have very strong structures in
order to lift heavy payloads in factories, in building construction, on ships, and in harbors.
In factories, cranes speed up the production processes by moving heavy materials to and from
the factory as well as moving the products along production or assembly lines. In building
construction, cranes facilitate the transport of building materials to high and critical spots.
Similarly on ships and in harbors, cranes save time and consequently money in making the
process of loading and unloading ships fast and efficient. Until recently, cranes were manually
operated. But when cranes became larger and they are being moved at high speeds, their
manual operation became difficult. Consequently, methods of automating their operation

are being sought.
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Figure 1.1: Gantry crane [17].

1.2 Types of Cranes

Cranes can be classified in terms of their mechanical structures and dynamics into three

types: gantry, rotary, and boom cranes.

Gantry cranes (Figure 1.1) are characterized by a trolley moving over a jib (girder),
the trolley motion can be described with a one-degree-of-freedom model. In some cases,
the jib is mounted on another set of orthogonal railings in what is called bridge cranes. In
this case, the trolley can move in a two-dimensional horizontal plane. They are common in
factories because of their low cost, ease of assembly, and maintenance. They are also used

in mines, steel-mill productions lines, and transport industry.

A rotary crane (Figure 1.2) consists of a jib that rotates in a horizontal plane around
a fixed vertical axis. The trolley that holds the load can move radially over the jib. Hence,
the combined motion of the trolley and jib can place the load at any point in the horizontal

plane within the reach of the crane. The load is attached to the trolley using a set of cables.
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Figure 1.2: Rotary crane [18].

Boom cranes (Figure 1.3) are very common on ships and in harbors. In general, a
boom crane consists of a rotating base to which a boom is attached. The load hangs from the
tip of the boom by a set of cables and pulleys. The rotational movement of the base along
with the luff movement of the boom places the boom tip over any point in the horizontal
plane, that is in reach of the crane. Meanwhile, changing the elevation (luff) angle of the
boom causes a change in the radial and vertical positions of the load. The structure of boom
cranes supports loads in compression, whereas rotary and gantry cranes support loads in a
bending fashion. This makes boom cranes more compact than rotary and gantry cranes of
similar capacities. Boom cranes are mounted on ships to transfer cargo between ships or on

harbor pavements to transfer cargo between ships and offshore structures.
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2 I

Figure 1.3: Boom cranes.

1.3 Literature Review

Several researchers have investigated the control of rotary cranes. Next, we summerize some
of this recent work. Parker et al. [10,11]presented several input shaping techniques to bring
the load to rest at the end point of a predefined motion profile. However, up to 10° oscillations
developed during maneuvers for given profiles. Parker et al. [12] presented another controller
based on filtering the input signal commanded by the operator. The controller used a
notch filter to eliminate the components of the slew and travel inputs that happen to be at
the natural frequency of the payload pendulum. Even though experimental results showed
reduced load pendulations through out the travel, a delay of up to 2.5 seconds occured
between the operator input and the actual input from the filter to the cranes. This delay
produces inconvenience to the operator. It could also cause confusion in case of accidental
inputs. Also, because the notch filter is dependent on the length of the hoisting cable,
the roll off factor of the filter had to be computed each time the cable length is changed.
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Furthermore, the input shaping and the notch filter controllers are open-loop controllers,

which make them inefficient in the presence of external disturbances.

As an example of closed-loop controllers, Golafshani et al. [9] generated time optimal
trajectories of the jib, the trolley, and the cable length. A bang-bang controller was then
used to track these optimal trajectories. Computer simulations showed uncontrolled load
pendulations. To attain better results, they relaxed the constraint on time to 110% of the
optimal value and obtained reduction in the payload pendulations. But still, significant

pendulations persisted through out the maneuver.

Although the following discussion is directed at other types of cranes, it is useful and

relevant to the design of controllers.

Nalley and Trabia [8] applied a distributed fuzzy logic controller to a bidirectional
gantry crane. They introduced the idea of using two separate fuzzy controllers each of
which has two fuzzy inference engines: one to track the desired position commanded by
the operator and another to correct for payload oscillations. After performing all of the
required calculations, the outputs of the two engines are combined to obtain the final control
signal. The controller was used to drive the crane along a path generated by an input-shaping
strategy. They obtained good results for damping the oscillations and at the same time

reducing the payload travel time.

Masoud et al. [6] developed a time-delayed position feedback controller. The controller
targeted boom cranes with base excitations. The controller forces the suspension point
of the payload to follow an operator commanded motion to which a correction is added.
The correction consists of a time-delayed percentage of the payload motion relative to the
suspension point. The controller showed fast maneuvering time and low load oscillations

throughout and at the end of the maneuvers.
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1.4 Objective

One of the current problems in industry is that cranes became larger and higher. So they need
to be faster to achieve acceptable transfer times. Unfortunately, cranes with large structures
that are moving at high speeds are associated with undesirable payload oscillations resulting
from the system dynamics. The objective of this work is to find a proper control strategy to
transfer loads using rotary cranes. The control strategy should take into account two main
factors. First, the time needed to move the payload from the initial pick up point to the
destination point must be minimized. Second, the oscillation of the payload must be reduced

to prevent hazards for people and equipment in the work place.



Chapter 2

Mathematical Modeling

In this chapter, we give a complete description of the crane model, a derivation of the
equations of motion, and the corresponding state-space model. To derive a set of equations

of motion that model the system dynamics, we use the Lagrangian approach.

2.1 Model Description

A rotary crane consists of a trolley that moves radially along a rotating jib. The jib rotates
in a horizontal plane. The combined movements of the jib and the trolley enable positioning
of the trolley and consequently the load over any point in the work space. The variation in
the length of the hoisting cable is important for picking up the load, putting it down, and

moving it away from obstacles. It also can be used as a part of the control strategy.
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Base

Figure 2.1: A 3D model of a rotary crane.

As shown in Figure 2.1, the structure of the crane consists of
(a) A tower that holds the jib of the crane; it is responsible for the rotational motion of the
crane.
(b) A base that is usually fixed to the ground to prevent any oscillations.
(c) A jib that is mounted to the tower.
(d) A trolley that slides over the jib in a transverse direction.
(e) A suspension system of cables and pulleys. In the very general case, the length of the
cable can be changed during load transport or at least at the pickup and end points. The
process of changing the cable length is called hoisting.
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2.2 System Parameters

To derive the equations of motion, one needs to define clearly the system parameters. As
shown in Figure 2.1, a right-handed Cartesian coordinate system (Xyz) is centered at a
reference point that lies in the plane of the jib at the center of the crane tower, with its
positive z-axis being along the tower upward axis. The x— and y—axes are in the plane of
the jib, with the X-axis being along the jib. The Xxyz coordinate system is attached to the
moving jib. The jib rotates and traces an angle v(t). The trolley moves on the jib with
its position r(¢) being the distance measured from the reference point of the Xyz coordinate
system to the suspension point of the payload cable on the trolley. The angle 7(t) and
the radial distance r(t) are the inputs to the system. They are used to control the system
behavior. We model the load as a point mass. The interaction between the load dynamics
and the crane dynamics is neglected due to the assumption that the mass of the crane being
very large compared to that of the load. We start by defining the velocity of the trolley in

the jib-fixed coordinate system as

vy = Ti (2.1)
and its acceleration

ay =i (2.2)
The angular velocity of the jib is

w =19k (2.3)

and its angular acceleration is

a =79k (2.4)
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Jib Trolley |—~ i

Tower|

| Base |

Figure 2.2: Side view of the crane showing the in-plane angle ¢.

I Suspension Point

Vertical Line |

Load Line ./

Figure 2.3: Oscillation angles ¢(¢) and 6(t) of the load.
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The load pendulations are characterized by two angles, ¢ and . The angle ¢ is the
angle which the cable makes with the z-axis in the Xz-plane, a shown in Figure 2.2. The
out-of-plane angle 6 is the angle which the cable makes with the xz-plane. So it is clear now
that the objective of the controller is to move the payload while keeping ¢ and 6 as small as

possible, Figure 2.3.

2.3 Derivation of the Equations of Motion

The first step in deriving the equations of motion using the Lagrangian approach is to find
the position P(t) of the load with respect to the reference point O. In the jib-fixed coordinate

system, the load position is

P(t) = [r(t) — L(t) cos O(t) sin ¢(t)]i + [L(t) sin 0(t)]j — [L(t) cos O(t) cos ¢(t)]k
(2.5)
To determine the kinetic energy of the load, we need to determine the velocity P(t) of the
load. Since the jib is moving,
P(t) = ——= 4+ w(t) x P(¢) (2.6)

where

w(t) =7(H)k (2.7)
Hence, the absolute velocity of the payload is

P(t) =[#(t) — L(t) sin ¢(t) cos 0(t) — L(t)((t) sin 6(t)
— 0(t) sin O(t) sin ¢(t) + ¢(t) cos A(t) cos ¢(t))]i
+ [L(t) sin6(t) + (8)7(t) + L(t) cos (t)(6(t) — 7(t) sin 6 (t))]j
+ [—L(t) cos O(t) cos ¢(t) + L(t)(0sin O(t) cos ¢(t) + ¢(t) sin ¢(t) cos O(t)) ]k
(2.8)
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The kinetic energy of the load is

K = gmioadl P(2)-P(0) (2.9)

or

K =gmoual [L(0)sin 6(2) + r{t)3(£) + L) cos 0(0)(B(1) — (1) sin B(1))]

+[7(t) — L(t) sin ¢(t) cos O(t) — L(t)(#(t) sin 8(t) — O(t) sin O(t) sin p(t)
+¢(t) cos B(t) cos ¢(t))]? + [~ L(t) cos ¢(t) cos B(t) + L(t)(A(t) sin 8(t) cos ¢(t)
+¢(t) cos B(t) sin ¢(t))]?} (2.10)

The potential energy of the payload is given by
Pr = —mpeaagL(t) cos O(t) cos ¢(t) (2.11)
Finally, the Lagrangian £ is given by
L=Kgp— Pg (2.12)

or

L :%mLoad{ZgL(t) cos 6(t) cos p(t) + [L(t) sin 6(t) + r(t)~(¢)
+ L(t) cos (1) ((t) — 4(t) sinO(t))]? + [#(t) — L(t) sin ¢(t) cos O(t)
— L(t)(%(t) sin O(t) — 6(t) sin O(t) sin ¢(t) + G(t) cos O(t) cos p(t)))?

