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ABSTRACT

Design and Control of Power Assisted Jib Crane

Working Team:

SHARIF ALJUBEH
AMEEN ALJUBEH

Palestine Polytechnic University-2007

Supervisor:

Eng. MAJDI ZALLOUM

Generally, cranes are used to perform a function that exceeds the capabilities of the
human, which is loading. moving, and unloading the heavy weights. Jib cranc is used to
perform such a task. The problem with such crames; is the vibrations that are produced
due to staring of rotation motion with high load. These vibrations affect inversely the
systern performance. However, the expected result of this project is toldesipn, analyze,
bulding up the Jib crane, and finally to contml its rotational and translationsl motons,
where the angular and linear positions of the load will be controlled with minimum
vibration i the load during the motion.

This report meludes the graphical desigm of the system and all of 1= parts. The
mathematical model of the system also wall be denved. This modal will be used to
implement the controller that will provide the desired cutput signal to the motar. The
system with its controller wall be simulated to examine the performance of the designed
controller.

The system parts will be mechanically designed, also all electrical parts will be
clectrically desipned. Finally a prototvpe for the system wall be implemented, wath all
required specifications,
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Chapter One

Introduction to Cranes

1.1 Cranes in Indostry

Crane is a piece of construction cquipment used to hoist heavy loads and fo move them

short distances. [16]

Crane can be considered as ane of the most important tools used i industry to transfer
loads and cargo from one spot o another. Usually cranes have very strong structures in
order to lift heavy payloads in factones, in building construction, on ships, and in

harhors.

In factories, cranes speed up the production processes by moving heavy matenals 10 and
from the factory as well as moving the products along production or assembly lines. In
huilding construction, cranes facilitate the transport of building matenals to high and

crifical spots.

Stmilarly on ships and i harbors, cranes save time and consequently money in making

the process of loading and unloading ships (ast and efficient Untl recently, cranes were



manually operated Bul when cranes became larger and they are being moved at high
speeds, therr manual operation hecame dillicult Conssquently, metheds of automating

their operation are beang sought, [3]

Hence, designing, and controlling these equipments became ona of the mast important
prerequisites in the manufacturing, and as the new technologies which are reprasented in
the Flexible Manufacturing Systems (FMS) entered the ficlds of life, these types of
squipments had a large necessity in these fields

1.2 Lilerature Review:

Cranes and hoisting systems are desicned and constructed made in a wide vanety of
shapes and designs according to their purposes. So a brief background to each of these
cranes will be provided The reasons [or selecting the Jib crane to design and control

vall be discussed.

1.2.1 Typesof Cranes

Generally the cranes can be classified according to their structure into soveral categarnes,

which ¢can be introduced s



1.2.1.1 Overhead Crane

Generally, there are three kinds of overhead cranes which are: bndge cranes, ganmy
crancs, and jib cranes. They can be considered as overhezad or bndge cranes hacause
they are equipped with a honzontal girder called the bridge from which a pulley is
suspended. The pulley can then usually be moved honzontally across the bridge then o
grant the lift access to alarge area

Each of these types wall be discussed to provide their features.

1.2.1.1.1 Bnrdge Crane

A bndge crane is ong of the most common kinds of cranes for industrial use. It
consists af a pulley which can move back and forth honzontally across a bndge
{usually a steel girder). The bndge 15 usually held up by stesl wmrders or the
ceniral supports mside a warehouse. The most commen kind of bridge cranss is
the overhead bndge crane which i1s used m warehouses and manufacturing
facilities as shown in Figure (1.1} Overhead bridge crancs arc used to hoist and
transport heavy equipment to different locanions within a warchouse Bndge
cranes are generally placed an top of or suspendad from long steel tracks. This
allows the bridge to move back and forth pgranting lifi access to an entire

warehouse or vard [16]




1.21.1.2
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Figure (1.1): Budge Crape,

Gantry Crane

A gantry crane is like a bndge crane except that it is always supported by stesl
mrders equipped with rails or wheels on the floor Ganlry cranes are penerally
smaller than the bndge cranes and cover more space. Still, they are ideal for
eutdoor yard when there are no indoor rafters for mounting. As shown i Figurs
(1.2), gantry cranes feature a honzontal bridge girder equipped with a pulley that
can move backward and forward and hornizonlally, The bndge girder 15 then
supported by two or more vertical pirders. The primary difference 15 that the
vertical girders are situated on tracks or whaals allowing the crane to be moved
buckward and forward The gantry crane system makes the easiest lifing and

moving heavy equipment in shipping, loading, and industrial settgs_ [16]




Figure (1.2 Gantry Crine.