+ [—L(t) cos ¢(t) cos O(t) + L(t)(6(t) sin O(t) cos ¢(t)
+ ¢(t) cos O(t) sin 4(t)))?} (2.13)

The Euler Lagrange equations corresponding to £ are

408, oL _

(2.14)
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where 1 = 6 and z, = ¢. This will yield the following two nonlinear equations of motion:

L(t)0(t) + 2L(£)0(t) — 2L()%(t) cos B(t) cos® O(t)p(t) + %L(t) sin 20(t) 2 (t)
- %L(tﬁz (t) sin 20(t) cos? ¢(t) + gsin O(t) cos B(t) + 27(t)(t) cos O(t)

— 7(t)32(t) sin ¢(t) sin O(t) 4 #(t) sin O(t) sin ¢(t) — 2L(t)%(t) sin ¢(t)
+ r(t)5(t) cos O(t) — L(t)5(t) sinp(t) = 0 (2.15)

and

L(t) cos 0(t)p(t) + 2L(t) cos O(t)p(t) + 2L(t)%(t) cos B(t) cos ¢(t)8(t)

— 2L(t) sin 0(t)0()p(t) + gsin ¢(t) + 2L(t)5(t) cos B(t) sin 0(t)

+cos ¢(1)77(1)[r(t) — L(#) sin (t) cos O(t)] + L(t)5(t) sin 6(t) cos p(t)

— i (t) cos d(t) = 0 (2.16)

For our case, the cable length L(t) is set equal to a constant value, then

dL

= _9 2.17
7 (2.17)

Substituting equation (2.17) into equations (2.15) and (2.16) yields

O(t) — 27(t) cos P(t) cos? O(t)p(t) + % sin 260/(t)d?(t)
— %72(15) sin 260(t) cos® ¢(t) + % sin 6(t) cos P(t) + %f(t)f'y(t) cos 6(t)
- %r(t)f'yz(t) sin (1) sin (1) + %i‘(t) sin O(t) sin 6(¢) + %r(tw(t) cos (1)

—A(t)sind(t) = 0 (2.18)

and

cos O(t)(t) + 27(t) cos O(t) cos ¢(t)A(t) — 2sin O(t)0(t)d(t)

+ % sin ¢(t) + cos ()52 () [? — sin ¢(t) cos 0(t)]
+5(t) sin B(t) cos B(t) — %m) cos () = 0 (2.19)
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2.4 State-Space Model of the Crane

14

For easier manipulation of the crane parameters, we reformulate the equations of motion in

state-space form. The following equations are used later to simulate the system dynamics.

To this end, we let

21 = 0(t)
z2 = ¢(t)
x3 = 1(t)
x4 = (t)
x5 = 6(t)
26 = ¢(t)
7 = i(t)
zg = (1)
Uy = #(t)
Uz = 5(t)
Hence,
i1 = s

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)
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i‘zzme

i‘3:$7

i‘4:$8

&7 = Uy = i(t)

g = Uy = H(t)
Then, it follows from equations (2.18) and (2.19) that

5 = — —(2g cos xp sinxq + 4x7w8 COS T — Lag? sin 221 cos® x5

2L

15

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

— 2x318° sin 1 sin xp — 4Lxexg COS Ty cos® 21 + Lag? sin 221 + 2 sin 21 sin z,U;

+ 2x3 cos x1Uy — 2L sin z,Us)

1

— (gsinz, + T3xg2 cos Tp — Lag? sin p cOS 1 COS X7
L cosxq

Te =

+ 2Laxsxg cos xy cos o — 2Lxs5T6 sin zy — cos xpUy + Lsin g cos x,U5)

(2.36)

(2.37)



Chapter 3

Fuzzy Logic Controller

Fuzzy logic is the first approach that we have tried to control the crane. An introduction to
fuzzy control logic is first presented. A detailed description of the controller design is also

introduced. Finally, simulation results of the controller are presented.

3.1 Introduction to Fuzzy Logic Control

Fuzzy logic is one of the recent developing methods in control that are gaining more pop-
ularity. The idea behind fuzzy logic is to write rules that will operate the controller in a
heuristic manner, mainly in an (If A Then B) format. The arguments A and B are not exact
numbers or equations, but they are descriptive words or phrases like small, pretty cold, and

very high.

Any fuzzy controller consists of four main stages: variable fuzzification, rules appli-
cation, aggregation, and defuzzification stages [1,16]. These stages have many variations, so

all the details mentioned later are specific to the design we have chosen.
Starting with the fuzzification stage, we map all of the crisp (numerical) values of the

16
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input variable into memberships in fuzzy logic sets. The whole crisp range is mapped into a
number of fuzzy logic sets. The degree of membership for a certain numerical input depends
on the shape of the fuzzy set and where does the crisp value lie in the range of this set. For
example, in Figure 3.1, the variable ¢ = 1.25 has 0.75 membership in Positive Small (PS)
and 0.25 in Positive Medium (PM), while it has zero membership in the other sets. The

shape of the membership functions is chosen to be triangular.

NL NM NS zZ PS PM PL
1.0

O VAAA
A

Input Variable Phi(t)

Figure 3.1: Example on fuzzy logic sets.

Then, we apply the rules one at a time. If the antecedents of the rule are combined
by an AND operator, then the minimum of all of the antecedent memberships is taken to
be the membership of the output. But if they are combined by an OR operator, then the

maximum membership is taken to be the output membership.

After applying all of the fuzzy rules, the aggregation stage starts. At this stage, all
of the outputs of the rules that belong to the same output variable are aggregated together.

Summing all of the outputs is the method chosen for this controller.

Eventually, in the defuzzification stage, a crisp value is assigned for the output. Find-
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ing the centroid of the output shape is the method used here [2].

) . Radial & Rotational
Desired Position Accelerations
Operator v Fuzzy v System
Console Controller Dynamics

Radial & Rotational Position,
In-Plane & Out-of-Plane Angles

Figure 3.2: System block diagram with fuzzy logic controller.

3.2 Fuzzy Logic Controller Design

As shown in Figure 3.2, we start with the input signals from the operator. These signals
represent the desired radial position 74(¢) and rotational angle y4(t). These two signals can
be read from the operator’s handle (joy stick). The fuzzy controller receives four other inputs
from the feedback loop: the actual radial distance r,(t), the actual rotational angle ~,(t),
the in-plane angle ¢(¢), and the out-of-plane angle 0(¢). The fuzzy logic controller (FLC)
generates the radial and rotational accelerations, which are inputs to the system dynamics
block. From Figure 3.3, it is clear that two separate controllers are employed. One is
radial, which takes care of the transverse motion of the trolley over the jib; and the other is

rotational, which handles the rotational motion of the jib.
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Radial Radial écceleration
Controller o
Desired Position
Rotational RotationalAcceleration
Controller -
Feedback Signals

Figure 3.3: Fuzzy logic controller design.

Two fuzzy inference engines (FIE) are used inside each controller, Figure 3.4. The
first is the tracking FIE, which has the desired and actual radial distances as inputs for the
radial controller and the desired and actual rotational angles as inputs for the rotational
controller. Meanwhile the oscillations damping FIE has the in-plane angle ¢ as an input
for the radial controller and the out-of-plane angle 6 as inputs for the rotational controller.
The outputs of the two FIEs are inputs to a variable-share mixing block, where the output
from the tracking FIE is multiplied by a factor K and the oscillations damping FIE output
is multiplied by 1 — K. Then, the scaled outputs are added to obtain the controller output

(acceleration).

Through the design, the gain K is assigned a fixed value to obtain the optimal perfor-
mance of the system. But it can be varied or it can be changed by the operator according to
the current conditions of transportation. The output of the radial controller is 7ge ference (),

and the output of the rotational controller is Yge ference(t)-
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FIEI
Tracking
Operator | Variable Share Acceleration
—> ~| Mixing Block "
Command -
FIE II
Oscillations
Damping
Feedback Signals

Figure 3.4: Two FIEs are inside each FLC.

Next, we describe each controller and explain the fuzzy sets and rules in each FIE.

3.2.1 Radial Controller

This controller determines the radial acceleration of the trolley, which is fed to the system
dynamics block to find the response. The outputs of the following FIEs are mixed with a
gain KRadial =0.8.

Tracking FIE

This FIE has the actual radial distance 7,(¢) and the desired radial distance r4(¢) and their

derivatives 7,(t) and 74(t). Its output is 7r.qc,. Before applying the fuzzy rules, we calculate
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two variables, the radial distance error F,(t) and its derivative as follows:

and

Eo(t) = ra(t) — ra(t) (3.1)
E.(t) =74(t) — 7(t) (3.2)
NL NM NS 4 PS PM PL
1.0
0.5 |
O 1 1 1 1
-5 -4 -3 2 -1 0 1 2 3 4 5
Radial Distance Error ( m )
Figure 3.5: Fuzzification of E,.(t).
NL NM NS Z PS PM PL
1.0
0.5 +
O 1 1 1 1
-1 -08 -06 -04 -02 0 02 04 0.6 0.8 1
Derivative of Radial Distance Error ( m/s )

Figure 3.6: Fuzzification of E,(t).
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Then, they are fuzzified using the fuzzy sets shown in Figures 3.5 and 3.6, and sub-

sequently the rules in Table 3.1 are applied in order to find #7,qcx’.

Table 3.1: Rules for the radial tracking FIE.

Derivative of Radial Distance Error

PL|PM | PS| Z | NS |NM| NL

PL | PL | PL |PM PM | PS | PS | Z
PM | PL |PM | PM | PS | PS| Z | NS
Radial PS|PM|PM | PS| PS| Z | NS |NS
Distance Z |PM|PS | PS| Z | NS | NS |NM
Error NS | PS|PS| Z | NS | NS | NM|NM
NM|PS| Z | NS| NS |NM | NM| NL
NL | Z | NS| NS |NM|NM| NL | NL

As a result of applying the previous rules, we have a fuzzy notion of the output

variable 77,4k, Which is transformed into a crisp value using the centroid method. Figure

3.7 shows the fuzzy sets of Fr,qck-

Oscillations Damping FIE

In the oscillations damping FIE, the input variables are ¢(t) and ¢(t). The rules here are

based on imitating a quarter-period delay controller. It tries to position the trolly over the

load in order to damp any oscillations. The inputs to the FIE are fuzzified using the fuzzy

sets shown in Figures 3.8 and 3.9. Similarly, the fuzzy rules in Table 3.2 are now applied to

find the Fcorrection. After applying the rules, again we resort to defuzzify the output in order

1These are generic fuzzy PD controller rules, the one’s used here are similar to those used by Nally and

Trabia [8].
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NL NM NS Z PS PM PL
1.0
0.5 +
0 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5
Radial Acceleration (Track) (m/s2)
Figure 3.7: Defuzzification of 7ry.qck.
NL NM NS Z PS PM PL
1.0
0.5

-5 -4 -3 -2 -1 0 1 2 3 4 5
In-Plane Angle - ¢ (Degrees)

Figure 3.8: Fuzzification of ¢(t).

Table 3.2: Rules for the radial oscillations damping FIE.

In-plane angle ¢(t)

PL|PM | PS|Z|NS|NM|NL

Derivative | P || NL | NM | NS |Z | PS| PM | PL
of in-plane | Z | Z Z Z | 7| Z 7 7
Z

angle ¢(t) | N | NL | NM | NS PS | PM | PL
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4
1.0
N P
0.5
0 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5
Derivative of the In-Plane Angle - d ¢ /dt (Degree/s )

Figure 3.9: Fuzzification of ¢(t).

to find Toorrection. Figure 3.10 shows the fuzzy sets of Foorrection-
Now, the output of this controller can be found by

i;RefeTence(t) =0.8 x fTrack + 0.2 x i;CorTection (33)

3.2.2 Rotational Controller

Similar to the radial controller, the rotational controller consists also of two FIEs. It was
found that the optimal value for the mixing gain KRguiationat = 0.6 . This lower value shows
that it take more control action to damp the out-of-plane angle §(¢) than the in-plane angle
¢(t), which is expected because any attempt to reduce any out-of-plane oscillations induces

in-plane ones, thus causing more problems.

Tracking FIE

Here the FIE has the actual rotational angle +,(t), the desired rotational angle ,4(t), and
their derivatives 4,(t) and 44(t). The FIE output is 4r.qck- Before applying the fuzzy rules,

we calculate two other variables, the rotational angle error E.(t) and the derivative of the
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NL NM NS Z PS PM PL
1.0
0.5
0 L !
54 3 2 a0 1 2 3 4 s
Radial Acceleration (Correction) (/m/s2)

Figure 3.10: Defuzzification of ¥coprection-

rotational angle error E.(t) as follows:

E,(t) = 7a(t) — va(t) (3.4)
and
Ey(t) = Aa(t) — Fa(t) (3.5)
NL NM NS 4 PS PM PL
1.0
0.5 |
O 1 1 1 1
-5 -4 -3 2 -1 0 1 2 3 4 5
Rotational Angle Error - Jy (Degrees)

Figure 3.11: Fuzzification of E,(¢).

Then they are fuzzified using the fuzzy sets shown in Figures 3.11 and 3.12. After
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that the rules in Table 3.3 are applied in order to find Hryqer?.

NL NM NS z PS PM PL

0.5 -

0 1 1 1 1
25 20 -15 -10 -5 0 5 10 15 20 25

Derivative of the Rotational Angle Error - d(8y)/ dt (Degree/s)

Figure 3.12: Fuzzification of E.(t).

Table 3.3: Rules for the rotational tracking FIE.

Derivative of rotational angle error

PL|{PM | PS| Z | NS |NM| NL

PL | PL | PL |PM PM | PS | PS | Z
PM | PL |PM | PM | PS | PS| Z | NS
PS |PM|PM | PS | PS| Z | NS | NS
Z |PM| PS|PS| Z | NS | NS NM
NS|PS|PS| Z | NS| NS |NM | NM
NM|PS| Z | NS| NS |NM|NM| NL
NL Z | NS | NS | NM|NM| NL | NL

Rotational

angle error

After applying the rules, we obtain the output variable ... in a fuzzy format, which is

2These are generic fuzzy PD controller rules, the one’s used here are similar to those used by Nally and

Trabia [8].
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NL NM NS z PS PM PL

0 1 1
-5 4 -3 -2 -1 0 1 2 3 4 5
Rotational Angular Acceleration (Track) (rad /sA2)

Figure 3.13: Defuzzification of Ypy.qc-

transformed into a crisp value using the centroid method also. Figure 3.13 shows the fuzzy

sets of Yrrack-

Oscillations Damping FIE

For the oscillations damping FIE, the input variables are 6(t) and 6(t). The rules here are
based on the same concept used for the radial controller. The inputs to the FIE are fuzzified
using the fuzzy sets shown in Figures 3.14 and 3.15. Again the fuzzy rules in Table 3.4 are
now applied to find the Yoo rection-

Table 3.4: Rules for the rotational oscillations damping FIE.

Out-of-plane angle ¢(t)

PL | PM|PS|Z|NS|NM | NL

Derivativeof || P || PL | PM | PS|Z | NS | NM | NL
out-of-plane 7| 7Z 7 Z |7Z| 7Z Z 7
Z

angle @(t) N | PL | PM | PS NS | NM | NL
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NL NM NS z PS PM PL

1.0
0.5
0 1 1 1 1

-5 -4 -3 -2 -1 0 1 2 3 4 5

Out-of-Plane Angle - 0 (Degrees)
Figure 3.14: Fuzzification of 6(t).
zZ
1.0
N P

0.5
0 1 1 1 1

-5 -4 -3 -2 -1 0 1 2 3 4 5
Derivative of the Out-of-Plane Angle - d 6/dt (Degree/s )

Figure 3.15: Fuzzification of 4(t).

28
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NL NM NS Z PS PM PL

0.5

-5 -4 -3 -2 -1 0 1 2 3 4 5
Rotational Angular Acceleration (Correction) (rad /s"2)

Figure 3.16: Defuzzification of Ycorrection-

Finally, after applying the rules, we defuzzify the output in order to find 47,q. Figure 3.16

shows the fuzzy sets of Yoorrection-

Now, the output of this controller can be found according to

&Reference(t) = 0.6 x ;)./Track + 0.4 x ’:)'/C'orrection (36)

3.3 Simulation Results

In order to test the performance of the designed controller, we used the MATLAB software
[14] and its Fuzzy Logic Toolbox (V1.0) [13]. The toolbox provided a friendly Graphical
User Interface (GUI), which made the testing faster and more efficient.

The first step in testing the controller was to generate an operator signal for testing.
This signal was generated taking into consideration the actual crane model, which was built

in the laboratory.
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3.3.1 Radial Case (Gantry Case)

In this case, the cable length is set equal to 1.0 m, and the trolley is moved radially 0.75 m
from r = 0.25 m to r = 1.0 m. The trolley accelerates for 3/8th of the cable period 0.75 s,
moves at a constant velocity of 0.23078 m/s for 2.5 s, and decelerates for another 0.75 s,
Figure 3.17. The whole operation is executed within 4.0 s. The acceleration amplitude is
0.3077 m/s%. In Figure 3.18, we compare the controlled and uncontrolled in-plane oscillation
angle associated with this movement. In the uncontrolled response, the oscillations continue
with an amplitude of 6° without any damping. In fact, the uncontrolled payload oscillates
with an amplitude of 3° after the acceleration period. When the deceleration occurs, it adds
more energy to the payload oscillations, thereby raising the amplitude of oscillations to 6°.
Closing the loop, we note that the initial kick of the in-plane angle is less than 2° during
the acceleration phase and about —2° during the deceleration phase. Also, we note that the
oscillations are damped within about 5 s.

0.4

03F

o
N}
T

o
-
T

Velocity [m/s ] & Acceleration [ m/s? |
)
L o
T

|

o

N}
T

031 t— - - == Acceleration

——  Veolcity

-0.4 L L I L I | L
0 1 2 3 4 5 6 7 8

Time [sec]

Figure 3.17: Operator radial signal.