12113 Jib Crane

Jib crane can be considered as a kind of B ndge cranes. Jib cranes feature a hornizontal
brides girder equipped with a pulley that can move across the leneth of the bndge.
The difference betwesn jib and traditional bridge cranes 1s the SUpports. Whereas
bridge cranes feature multiple supporting pirders, a jib crane only has one as shown
in Figure (1.3). That solitary support then pivels allowing the jib crane 1o sETViCe &
large, circular arca without taking up a lot of space. Because they only have one

supporl, however, they can not lift as much weight as other overhead cranes.

Tib crane designs (explained later) are particularly popular servicing individual

warchouse workstations. They can be small and compact, and yet still be versatile




enough to reach any area within a workstation. Because they use less steel than
bridge or gantry cranes, they are also more cost effective giving you the maximum
vicld both n space and cost Jib-lype crane models are also popular on fishing

boats [ 1G]
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Figure (1.3): 5 Crane,

1.2.1.2 Construction Cranes

Through all of the cranes that are used 1 construction jobs in one way or another, the

most common construclion cranes are tower cranes which are shown m Figure (14)



These cranes are huge steel structures used to move heavy sieel pirders and other

materials from one side of 8 major construction site to another.

A construction crane featurcs a large concrele base that is bolted to the ground, a fower
or mast that can be up 10 400 fzet tall (averaze 150 &), a jib crane that can slew from
side to side, and a short arm with the crane's machinery and concrete counter weight

system. These tower cranes can lift almost 20 tons and extend 1t in a 230 foot radius [16]

1.2.1.3 Crawler Crane

A crawler crane, or crawl crane, 15 a mobile crane equipped with tread rather than
wheels, Crawler cranes have a tread undercartiage, a cab situated on top of a pivoting
(slewmg) platform. a steel latticework boom hinged to the platform. and a senes of
cables and pulleys strung through the boom that usually end m a hook, demalition ball,
o1 bucket which is expressed in Figure (1.5). Some modem crawl cranes have booms
which arc raised and lowered by hydraulics rather than cables, but both crane vaneties

are common. Dependmg on the size and weight of its platform, a crawler crane can

reach well over 200 m and lift as much as 1200 metnc tons. [16]




Fizure (1.5): Urawler Urane.



1.2.14 Truck Crane

As shown it Figure (1 6), truck crane is a crane mounted on a truck, The idea behind
truck cranes is 1o minimize the costs and inconvenicnce of having to load your crane
onto a trmler and sel it up cvery fime you wanlt to use it. Still, there are many different

kinds of truck mounted crancs available offening different kinds of service. [16]

(a) h)

Figure (1.6} | raok Crane: (a) Standzrd Truck Crane, b- Lattoe boom Treck Crane.

1.2.1.5 Baom Cranes

Boom cranes (Figure 1.7) are very common on ships and m harbors. In general, a boom

cranc consists of a rotating base to which a boom is attached. The load hangs from the




tip of the boom by a sei of cables and pulleys. The motational movement of the base
along with the luff movement of the boom places the boom tip over anv point in the
honzontal plane that is in reach of the crane. Meanwhile, changing the elevation (lull)
angle of the boom causes a change i the radial and vertical positions of the load ‘Lhe
structure of hoom eranes supports loads in compression, whereas rotary and gantry
crancs support loads in a bending fashion. This makes boom crunes more compact than
rotary and gantry cranes of similar capacities. Boom cranes are mounted on ships to
transfer cargo between shaps or on harbor pavements to transfer cargo hetween ships and

offshore structures. [12]

Figur: (1.7} Boam Crane

This 15 the most famous, used, and known types of the cranes, however we will consider
the overhead cranes, and exactly the jib crane, the reasons lor this selection will be

expressed in the next section

10



1.3 Why to Consider the Jib Cranc?

Today's industry demands versatile, efficient, and cosi effective squipments while at the
same time providing more fleoability along wath significant savings through increased
productivily. A jib crane can help improve matenals handling efficiency and work flow.
Senous consideration should be given to jib cranes for applicatons requinng repetitive

Itng and transfemng of loads within a fixed arc of rotation. [16]

As mentioned before, jib crane is one of the overhead cranes, and il 15 designed into
several forms for different applications So in order to explam the sslection for the jib
crane for building and controlling, first ils designs must be studied, then comparing it

with the other two types of the overhead cranes which are; Bndge, and Gantry crancs.