The controller has no effect on the rotational angle v(¢) or the out-of-plane oscillation



Amjed A. Al-Mousa Chapter 3. Fuzzy Logic Controller 31

o N
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Figure 3.18: Uncontrolled vs controlled in-plane oscillation angle ¢(t) for the gantry case

using the fuzzy controller.
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Figure 3.19: Desired and actual radial distances for the gantry case using the fuzzy controller.
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angle 6(t). We also note that it takes about 15 s for the trolley to reach the end position,
even though the oscillations are damped within 5 s. Figure 3.19 shows both the trolley
desired position commanded by the operator and the actual position. The overshoot in the
trolley position is somewhat large, about 7 cm. The trolley lags the operator command at the
beginning, then catches up with an under-damped response. We note that the steady-state

error is zero. So we conclude that the performance of the controller is good.

3.3.2 Rotational Case

For this case, the cable length is also set equal to 1.0 m, but the jib is rotated 90° from its
initial position, and the trolley is set 1.0 m away from the center to magnify any oscillations
due to the rotational motion. The jib rotates with an acceleration of 0.4928 rad/s? for 0.75 s,
with a constant angular velocity of 0.3696 rad/s for 3.8 s, and then decelerates for another

0.75 s, Figure 3.20. Thus, the operation takes 5 s.
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Figure 3.20: Operator rotational signal.
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In—plane Angle [Degrees]

- - - Uncontrolled
—_— Controlled
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Figure 3.21: Uncontrolled vs controlled in-plane oscillation angle ¢(t) for the rotational case

using the fuzzy controller.

In Figures 3.21 and 3.22, we compare the controlled and the uncontrolled in-plane and
out-of-plane angles. In the uncontrolled case, initially the in-plane angle increases slightly
because the motion starts perpendicular to the jib plane, then the in-plane angle increases
to more than 3.5° during the constant angular velocity phase due to the centrifugal force.
Finally, the in-plane angle undergoes a persistent oscillation of more than 4°. On the other
hand, the out-of-plane angle increases to more than 4.5° in the acceleration phase and persists
afterwords. There is a continuous energy exchange between the in-plane and out-of-plane

motions, resulting from a one-to-one internal resonance between these modes.

Closing the loop results in a decrease in both the in-plane and out-of-plane motions.
The in-plane angel reaches —2° before it decays to almost zero in 10 s. On the other hand,
the out-of-plane angle increases to approximately 4° before it decays to almost zero in 25 s.
We see from Figures 3.22 to 3.23 that it takes about 20 s to reach the final state and to

reduce the oscillation angles almost to zero, which is a long time for such a small model.



Amjed A. Al-Mousa Chapter 3. Fuzzy Logic Controller 34
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Figure 3.22: Uncontrolled vs controlled out-of-plane oscillation angle (¢) for the rotational

case using the fuzzy controller.
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Figure 3.23: Desired and actual radial distances for the rotational case using the fuzzy

controller.
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Figure 3.24: Desired and actual rotational angles for the rotational case using the fuzzy

controller.

In order to damp the oscillations in the in-plane angle, the trolley needs to be moved
about 10 ¢m from its initial position, which is considered to be a large deviation. As for the
rotational angle of the jib, it has experienced a moderate overshoot of about 7°, Figure 3.24.
So even though the controller showed good performance in keeping the oscillation angles

small, the time of the maneuver is somewhat large.

3.3.3 Compound Case

In this case, a combination of the radial and rotational motions is applied. The trolley is
moved on the jib a distance of 0.75 m as in the radial case, while the jib is rotated 90° around
the tower as in the rotational case. We compare in Figures 3.25 and 3.26 the controlled and
uncontrolled in-plane and out-of-plane angles. Again, in the uncontrolled case, energy is
being continuously exchanged between the two modes of oscillations due to the one-to-one

internal resonance between them. The in-plane angle grows to more than 7° in 40 s, whereas
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the out-of-plane angle reaches more than 9° in 5 s. Figures 3.25 and 3.26 show that the

oscillation period of the payload is 2 s.

Closing the loop results in a significant reduction in both angles. The in-plane angle
grows to about 2.5° in the deceleration period, but it then decreases to almost zero within
10 s. On the other hand, the out-of-plane angle increases initially to almost 5° before it

decays to almost zero in 25 s. This settling time is considered long for such a small model.

In—plane Angle [Degrees]

b
|
|

U i Uncontrolled
—_— Controlled
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0 5 10 15 20 25 30 35 40

Time [sec]

Figure 3.25: Uncontrolled vs controlled in-plane oscillation angle ¢(t) for the compound case

using the fuzzy controller.

Figure 3.27 shows the radial distance of the trolley on the jib. A problem that is clear
here is that the overshoot is large, about 20 ¢m. With this large overshoot, the trolley takes
more than 15 s to reach its end position, which is a long time for such a small model. As for
the rotational angle of the jib, its overshoot is reasonable, about 8°. But Figure 3.28 shows

that it also takes a long time to settle like the trolley, about 12 s.
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Figure 3.26: Uncontrolled vs controlled out-of-plane oscillation angle 6(t) for the compound

case using the fuzzy controller.
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Figure 3.27: Desired and actual radial distances for the compound case using the fuzzy

controller.
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Figure 3.28: Desired and actual rotational angles for the compound case using the fuzzy

controller.

3.3.4 Damping Case

In this case, we investigate the effectiveness of the controller to damp initial disturbances.
We started with an initial disturbance of 75° for each of the oscillation angles 6(t) and ¢(t).
The trolley is placed at a distance of 1.0 m on the jib to magnify the oscillations effect. In
Figures 3.29 and 3.30, we compare the controlled and uncontrolled in-plane and out-of-plane
motions. Because the model does not include damping, the uncontrolled angles continue to
oscillate with an amplitude of 75° forever. On the other hand, applying the controller, we
find that the in-plane motion decays below 10° after 8 s and to almost zero within 20 s. In
contrast, the damping of the out-of-plane motion is much slower. It takes about 18 s for this

motion to decay below 10° and it takes about 25 s for it to decay to almost zero.
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Figure 3.29: Uncontrolled vs controlled in-plane oscillation angle ¢(t) for the damping case

using the fuzzy controller.
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Figure 3.30: Uncontrolled vs controlled out-of-plane oscillation angle (t) for the damping

case using the fuzzy controller.
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In Figures 3.31 and 3.32, we show the deviations of the trolley position and the
rotational angle of the jib from their desired values. The maximum deviation of the trolley
from the desired distance (1.0 m) is about 10 ¢m, which is small. Moreover, the maximum
swing of the rotational angle of the jib to damp the oscillations is less than 10°, which is also
considered to be small. Even though the time taken to damp these large initial disturbances is
somewhat long, the trolley and jib deviations needed to damp these oscillations are considered
to be small. This gives the fuzzy logic controller an advantage in cases where the trolley or

the jib can not be moved as fast and the damping time is not important.
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Figure 3.31: Desired and actual radial distances for the damping case using the fuzzy con-

troller.
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Figure 3.32: Desired and actual rotational angles for the damping

controller.
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Chapter 4

Delay Feedback Controller

The delayed-position controller for cranes was first introduced by Masoud et al. [6]. It was
applied to ship-mounted boom cranes and showed excellent results both in simulations and
in experiments. The time-delayed position feedback controller, which we will refer to as the
delay controller, is a nonlinear controller. By design, the controller should work for any type
of crane because of its independence of the crane structure and dynamics apart from the

hoisting cable length.

4.1 Introduction

The delay controller does not modify the operator input, instead it adds a correction to the
operator signal to account for the load oscillations. This results in a desired crane motion
that produces the least oscillations. The delay-feedback controller, Figure 4.1, uses the
oscillation angels of the hoisting cable and the current radial position of the trolley as input
signals to generate the correction signal. Summations of the controller outputs constitute
reference signals for both the radial and angular motions of the crane. Since the inputs to

the system dynamics are angular and radial accelerations, tracking blocks have to be added

42
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Figure 4.1: System block diagram with delay controller.

to make sure that the desired accelerations are fed to the system. The tracking blocks have

the positions, whether angular or radial, as feedback signals.

4.2 One-Dimensional Model

We start with the one-dimensional model [5], as shown in Figure 4.2. The delay controller
is based on feeding back a time-delayed percentage of the position of the load with respect

to the suspension point. The correction signal generated by the controller is given by
re = klsin (¢(t — 7)) (4.1)

where 7 is a time delay, k is the controller gain, and r. is the radial position correction.

Adding this correction to the operator radial input r, results in the reference radial signal

Tref = To + klsin (¢(t — 7)) (4.2)
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Figure 4.2: One-dimensional delay controller.

Equation 4.2 is then substituted into the equations of motion (2.18) and (2.19) to

obtain the equations of motion of the controlled system.

A stability analysis of this system was performed by Henry et al. [7]. The result is
shown in Figure 4.3 where the unshaded region corresponds to stable operations and the
shaded areas correspond to unstable operations. Even in the stable region, the performance
of the system varies according to the damping created by varying k and 7. Figure 4.4 shows
contours of constant damping within the stable region, the darker the shade is, the higher
the damping is. For example, if the period of the pendulum is 1 second, then the highest

damping will occur at k£ = 0.4 and 7 = 0.27sec.

4.3 Two-Dimensional Model

For rotary cranes, the one-dimensional model is not sufficient so a two-dimensional model
is developed. Because we can split the motion into two orthogonal planes, a similar control

approach and a stability analysis are still valid. The gains and delays can be chosen to be
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different for each axis. In cases where oscillations in one plane are expected to be higher
than in the other, this can be very useful. Figure 4.5 shows a top view of a rotary crane,
the jib lies along the x-axis. The load is hanging from point A on the trolley, the trolley is
now at a distance r from the center. In order to dampen the motion, the trolley has to be
moved from its current position A to point B over the time-delayed projection of the load
cable. From the previous definitions of the in-plane angle ¢(¢) and out-of-plane angle 6(t),

we find that

z.(t) = —kilsin (¢(t — 11)) cos (0(t — 11)) (4.3)

Ye(t) = kol sin (6(t — 72)) (4.4)

From geometry, we can deduce that

_ Ye(t)
d, = arctan (—m) (4.5)
and
O = pyi(t) + (r(t) + (1)) — (1) (4.6)

It is clear now that we can calculate the previous corrections using the delayed angles, and
by adding these corrections to the current operator input, we can calculate the reference

signal.

4.4 Tracking Block

The inputs to the system dynamics block are radial and angular acceleration, while the
signals generated by the delay controller are position signals. Thus, another controller is
needed to input the correct accelerations to the system, which will make the trolley and jib

take the same positions as those desired by the delay controller.
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Figure 4.5: Top view of a rotary crane.
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We redefine a new set of state-space equations in terms of the system states (z; to

zg) and the desired states (z14 to xgg) as follows:

y1 =1 = 0(t) (4.7)

Y2 = 72 = (1) (4.8)

ys = 13 = r(t) (4.9)

Ya = x4 = (1) (4.10)

ys = T3 — Taq = r(t) — ra(t) (4.11)
Yo = 6 = 7(1) (4.12)

Y7 = T4 — Taa = () — 7a(?) (4.13)
ys = g = (1) (4.14)

ui = ¥ (t) (4.15)

up = H(t) (4.16)

Substituting equations (4.11) and (4.13) into equations (4.15) and (4.16) yields

Uy = T34+ Us (4.17)

U = i‘4d + jj7 (418)
Then g5 and 7 are calculated as follows:

iis = —2AU5 — \ys (4.19)
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?j7 = —2>\y7 - )\2y7 (4.20)
By taking the Laplace transform of equations (4.19) and (4.20), we have

s2Ys(s) + 2AsYs(s) + A?Ys(s) = 0 (4.21)

s2Y7(s) + 2AsY37(s) + A?Y5(s) = 0 (4.22)

For stable solutions of equations (4.21) and (4.22), A has to be positive. Hence, the tracking
block outputs are given by

Uy = F3g — 2\Y5 — Nys (4.23)

Up = Fag — 207 — N2z (4.24)

For a fast response, A is chosen to be large (A = 100).

4.5 Simulation Results

A procedure similar to that used to test the fuzzy logic controller is used to test the delay
controller. For the ease of comparison, the same operator signal is used. Through out the

simulations, the delay time and gain used are 7 = 0.56 seconds and k& = 0.4.

4.5.1 Radial Case (Gantry Case)

Similar to the test of the fuzzy logic controller, the cable length is set equal to 1.0 m, and
the trolley is moved from r = 0.25 m to r = 1.0 m. The trolley accelerates for 3/8th of the
cable period 0.75 s, moves at a constant velocity for 2.5 s, and decelerates for another 0.75 s,

Figure 3.17. The whole operation is executed within 4.0 s. The acceleration amplitude is
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0.3077m/s?. In Figure 4.6, we compare the in-plane oscillation angle associated with this

movement obtained with the fuzzy logic and delay controllers.

In—-plane Angle [Degrees]

- - - Fuzzy
——  Delay

-4 1 1 1 1 1 ! !
0 5 10 15 20 25 30 35 40

Time [sec]

Figure 4.6: Controlled in-plane oscillation angle ¢(t) for the gantry case using the delay and

fuzzy controllers.

With the delay controller, the in-plane angle resulting from the trolley acceleration
is about 3°, which is larger than that obtained with the fuzzy controller, about 2°. During
the deceleration phase, the in-plane angle reaches less than —3° in the case of the delay
controller compared with about —2° in the case of the fuzzy controller. Also, we note that
the oscillations are damped within about 10 s using the delay controller, which is also longer

than the 5 s taken by the fuzzy controller.
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Figure 4.7: Radial distance for the gantry case using the delay and fuzzy controllers.

In Figure 4.7, we compare the actual trolley motion using the delay and fuzzy con-
trollers. The trolley does not lag the operator command as in the case of the fuzzy controller.
The trolley motion is under-damped in both cases. While it takes the trolley about 7 s to
settle in its end position using the delay controller, it takes 12 s using the fuzzy controller.
The overshoot in the trolley position obtained with the delay controller is about 3 cm, which
is small compared to 7 ¢m obtained with the fuzzy controller. We note that the steady-state
error is zero in both cases. None of the controllers has any effect on the rotational angle ~(¢)
or the out-of-plane oscillation angle 6(¢). We note that the delay controller is faster than
the fuzzy controller in the sense that the trolley reaches the end position in a shorter time
compared with that needed by the fuzzy controller. However, the in-plane angle amplitude
obtained with the fuzzy controller is less than that achieved by the delay controller, which

can be more important than the settling time in some applications.
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Figure 4.8: Controlled in-plane oscillation angle ¢(t) for the rotational case using the delay

and fuzzy controllers.

4.5.2 Rotational Case

For this case, the cable length is also set equal to 1.0 m, but the jib is rotated 90° from its
initial position, and the trolley is set at a radius of 1.0 m to magnify any oscillations due to
the rotational motion. The jib rotates with an acceleration of 0.4928 rad/s? for 0.75 s, with
a constant angular velocity for 3.5 s, and then decelerates for another 0.75 s, Figure 3.20.

Thus, the operation takes 5 s.

In Figures 4.8 and 4.9, we compare the in-plane and out-of-plane angles obtained with
the fuzzy logic and delay controllers. When the delay controller is used, the in-plane angle
increases slightly during the acceleration phase, then decreases to less than —2.5° during the
constant angular velocity phase, and decreases to about 1° during the deceleration phase.
Finally, the in-plane motion decays to almost zero in less than 10 s of the start of the
operation. We note that the fuzzy controller takes the same time as the delay controller to

damp the in-plane angle, but its maximum is about 2°.
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Figure 4.9: Controlled out-of-plane oscillation angle 6(¢) for the rotational case using the

delay and fuzzy controllers.

When looking at the effect of the delay controller on the out-of-plane angle, we see
that it starts increasing during the acceleration phase because the jib motion is tangential
to the out-of-plane motion. It follows from Figure 4.9 that the buildup of the out-of-plane
angle is negative because the load lags behind the jib while it accelerates. The second large
motion buildup occur when the jib stops and the load continue to travel. Even though the
out-of-plane angle increases more than the in-plane angle in the initial phase, the controller
is able to damp both of them in 10 s, which is very small compared to the 25 s needed by the
fuzzy controller to damp the out-of-plane angle. Still the fuzzy controller has the advantage

of having lower oscillation amplitudes.
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Figure 4.10: Radial distance for the rotational case using the delay and fuzzy controllers.

Figure 4.10 shows that, to damp the in-plane and out-of-plane oscillations using the
delay controller, the trolley need to move about 2 ¢m from its initial position, which is about
1/4th the motion needed by the fuzzy controller. In addition, we note that it takes a longer
time for the trolley to reach its end position using the fuzzy controller. On the other hand,
it follows from Figure 4.11 that the rotational angle of the jib experiences an overshoot of
about 3°, compared to 7° in the case of the fuzzy controller. It follows from Figures 4.10 to
4.11 that it takes about 10 s for the trolley and the jib to reach the end position and at the
same time reduce the oscillation angles to almost zero, which is almost half the time needed

by the fuzzy logic controller.
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Figure 4.11: Rotational angle for the rotational case using the delay and fuzzy controllers.

4.5.3 Compound Case

In this case, a combination of the radial and rotational motions is applied. The trolley is
moved on the jib a distance of 0.75 m as in the radial case, while the jib is rotated 90°
around the tower as in the rotational case. In Figures 4.12 and 4.13, we compare the delay
and fuzzy logic controlled in-plane and out-of-plane angles, respectively. When the delay
controller is used, the in-plane angle reaches a maximum of about 4° during the deceleration
phase, which is larger than the 2.5° obtained with the fuzzy controller. It follows from Figure
4.12 that the in-plane oscillations are damped within 10 s using either controller. Initially,
the in-plane angle has a positive kick due to the radial acceleration and then a moderate
negative kick due to the centrifugal force. When the trolley decelerates, it kicks the load
away, resulting in a larger negative kick. When the delay controller is used the out-of-plane
angle 0(t) reaches a maximum value of approximately 6°, and it takes about 10° to damp, as

in the case of the in-plane angle, Figures 4.13. But with the fuzzy controller, it takes more
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time (about 25 s) to damp the 5° out-of-plane angle.
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Figure 4.12: Controlled in-plane oscillation angle ¢(t) for the compound case using the delay

and fuzzy controllers.

Figure 4.14 shows the radial distance of the trolley on the jib. Using the delay
controller, the overshoot is small (about 2 ¢m), which is 1/10th that needed by the fuzzy
case. With this small overshoot, the trolley takes less than 8 s to reach its end position,
which is a short time for this model and far less than the 17 s needed by the fuzzy controller.
As for the jib rotational angle, Figure 4.15 shows that the overshoot (about 3°) needed by

the delay controller is smaller than the 7° needed by the fuzzy controller.
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Figure 4.13: Controlled out-of-plane oscillation angle 6(¢) for the compound case using the

delay and fuzzy controllers.
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Figure 4.14: Radial distance for the compound case using the delay and fuzzy controllers.
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Figure 4.15: Rotational angles for the compound case using the delay and fuzzy controllers.