1.3.1 Types ol Jib Crane

Jib Cranes consist of a honzontal load supporting boom, which 1s attached to a prvoting
vertical columm that 15 either free standing or bulding mounted They enahle lifting and
lowerng of a load within a fixed arc of rotation. Tib Cranes can be provaded in a variety
of capacities and configurations including motonzed rotation Below are the basic tvpes

af Iih Cranes. [14]

11



1.3.1.1 Free Standing Jib Cranes

Free standmg jib eranes are engineered fo stand by themselves on a conerete foundation
without building support. They allow for 360° rotation and can be base plate mounted,

foundation mounted, or sleeve insert mounted as in Figure (1.8) [14]

These types can be motonzed, in their motions. which they are the mtational and the

translabional motions, The controlling of these motions will he a part of this project

1.3.1.2 Mast Type Jib Cranes

Mast type jib cranes offer & low cost altemative to achiove 360° rotation without a large
mounting foundation as 15 required by free standing models The mast is supportad top
and bottom by the overhead building steel and foor. Mast type jib eranes are available

In 2 designs: [ull cantilever and drop cantilever which are given in Figure (1.9).[14]



1.3.1.1 Free Standing Jib Cranes

Free standmg jib cranes are engineered fo stand by themselves on a cuncrete foundation
without huilding support. They allow for 360° rotation and can be base plate mounted,

foundation mounted, or sleeve insert mounted as in Figure (1.8) [14]

These types can be motonzed, in their motions. which they are the rotational and the

translabional motions. The controlling of these motions will be a part of this project.

1.3.1.2 Mast Type Jib Cranes

Mast type jib cranes offer a low cost altemative to achieve 360° rotation without a large
mounting foundation as is required by free standing models The mast is supported top
and bottom by the overhead building steel and Qoor. Mast type |tb eranes are available

In 2 designs: full cantilever and drop cantilever which are given in Figure (1.9).[14]
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Figure (1.9): Mast jib cranc types, (a) Full Camtilever. (1) Drop Cintilever

L.3.1.3 Wall Mounted Jib Crane

Wall mounted jib cranes are capable of 200° rotalion. Their design can be either
cantilever ar tie rod supported as m Figure (1.10). Wall Mounted Jib Cranes offer an

economical altermative 1o Mast or Free Standing jibs [14]
135.14 Enclosed track Workstation Jib Crane

Two types of this kind, which are: free standing and wall mounted as in Figure (1.11).

14
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Figure (1.11): Enclozsed wack Workstatoon Jib Crane: (a) Free standing, (h) Wall mounted

Those are the most important tvpes of the jib cranes that are used as handling systems in

all fields of the manufactunny especially inside the factones and warshouses.

15



However, reversing back 1w our gyuestion why Jib Crane to design and control?. In
order 1o answer this question, after the study of all tvpes of the jib crane, we must

compare it with the Gantry and Brndge Cranes.

These two other types of overhead material handling machines are shown in Figure (1.2)
and Figure (1.1) respectively. Both types have a rail (identical t© a boom) and trolley
similar to those on the jib crane. On the gantry crane, though, the rail is nigidly attachad
1o two supports which roll along the ground, often in tracks. On the bridge crane, ong or
two rails form a bndge across two fixed rails In Figure 1.1, the one rail which forms the
brdge 1s shown in yellow. This bridge then has twe or four trolleys at each end to allow

movement along the fixed rails. [13]

The three material handling machines exhibil a tradeofT between high load capacity and
low space infringement. The cantilevered mounl of the jib crane @mves it a lower capacity
than similarly sized gantrv and bridge cranes, whare the boom 15 supported at both ends.
This same characteristic, however. allows the jib crane to take up significantly less floor
space. The bndge cranc necessitates the construction of a large frame around the
perimeter and/or over the top of its rectangular work space The ganiry crane usually
nacessitates the mounting of track (for safety reasons) and the cxistence of the two
mobtile supporting columns along its rectangular workspace. In conlrast, a b crane
mersly requires the mounting of a slender mast at the center of a circular workspace or
the attachment to a wall alony a semicircular workspace, The large rolling mass of the
santry crane creates a safety problem and oflen necessitates powersd motion: thus it is

generally restricted to outdoor applications where the use of tracks allows for long

16



distance movements. For this reason, jib and bndge cranes are the most prevalent

overhead maternial handlin g devices savide assembly plants [1 3]

For each handling device, tha two horizontal DOF differ in feel. For the b and gantry
cranes, mouon along the trolley’'s direction of tavel requires relatively little force.
Similarly, on the bridge crane, motion along the bridge is relatively easy. But for the jib
crane, moving perpendicular W the boom’s length 15 complicated by the hoom’s
rotational mertia and the boom pivot's fiiction. For the gantry crane, this perpendicular
mation 18 very difficult due to the large inermia of the crane, and as staled earlier, oflen
requires power assist. Finally, for the bndge crane, it is the large inerta of the bridee and
Resulting ncreased rolling resistance in its oolleys that make the perpeadicular motion
mare difficult [13]

Another point must be mentioned here, this project contains a wide range of the
mechatronics engineerng  lields can be applied, where the mechanical desipn,
mathemancal modeling, elactncal design, programming, and the control design, will be
applied, this combination of the different fields provide a good chance to the students

pet the practical applications of these fields.

According to these reasons, we can sa2 that the most useful and the vwadest spread as a
handling system in the manufactunng fields 15 the jib crane %o the objective of this

project 1s to design and contro] the motions of the jib crane

17



1.4 Output of the Project

In this project. the Iih crane (Free standing jib crane type-Base plate mounted) will be

built up, wath the fallowing specifications:

* When the crane starts the rotation, the load which is hoisted starls swinging in
both directions, in planc and out of plane of the jib crune, so this couses
vibrations that affect the whole system, which is undesirable So the point is to
control the torque and speed of the motor which causes the rolation motion, to

et the desired position with minimum vibration of the load.

» Another ourput for this project that is the mechanical design of the mechanical
parts which are vused in its design The electrical and conlrol designs will be

implemented in the final output

L5 Contents of the Report

In addrhon to tha ntroduction, this report will contain 6 chapters, which are: the
Theoretical Background, Mathematical Medel. Machanical Design. Elecincal Design,

Controller Dezipn, and the Resulls and Recomendations.

18



Theoretical Background chapter will include the theorctical design of the whole system,
and the parts that the project will contain, both- the mechanical and electrical parts. Also
tha requirements of the system wall be explained. Another thing that will be meluded 18

the design of the prototype that was built up, and all of ils features.

Mathematical model chaptar will include the model for the system, and the linearization

for the non-linear model, also state space represenlation for the model.,

Mechanical desipn chapier, as in its name, will in¢lude the mechanical design for -all

parts of the system.

Flectrical design chupier will include the design of the system [rom the clectncal aspect.
where all the electncal parts as molors, SEnsors, and AC inverters, will discussed in

datails.

fn contioller design chapter, the controller thal will be used ta stahilize the load through
out controlling the signal that apphied to the AC-inverter m order to control the molor's

tarque and speed will be designed as snftware controller.

Finally the last chapter wall include some experiments, and output results. Also some of

conclusions and recommendations will be included

19



1.6 Estimated Cost

I'able 1.1 represents the estimated costs for the parts that will be used in building up the

svstem, then accordmgly the total cost of the whale project

This budget 15 prepared according to estimated prices for each part mentioned in the

table, so the grand total may have plus or minus S00 NIS.

Taubbe (1.1 Eshmated Budeet ol the ib Crane Projecl

Ttem Hem Price (NIS)

Data Acquisition Card (DAC) 4000

2 AC Inverter 1500

3 |1 AC motor, 2 DC mators ' 600
4 Boom ' 500
5 | Mast N 100
£ Machining operations 1000

7 2 Sensors 600

1 5 linut swatch 200

9 2 Gear + Chain = 500
10 Personal computer 1000
11 Other BEXDENSES 100

Grand Total 11000NIS |

20



1.7 Pruoject Schedule

For the first semester, the introduction. protolype, and model chapters are completed,
mnd the rest chapters and system building up are distributed throughout the second
semester as shown in table (1.2).