4.5.4 Damping Case

In this case, we investigate the effectiveness of the controller to damp initial disturbances.
We start with an initial condition of 75° for each of the oscillation angles 6(¢) and ¢(t). The
trolley is placed at a distance of 1.0 m on the jib to magnify the oscillations effect. In Figures
4.16 and 4.17, we compare the fuzzy and delay controlled in-plane and out-of-plane motions,
respectively. The delay controller is more effective in damping this initial disturbance than
the fuzzy controller. The in-plane and out-of-plane angles damp in less than 8 s, which is
very small compared to the 25 s needed by the fuzzy controller. We note that the rate of

damping for the out-of-plane angle with the fuzzy controller is very slow.
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Figure 4.16: Controlled in-plane oscillation angle ¢(t) for the damping case using the delay

and fuzzy controllers.
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Figure 4.17: Controlled out-of-plane oscillation angle 6(t) for the damping case using the

delay and fuzzy controllers.
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It follows from Figures 4.18 and 4.19 that the control action represented by the radial
and rotational deviations from the rest position are large in the case of the delay controller.
The trolley’s maximum deviation from the 1.0 m distance is about 30 c¢m, which is three
times that needed by the fuzzy controller. Also the maximum swing of the jib’s rotational
angle needed to damp the oscillations is about 23°, which is also larger than the 10° needed
by the fuzzy controller. On the other hand, we note that the time taken to damp these large
initial disturbance is very small, due to the large trolley and jib deviations. This gives the
fuzzy logic controller an advantage in cases where the trolley or the jib can not be moved
as fast and large and the damping time is not of great importance. However, in cases where
the damping time is more important, the delay controller is more advantageous for damping

the oscillations.

Finally, one important thing to note is that the fast deviations of the trolley and
jib from their rest positions might not be realizable in practice because of limitations on
the motor’s acceleration, which consequently will lead to slowing down the damping of the

disturbance.
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Figure 4.18: Radial distance for the damping case using the delay and fuzzy controllers.
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Figure 4.19: Rotational angles for the damping case using the delay and fuzzy controllers.

Effect of the gain variation on the performance of the delay con-

troller

In the absence of large initial disturbances is able to damp the oscillations in a short time

and with a low overshoot. But when large initial disturbances are present, the trolley and

jib motions needed to damp these initial disturbances become large. With the flexibility

built in the delay controller to vary the damping rate, one can choose to lower the gain k

from 0.4 to 0.16, while keeping the delay period 7 = 0.56 s. This reduction in the gain

reduces the damping rate but increases the settling time. The advantage of reducing the

gain is a reduction in the maximum trolley and jib deviations needed to damp the initial

disturbances.
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Figure 4.20: Controlled in-plane oscillation angle ¢(t) for the damping case using the delay

controller with different gains.

Figures 4.20 and 4.21 show the delay controlled in-plane and out-of-plane angles with
different values for the gain k. We note that the settling time for the in-plane angle has
increased from 6 s to 15 s. Similarly, the out-of-plane settling time has increased from 7 s

to 20 s.
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Figure 4.21: Controlled out-of-plane oscillation angle 6(t) for the damping case using the

delay controller with different gains.

Figures 4.22 and 4.23 show the deviations of the trolley and jib from their rest po-
sitions. The trolley deviation from the 1.0 m position is decreased from more than 30 cm
to 8 cm when the gain is reduced from 0.4 to 0.16. Moreover, the jib deviation is decreased
from 23° to 9° with the reduction of the gain. This shows the flexibility of tuning the delay

controller according to the needs of the operation environment.
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Figure 4.22: Radial distances for the damping case using the delay controller with different

gains.
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Figure 4.23: Rotational angles for the damping case using the delay controller.
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When comparing the results of the delay controller with the reduced gain k£ = 0.16
with those of the fuzzy controller, we note that the delay controller damps the oscillations in
a short time, less than 20 s, compared to the 25 s needed by the fuzzy controller to achieve
the same task. This is provided that the delay controller is able to achieve the initial kick

in the trolley and jib positions.

4.6 Hybrid Controller

A combination of the delay and fuzzy controllers is investigated, as show in Figure 4.24. The
fuzzy logic tracking engines are used to control the positions of the trolley and the jib to make
sure that they are close to the operator input. The same tracking FIEs used in the fuzzy
controller are used here, with the same rules and ranges except that the radial FIE output
is scaled with a factor of 1/5. Since the output of the fuzzy engines is either acceleration
or angular acceleration, double integrators are used to generate the position signals. On the
other hand, the delay controller is used to generate the correction signal that is responsible
for reducing the load oscillations, exactly as done in the delay controller. The combination
of the modified desired position signal and the oscillations correction signal is passed to the

tracking block, which generates the acceleration input to the system dynamics block.
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Figure 4.24: System block diagram of the hybrid controller.

To investigate the performance of the hybrid controller, we perform simulations for the

cases considered earlier in investigating the performances of the fuzzy and delay controllers.

4.6.1 Radial Case (Gantry Case)

Similar to what we did with the previous two controllers, the cable length is set equal to
1.0 m and the trolley is moved 0.75 m from r = 0.25 m to r = 1.0 m. The trolley accelerates
for 3/8th of the cable period 0.75 s, moves at a constant velocity for 2.5 s, and decelerates for
another 0.75 s, Figure 3.17. The whole operation is executed within 4.0 s. The acceleration
amplitude is 0.3077 m/s?. In Figure 4.25, we compare the fuzzy, delay, and hybrid controlled
in-plane oscillation angle associated with this movement. For the hybrid controller, we note
an initial kick of about 1.5° in the in-plane angle during the acceleration phase. A kick
of a similar amplitude but in the negative direction occurs during the deceleration phase.
However, during the constant velocity phase the oscillations are very small. The maximum
in-plane kick in this case is smaller than those 2° and 3° obtained, respectively, with both

the fuzzy and delay controllers. Also we note that the oscillations damp within about 10 s,
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which is again larger than the 5 s obtained with the fuzzy controller, but comparable to that

of the delay controller.

o'

[

<

j=2

[

(s}

Q

2 7

<

Q

j

©

a

£
e Fuzzy
- - - Delay
_— Hybrid

-4 1 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35 40

Time [sec]

Figure 4.25: Controlled in-plane oscillation angle ¢(t) for the gantry case using the delay,
fuzzy, and hybrid controllers.

This controller has no effect on either the rotational angle v(¢) or the out-of-plane
oscillation angle 0(t). Figure 4.26 shows the actual trolley position for all of the three
controllers. We note that with the hybrid controller, the trolley lags the operator command
at the beginning of the motion even more than the fuzzy controller. The trolley has an
under-damped response, with the steady-state error being zero. The overshoot in this case
is about 10 ¢m, which is larger than the 7 ¢m needed by the fuzzy controller to damp the
oscillations. We note also that it takes about 20 s for the trolley to reach the end position,
which is the largest needed time among the three controllers. Overall, the performance of
the controller is good, especially if the application under consideration has strict oscillation
requirements. But if the oscillation requirements are relaxed, then the delay controller is

faster than both the fuzzy and hybrid controllers.
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Figure 4.26: Radial distance for the gantry case using the delay, fuzzy, and hybrid controllers.

4.6.2 Rotational Case

The cable length is also set equal to 1.0 m, but the jib is rotated 90° from its initial position,
and the trolley is set 1.0 m away from the center to magnify any oscillations due to the
rotational motion. The jib rotates with an acceleration of 0.4928 rad/s? for 0.75 s, with a
constant angular velocity for 3.5 s, and a deceleration of 0.4928 rad/s? for another 0.75 s,

Figure 3.20. Thus, the operation takes 5 s.

Again not only the out-of-plane angle 6(t) experiences a disturbance in the rotational case,
Figure 4.27, but also the amplitude of oscillation of the in-plane angle ¢(t) reaches about 3.5°
with the hybrid controller, Figure 4.28. This amplitude is larger than those obtained with
both the fuzzy logic and delay controllers, 2° and 2.75°, respectively. This large amplitude
occurs during the constant velocity phase and is attributed to the centrifugal force. It follows
from Figure 4.28 that the hybrid controller takes about 20 s to reduce the in-plane oscillations

to zero, which is a long time when compared to the times needed by the fuzzy and delay
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Figure 4.27: Controlled out-of-plane oscillation angle 6(¢) for the rotational case using the

delay, fuzzy, and hybrid controllers.

controllers. It follows from Figure 4.27 that the hybrid controlled out-of-plane angle starts
initially with a negative amplitude of —3° during the acceleration phase and then experiences
a positive amplitude of 3° during the deceleration phase, where the jib stops and the load
continues to pendulate. The maximum initial out-of-plane angle is smaller than that of the

in-plane angle. It is also smaller than that obtained using the fuzzy and delay controllers.

It follows from Figure 4.29 that, in order to damp the oscillation angles with the
hybrid controller, the trolley needs to move about 2 ¢m from its initial position, which is
comparable to the motion needed by the delay controller. On the other hand, it follows from
Figure 4.30 that the jib rotational angle experiences an overshoot of about 15°, which is very
large compared to the 3° needed by the delay controller or even the 7° needed by the fuzzy
controller. Overall, it takes about 20 s for the system to reach its final state and reduce the

oscillation angles to zero, which is almost twice the time required by the delay controller.
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Figure 4.28: Controlled in-plane oscillation angle ¢(t) for the rotational case using the delay,
fuzzy, and hybrid controllers.