Table (1.2} Project plan for the nexd semester

Week
number
Mechanical
Diesign
Electncal

Design

Control
Design

Building Up
the praject

| Writing and
printing

Testing the
output

10

11

12

13

14

13

16

Preparing
the
presentation

This was the time plan, and it was madulatad according to the unexpected cvents.
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Chapter Two

Theoretical Background

Tn arder to understand the Jib crane-svstem principle of work. and to obtain the general
idea aboul the motions and the mechanisms that eause these mations, also to develop the
wdea about reasons that causes the vibrations in the system, a prototype 1s built up. This
prototype and its mechamcal, electncal, and control design will be discussed in this
chapter Also the whole svstem with all of its mechanical parts are graphically designed,
these parts also will be discussed according to their function. The electrical parts as
mators, sensors, and control circuits that will be used in the final design also wall he

discussed.

2.1 Jib Crane Prototvpe

As none stage of designing a mechatronics system, a prototype [or the Jib crane 15 bult
up having the same wea of design for the Jib crane, but with pnmary control for the

three basic motions, rotaton, translation, and hoisting,



As shown in Figure (2.1), the protolype is consisted of the basic mechanical components
that are similar to that in the b crane: mast, revolute joint, gears, motors, boom mount

mechanism, boom, and the trolley.

The mechanical components that are used in the prototype will be explamed later 1n
section (2.2.1) where the parts of the Jib crang that will be designed. will be explaned in
details.

The mechanism that 15 used t translate the trolley m the prototype is the power screw
mechanism, differant from the used one in the lib crane, which is the rack and pimion
mechanism The reason for using this mechanism is that, the power screw teeth will be
corroded because the bending that will be produced in the boom due tw high loadmg, so

the rack and pinien mechanisin will be used.

In this small prototype a three DC motors are used to penerate the needed motions in the
prototype. with a rated voltage =5—io —+35 F for the three motors. while in the
desisned Jib crane, an AC motlor, is used for the rotational metion, and 2 DC motors are
used for both translational and hoistng operations. Bul their specilications don't
determined yet. The use of DC motors in the prototvpe 15 due to their small size, and the

contral of tham is simple

The control that is used in the prototype is simple, i.e. the method depends on change
the polarity of the DC motor using the topgle switch in order to change the direction of
rotation. One topele switch 15 used for cach motor



Figure (2.1): Jib Crane Prototype: (&) prototype and control bos (b) prototype detailed paits



In the final Jib crane design, the control for the AC mortor that is used to pencrate the
rolational motion will be using an AC inverter, where its input signal will be from a
swltware controller that will be designed using MATLAB. There will be two signal
nputs to the controller, the first will be the desired angular position of the boom, and the
second is the feedback signal from a sensor which measures the actual angular position.

AC inverter 15 used i order to change Lhe output voltage according to the input voltags
throughout changing the fraquency, where a constant voltage-to-frequency ratio must be
mantaned The output voltage from the AC inverter will be the input of the motor of
the rotational motion, and this voltage signal will affect the output of the molor. and
accordingly the spead of rotation. As the needed torque increases. the rotational speed
will ba decraased

2.2 Components of Jib Crane project

Jib Cranc consisis of a horizontal load supporting boom, which 15 attached o a pivoting
vertical column that is cither free standing or building mounted. They enable Lfting and
lowering of a load within a lixed arc of rotation. The jib crane that will be designed in
this project will be of the same components as detailed in Figure (2.2). The whole design
and all of its parts are designed using the mechanical design tool box of the CATIA

drawing design program.
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Figure (2.2): Jib Crene Design by OATLA:
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So the following list represents the components of the system design:

221

Mechanical Parts;

Base: it will be a squars plate of metal welded to the mast and also connscted to

a supported concrete in order to provide rigid system without vibrations which
produced by the rotation of the jib,

Mast: 1t 15 a tube vertical cylinder of a desipned thickness and matenal, with a
height acknowledges to the desired function. It is shown clearly in Figure (2.2).

Lower flange: shown in Figure (2.3.a) Tt represents the base of the revolute joint

where the crane will be rotated through it.

Upper flange: shown in Figure (2.3 b). It represcnts the other pant of the revolute
joint which is descabed previously.
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Figure (2.3): Revolots omt (1) lower Hange, (I} wipprer [lange

Crears: there are 3 gears of spur type, the first connected to the upper flange, the
second 1s vonnected to the motor of rotation, and the third is connected 10 the
motor of the translational mouon, The gear that 1s designed by CATIA is shown
mn Fipure (2.4.a), these gears can be modeled as needed specifications, as number

of teeth, pressure angle, and modula

Boom mount: shown in Tigurs (24 b). Tt is a mechanical pard, which represents
the connection mechanism between the boom and the revolute joint, and 1t is

connected (o the gear that iz connected 10 the upper flange.

Room: it is the horizontal beam where the wrolley translates. As shown m Figure
(2.5), the profile of this beam will provide tracks for the rollers of the trolley
The thickness of the profile will be designed according w the maximum load and

other reaction forces as the ceninlupal force, also its length will be considered

according to the desired request




ta) (b
Figure (2.4): Mechamical poris {a) spir oeer, (b) boom mount parl

/

Figore (2.5): Tesgned boom of the Tih Crane

o Rotational mofor mount mechanism; it represents a mechanieal mechanism uscd

to mount the motor of rotational moton. As shown m Figure (2.6). 1l 15 consists




of a two diagonal bars that are connacted 10 a horizontal plat which is fixed over
the mast Ulpon the diagonal bars, the motor is positioned throughou! a horweontal

plate (motor neck plate) which it is connecled (o the diagonal bars

Figure (2.6): Motor meount mechasism,

s Trofley: it 15 a subsvstem combines from elsctrical and mechanical parts. where
its funchon 15 to trunslate along the boom of the crane, and to host the load up
and down. The whole trolley as a closed box 1s shown in Figure (2.7). As shown

m the Figure, 1t 15 combined from the following mechanical parts:

v



Figun‘.'- 2Ty Duml,.l,lul 'I'ru'll-r_':,.' ol the Jib eranc.

-ffox: where the hoisting metor (shown in Figure (2.8 a)) iz mounted
mside it, and 1t has n square pocket at its bottom as & passpori for the
hoisting cable.

-Cover: il provides the connecting mechanism between the uolley’s box,

and the boom throughout the rollers. That is clear in Figure (2.7).
-Pulley: it will be connected to the hoisting motor, and will be selecred
according to the hoisting cable, length and diameter. Tts design is shown

m Figure (2.8 b),

-Roliers: they will be metal nngs with intemally fitted bearings,

connectzd to the trolley m order to roll over the haom, as thay are shown
in Figure (2.7),




() (k)
Figure {2.4): T'rollev parts: (a) Holsting motor, (b Fulloy,

-Rack amd pinion: il represents the translational mechanism for the trolley
along the boom, where the pmmion 1s connected to the motor of the
translation moton, and the rack is fixed on the boom, so as the motor

rotates, the trolley then wall be translated

2.1.2 Electrical Parts

Az & mechatronics systam, and as providad in the ntle of'this projact, this system wall be
power assisted, and according to that, there will be electrical parts; cither provides input
signals ot recetves output signals from the contml system; these components are histed

and axpressed as follows:

- Motors: thare will be 1 AC, and 2 DC motors which are used o provide the

motion in the different axes. and these motors will be controlled by contactars,
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and an AC controller (invarter) will be used to control the output torque, and

angular velocity from the rotational motion’s motor as previously mentioned.

- Semsors. in order to control the rotational speed and output torgue fom the
motor of the rotational motion: a feedback signals are needed. the sensars will
provide these signals There are 2 sensors, the first is to determine the pasition of
the trolley wath respect to the mast, ind the second one will be used to specify
the angular position of the boom.

- Micro switehes: for (he rolational and translational motions, the motors must be
stopped al some posilion, o prevent the pans om collides each other. Five limit
switches will be used, 2 [or translational motion, 2 tor mwtatonal motions, and

ona for hoisting

-Data Aequisition Card (DAC): the output signals from the sensors are analog,.
These signals are needed o be conditioned m order to be wnput to the controller,
which ts software, and 1t 15 built 11 a non-embedded computer using MATLAB.
g these sigmals are needed o be converted into digital. The outpul signal lrom
the controller 1s digital, so this signal must be converted o analog to be mput

to the AC invertar DAC 15 neaded to do all the previous operations.