1.2
Lo

S
—0.81
Q
o
o
IS
@
Sosh
8
°
IS
o

0.4

02k e Fuzzy

- == Delay
——  Hybrid
0 1 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35 40

Time [sec]
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controllers.
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Figure 4.30: Rotational angles for the rotational case using the delay, fuzzy, and hybrid

controllers.

4.6.3 Compound Case

In this case, a combination of the radial and rotational motions is applied. The trolley is
moved on the jib a distance of 0.75 m as in the radial case, while the jib is rotated 90° around
the tower as in the rotational case. In Figures 4.31 and 4.32, we compare the fuzzy, delay,
and hybrid controlled in-plane and out-of-plane angles, respectively. The hybrid controller is
very effective in reducing the uncontrolled response. With the hybrid controller, the in-plane
angle increases to about 1.25° due to the radial acceleration. Then, it increases to 2.5° during
the deceleration phase, which is slightly larger than that obtained with the fuzzy controller,
but smaller than the 4° obtained with the delay controller. However, the in-plane oscillations
are damped within about 18 s, which is longer than the 10 s needed by either the delay or
fuzzy controller. It follows from 4.32 that, with the hybrid controller, the out-of-plane angle

(t) reaches a maximum amplitude of approximately 3°, and it takes almost 18 s to damp
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Figure 4.31: Controlled in-plane oscillation angle ¢(t) for the compound case using the delay,
fuzzy, and hybrid controllers.

as in the case of the in-plane angle. This response is much better than that obtained with
the delay and fuzzy controllers. We note that, in this case, the maximum amplitude of
oscillation is 3°, compared with the 5° and 6° obtained with the fuzzy and delay controllers,

respectively.

Figure 4.33 shows the radial distance of the trolley on the jib. As in the case of
the fuzzy controller, the overshoot needed by the hybrid controller is large, about 10 cm.
With this large overshoot, the trolley takes about 17 s to reach its end position, which is a
long time for such a model. It follows from Figure 4.34 that the overshoot of the rotational
angle is also large, about 15°, which is larger than the 7° overshoot obtained with the fuzzy
controller and the 3° overshoot obtained with the delay controller. This is besides the long

settling time of 20 s.
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Figure 4.32: Controlled out-of-plane oscillation angle 6(¢) for the compound case using the

delay, fuzzy, and hybrid controllers.
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controllers.
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Figure 4.34: Rotational angles for the compound case using the delay, fuzzy, and hybrid

controllers.

4.6.4 Damping Case

Finally, we investigate the effectiveness of the hybrid controller to damp initial disturbances.
We start with an initial condition of 75° for each of the oscillation angles (t) and ¢(t).
The trolley is placed at a distance of 1.0 m on the jib to magnify the the effect of the
oscillations. From Figures 4.35 and 4.36, we conclude that the hybrid controller damps this
initial disturbance as fast as the delay controller, but faster than the fuzzy controller. The
oscillations of the in-plane and out-of-plane angles damp in about 7 s, which is shorter than

the 22 s needed by the fuzzy controller.
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Figure 4.35: Controlled in-plane oscillation angle ¢(t) for the damping case using the delay,
fuzzy, and hybrid controllers.

It follows from Figures 4.37 and 4.38 that, with the hybrid controller, the control
action represented by the radial and rotational deviations from the rest positions are large,
as in the case of the delay controller. The maximum deviation in the radial distance is about
30 ¢m, which is three times that needed by the fuzzy controller and similar to that needed
by the delay controller. Also the maximum oscillation of the rotational angle needed to
damp the oscillations is about 27°, which is again larger than the 10° needed by the fuzzy
controller. We conclude that the short time needed to damp this initial disturbance (i.e.
75°) is due to the large deviations allowed for the trolley and jib positions. This gives the
fuzzy logic controller and the delay controller with low gain (k = 0.16) an advantage in cases
where the trolley or the jib can not be moved as fast and large and the damping time is not
of great importance. On the other hand, when the damping time is more important, the
delay controller with high gain (k = 0.4) has an advantage in the sense that it results in
deviations similar to those of the hybrid controller and takes shorter time to reach the end

point than the hybrid controller.
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Figure 4.36: Controlled out-of-plane oscillation angle 6(t) for the damping case using the
delay, fuzzy, and hybrid controllers.
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Chapter 5

Experimental Testing

To verify the numerical simulations, we built a model of a rotary crane.

describes the experimental setup and the results obtained using the delay controller.

5.1 Experimental Setup

As shown in Figure 5.1, a Personal Computer is used to control the crane through an In-
put/Output (I/O) interface board. The I/O board in turn sends the output signals to the

actuators, which move the crane. Moreover, a set of encoders and limit switches feedback

information to the PC.

PC

1/0 Interface

-

Actuators

This chapter

Crane

Mechanical

1

Encoders &
Limit
Switches

Structure

L]

Figure 5.1: Experimental setup block diagram.
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Figure 5.2: Picture of the crane model.
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Figure 5.2 shows the crane model. A servomotor is connected to a rotating base,
which rotates the tower of the crane. A second servomotor is connected to a gear box that
drives a ball screw, which moves the trolley along the jib. A set of optical encoders are
mounted on the trolley to measure the in-plane and out-of-plane angles of the payload cable.
The motors used are brushless type servomotors with internal brakes. Both servomotors are
equipped with internal optical encoders to read the motions of the motors. An electric circuit
was designed and built to activate the servomotor brakes, Figure 5.3. Also two amplifiers
are needed to drive the servomotors, thereby providing them with the required power and

taking care of the communication between the motors and the control computer.

Since the brakes operate at 24V and we can not get this voltage from the interface board, we
used an external power supply and two DAC to provide the 24V to the brakes. Whenever
one of the motors is required to start, 9V are sent via the DAC to the relay, which in turn

connects the 24V to the magnetic brakes of the motor, Figure 5.3.

Regulated
24V

o — . r .
DAC IV E \ Brake I

| — .

L — — L— o
DACV :E \ Brake 11

o — °

Figure 5.3: Brakes circuit.

To provide regulated voltage for the brakes and the encoders, we built two circuits to generate

regulated +5V for the encoders and 24 V to the brakes, Figures 5.4 and 5.5.
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Figure 5.4: Five-volt regulation circuit.

5.1.1 I/0O Interface

As explained earlier, an interface board connects the computer to the actuators (motors),
encoders, etc. The interface board is the ISA Bus Servo I/O card-model 2 [15]. The main
advantages of this board are its low cost and flexibility of use. The board is capable of
controlling 8 motors simultaneously using an ISA-bus from any IBM compatible PC. Below

is a description of the main features of the board, Figure 5.6.

Encoder Inputs: The board can handle up to 8 channels of quadrature encoder inputs.
It reads phases A and B along with the index pulse Z, which is sometimes referred to as I.
The counters used have 24-bit resolution. Four of these channels have been used, two for the

internal encoders of the motors and two for the optical encoders of the oscillations angles.

Analog Inputs: The board has 8 channels of analog inputs, which have 13-bit resolu-
tion. The board can be configured such that the analog voltage range is either (-5/45V) or
(-10/410V). Also the input signals can be either single-ended or differential, depending on
the application.

Analog Outputs: Similar to the analog inputs, there are 8 output channels. The
output voltage can be set between -10V and +10V, with a 13-bit resolution. Two DACs
are used to send the voltage signal to the amplifiers. Also because of their capabilities of
providing higher current than the digital I/O, two other DACs are used to control the brake

relays in the brake circuits.
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Figure 5.5: 24 volts regulation circuit.

Digital Inputs and Outputs: These are four 8-bit ports that can be configured in
many ways as inputs or outputs. These ports are opto-22 compatible. Two digital outputs
are used as enable signals to the amplifiers. Three other digital inputs are dedicated for a

home switch of the rotating base and two limit switches on the jib.

Interval Timers: The timer interval can be programmed up to 10 minutes in incre-
ments of 25 microseconds. Also it is capable of interrupting the PC whenever the timer

expires.

Battery Backup Input: It is used to maintain encoder-counting capability in event of

a power failure.

Watchdog Timer: This timer is set to trap errors that might occur in the application,
so if something goes wrong and the watchdog timer is not reset, then a shut down procedure
will be applied. The parameters of the board can be accessed using a set of registers, which
are located in the I/O space occupied by the board. The board has its connection to the

outside world via four 50-pin connectors.
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Figure 5.6 shows a schematic diagram of the interconnections between the interface

board and the equipment attached to it.

Interface Board

Encoder Channels IV & V

AA

Oscillation Encoders
(Enc IIT, Enc IV)

A
+5V
Power
Circuit
+24V
DACIV&V  Brakes B
»  Circuit . Motors
> M1, M)
A A
_ Encoder Channels T & 1T Yy v
DACI &I > Amplifiers
> (AL AT
<] .
Digital I/O Bus 2 42 4
Yyvy
Home & Limit
Switches

(HI, L& LII)

Figure 5.6: I/O interface connections.
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5.2 Experimental Results

To verify the simulation results, we perform similar experiments on the actual model of the
crane. The experimental parameters are very close to those used in the simulation. A factor
that could cause a difference between the experiment and the simulation is friction because

no friction is introduced in the simulation. Next, we present the results.

5.2.1 Radial Case (Gantry Case)

The experimental results for the radial case turned to be very close to the simulation results.
Comparing the experimentally and theoretically obtained uncontrolled responses, we note
that the experimentally obtained response damps with time unlike the simulations. This is
the result of friction that reduces the oscillations. The controlled in-plane angle ¢(¢) has a
peak of less than 3°, Figure 5.7. The dark line is due to noise that affects the readings of the
sensors. We note that the oscillations almost vanish after 10 s. The controller has no effect
on either the rotational angle v(t) or the out-of-plane oscillation angle 6(t). The experiment
shows the feasibility of using the delay controller in damping the oscillations. Figure 5.8
shows both the desired position of the trolley set by the operator and the actual position of
the trolley. We note that the overshoot is very small, about 2 cm, and the steady-state error

is equal to zero.
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Figure 5.7: Experimentally obtained uncontrolled and controlled in-plane oscillation angle

¢(t) for the gantry case using the delay controller.
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Figure 5.8: Experimentally obtained desired and actual radial distances for a gantry case

using the delay controller.
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Figure 5.9: Experimentally obtained uncontrolled and controlled in-plane oscillation angle

¢(t) for the rotational case using the delay controller.

5.2.2 Rotational Case

As in the simulations, the trolley is fixed at a radius of about 1.0 m and the jib is rotated
90° from its position. The uncontrolled in-plane angle ¢(t), Figure 5.9, reaches close to 6°,
as in the simulation results. However, the experimentally obtained uncontrolled response
of the in-plane angle decays slowly with time due to friction, compared with that obtained
with the simulations. The uncontrolled out-of-plane angle 6(t), Figure 5.10, reaches about
—4.5° during the acceleration phase and 5° during the deceleration phase. The influence of
friction is also obvious in the experimentally obtained uncontrolled out-of-plane angle, which
decays slowly, in contrast with the simulation results. It is clear from Figures 5.9 and 5.10
that there is a steady-state error in the oscillation angles. This error is in fact a sensor error
because the load can not maintain such oscillation angles under the influence of gravity.

We see from Figures 5.11 and 5.12 that it takes about 10 s to reach the final state and to

reduce the oscillation angles almost to zero. The trolley here is set at a distance of about
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Figure 5.10: Experimentally obtained uncontrolled and controlled out-of-plane oscillation

angle 6(t) for the rotational case using the delay controller.
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Figure 5.11: Experimentally obtained desired and actual radial distances for the rotational

case using the delay controller.
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1.02 m from the center. The trolley has deviated only about 2 ¢m from its rest position. As
expected, the rotational angle of the jib has experienced a small overshoot also, only about
3°. We note the closeness of the actual rotational angle to the angle desired by the operator.

This smooth tracking eases the operator manipulation of the crane.
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Figure 5.12: Experimentally obtained desired and actual rotational angles for the rotational

case using the delay controller.

5.2.3 Compound Case

In this case, a combination of the radial and rotational motions is applied. The trolley is
moved on the jib a distance of 0.77 m as in the radial case, while the jib is rotated 90° around

the tower as in the rotational case.

Comparing the experimentally obtained uncontrolled in-plane and out-of-plane an-
gles, Figures 5.13 and 5.14, with these obtained theoretically, Figures 4.12 and 4.13, we note
that the energy is continuously being exchanged between the two modes as in the simulations,

but the oscillation amplitudes are smaller than those obtained theoretically because of the



Amjed A. Al-Mousa Chapter 5. Experimental Testing 89

N

o

In—plane Angle [Degrees]
U
N

-4

- - - Uncontrolled
—_— Controlled

-8 1 1 1 1 1
0 5 10 15 20 25 30

Time [sec]

Figure 5.13: Experimentally obtained uncontrolled and controlled in-plane oscillation angle

¢(t) for the compound case using the delay controller.

friction in the experiment. However, this friction is small, and consequently the oscillations

persist for a long time.

As in the simulations, the controller is very effective in damping the oscillations.
The in-plane angle reaches a maximum of about 3° during the acceleration phase and —4°
during the deceleration phase, Figure 5.13. The oscillations are damped within 10 s. We
note that some noise is affecting the readings of the encoders in the interval (2 —4 s). The
out-of-plane angle (t), Figure 5.14, reaches a maximum of approximately 6° during the
deceleration phase, and it takes a slightly longer time (around 13 s) to settle down than
it takes the in-plane angle. The only noticeable difference between the experiment and the
simulations is that two extra seconds are needed in the experiment to damp the out-of-plane
angle. Similarly, noise has affected the reading of the out-of-plane angle, which might be the
reason for the difference between the experiment and the simulations. The minor remaining

oscillations can be attributed to errors in the optical encoders readings.
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Figure 5.14: Experimentally obtained uncontrolled and controlled out-of-plane oscillation

angle 0(t) for the compound case using the delay controller.
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Figure 5.15: Experimentally obtained desired and actual radial distances for the compound

case using the delay controller.
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Figure 5.15 shows the radial distance of the trolley on the jib. The results are very
similar to the simulations and the overshoot is also small (about 2 ¢m). With this small
overshoot, the trolley takes less than 8 s to reach its end position. As for the rotational
angle, Figure 5.16 shows that the overshoot is also small, about 3°. It takes about 10 s for
the jib to reach its final position.
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Figure 5.16: Experimentally obtained desired and actual rotational angles for the compound

case using the delay controller.

5.2.4 Damping Case

Due to some constraints, the damping case performed here is different from that performed
in the simulations. Here, the crane starts from the rest position and then is given an initial

kick manually, which leads to a maximum in-plane angle of 9° and an out-of-plane of 11°.

It follows from Figures 5.17 that the in-plane angle takes about 8 s to be damped.
It takes a similar time to damp the out-of-plane angle, Figure 5.18. The remaining minor

oscillations in the oscillation angles are due to errors in the optical encoders. Figure 5.19
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Figure 5.17: In-plane oscillation angle ¢(t) for the damping case using the delay controller.

Figure 5.18: Out-of-plane oscillation angle 6(t) for the damping case

troller.
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Figure 5.19: Desired and actual radial distances for the damping case using the delay con-

troller.

shows that the maximum swing in the radial distance needed to damp the oscillations is
about 4 cm. Also, Figure 5.20 shows that the maximum swing in the rotational angle
needed to damp the oscillations is about 4.5°. We note that the jib takes about 8 s to settle
back in the initial position, which is about 2 s higher than the time taken by the trolley to

settle back in its initial position.
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Figure 5.20: Desired and actual rotational angles for the damping case using the delay

controller.



Chapter 6

Conclusion

We have derived a nonlinear model of a rotary crane, which was used later on to run several
simulations for different operating conditions. Three types of controllers were designed to
control the motion of the crane and reduce the payload oscillations. The first controller is a
fuzzy logic controller, which uses four FIEs, two for each degree of freedom. The controller is
characterized by oscillation-correction FIEs separate from those used for position tracking.
After that, we introduced a delay controller, which is based on adding a feedback correction
signal to the operator signal to damp the load oscillations. Finally, a hybrid of the previous
two controllers was designed. The hybrid controller uses the tracking FIEs of the fuzzy
controller to generate the desired position signal from the operator commands and the current
position. Also, it uses the delay controller in the feedback loop to add the correction portion

that takes care of damping the oscillations.

Computer simulations were run for all of the three controllers under different operat-
ing conditions. In addition to this, an experimental setup was built to verify the simulation
results. When the delay controller was tested on the rotary crane model, the experimental
and simulation results are in good agreement. For cases that require very larger acceler-

ations, which might not be realizable in real life, the controller is capable of reducing the
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oscillations, but it takes longer time than the simulations.

All of the controllers developed have acceptable performance, they are able to damp
any oscillations that might occur during the crane movement. Still, the controllers have
stability limits, which cannot be violated. As for the delay controller, the stability limits
are very precise and clear. The delay controller stability is dependent on the gain k and
the delay period 7. Unfortunately, this is not the case for the fuzzy controller or the hybrid
controller. Their stability limits are ambiguous and not clear. So it is recommended that

the fuzzy logic controller be used close to stability ranges obtained with simulations.

Even though the controllers show excellent performance, we can not pick the best
controller. Depending on the application under consideration, a certain controller will be
advantageous. When comparing the time it takes for the oscillation angles to decay to zero,
the delay controller shows the best performance because it is the fastest in all of the cases

performed.

Since the gantry crane case is a special case of the rotary crane, the results show that
the hybrid controller yields the best in-plane angle oscillation. On the other hand, the delay

controller yields the minimum overshoot in the radial distance of the trolley.

For rotary cranes, again the delay controller is perfect if overshoots in either the radial
distance or the rotational angle are undesirable. A hybrid controller reduces the out-of-plane
oscillation angles more than the fuzzy or delay controllers. As for the in-plane angle, the
performance of the delay controller is comparable to those of the fuzzy and hybrid controllers.
In the latter cases, the obtained in-plane angle is smaller than that obtained with the delay

controller.

As mentioned earlier, the delay controller produces the fastest damping in all cases.
But when large initial disturbances are present, this fast damping comes at the expense
of a relatively larger overshoots in both the radial distance and the rotational angle. To

overcome the large overshoots, one can reduce the gain of the delay controller. Meanwhile,
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the fuzzy controller has the smallest overshoot, but at the expense of a settling time longer
than that of the delay controller. The delay controller has a great advantage in its capability
to work in the feedback loop along with other controllers working on the operator input in

the feedforward loop.

From the previous results, if the time of the crane motion is the main factor, then
the delay controller should be used. But if the oscillation angles are the concern, then the

hybrid controller should be used.

Further investigations on this project need to consider the use of different membership
functions in the fuzzy controller, such as Gaussian function and the modification of the rules
and the structure of the rotational FIE to account for the coupling between the radial and
rotational motions. Also, since the error in the radial position turned out to be small, a
reduction in the range of the radial error membership function should be considered. As for
the delay controller, a three-dimensional model can be developed to take advantage of the

load hoisting for damping the oscillations.
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