-Non-embedded Computer (1°C): this processor 13 required to bhuild up the
software controller as previously described, where the controller that is expected

to he used iz state feedback contraller and DAC will be atached (o this PC

-Conirel panef. 1t will contam contactors, AC controller (Inverter), and other
glectncal components, also the vperaling switches by which the discrete motions

will be controlled.

All of these parts will be mechanically and electrically designed, and all of their

specifications will be provided later according to the needed design.
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Chapter Three

Mathematical Modeling of the Jih Crane

This chapter contains the mathematical model of the Jib crane. This madel will be
derived using the Lagrange approach. As known the Jib crane is a physical system, as a
result, the equations of this model are nonlinear The non-linear output model will be
then linearized using the Tavlor seties method, a bricf explanation 1o this prnciple also
will be mcluded. In order to do the linsarization, the Operating points are needad. The
method that is used to determing these points which is Optimization method also hriefly
expressed. The state space model of the system will be shown and finally, from (s
representation, the transfeor functions that relate the outputs and inputs m the system will
be deternmined.

3.1 Derivation of the Model

Lagrange approach will be used to derive the equation of motion of the Jib erane. This
appmach depends on the conservation of energy principle. The Lagrange's Equation 1s

given in two forms (a) and (b), as shown in Bquation (3.1)
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Where:

T: Kinetic energy of the system

V:  Potential energy of the system

£, : Non-conservauve generalized forces (extemal applied forces in the direction

of generalized coordinates ¢, ).

g,. UGeneralized coordinates, or the linear and angular displacements that are usced
to specify the location of the masses and inertias

Form (b) of the Lagmnge Equation can be denved from form (a), by the paral
derivation of Equation (3.1 ¢), then substitution in Equation (3.1 a). [2]

The terms of Eyuation (3.1.b) can be expressed as

i

d| :
= |- represents the acceleration term.
f
\2¢q
&t :
g : represents the gravity term.
i
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As shown in Fipure (3.1), the erane can be modeled as a vertical cylinder, honzontal
boom, and the (relley, this model provides a clear view which helps in developing the

equation of mouon. [12]
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Now the position vectors of the load and the trolley will be derived, assuming that the
trolley is positioned at pomt (), which 15 located at displacement x(t) from the tower
center as i Figure (3.1) The coordinate system that 15 considered to develop the

position vectars is shown in Figure (3.2), so these vectors can be written, as:

rj,_. = {lx - L cos (#) sin ()} + [L sin (@}]/-|L cos (&) cos (k] (3.2)
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Where r 15 the positon vector [or the load represented in the three coordinatesi_ j & |

r; 15 the position veclor of the trolley, and it is represented in thes coordmate, #(r )1s

the out-of-plane oscillation angle, @(r)is the m-of-plane oscillation angle, and I (1)is

load line lenpth.
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Figure 3.3: Oseillalion angles of the Tod: .‘;ﬂ! }.tlnd EI"{I 2.

The terms in Equation (3 2) are the position components in x. v, and z coordinates,

whers the load line is projected on the three coordinates.



The velocity of the tolley and the load can be found from the substitution in.

- -

. r
Vit y=—H+wxr 33
(1) - (3.3)

The velocity vector v (1) consists of two terms, the first is the derivative of the position
vector, and the second is the tanjential velocity due to aguler veleoty eolr ) which is the

angular velocity of the crane.

The kinetic and potential energies arc given as:

1
I =—Emv A (3.5)
R
! =;Jm (3.6)
- =mgh. (3.7)

Where Lquations (3.5) and (3.6) provide the kinetic energy for hnear velocity, and
angular velocity raspectively, and Equation (3.7) provides the patential energy.




Where:

m: The mass of moving body.
The inertia of tha moving body.
h*  The vertical height of the body from a reference frame, and in this gsystem 15 in the

Z direction.

Since the velocites of the load and trolley are vectors, so their kinetic and potental
energies hecome:

- | . 1 ST 1 . _
1 =Emr,_.r,_+EM rT.rr+EJ_,{jr}‘ (3.8)

V' =—mgl. cos(@)cos(g) (3.9)

Where  J, - The moment of inertia of the boom about Z-axis.

m: The load mass (6Kx).
M: The trolley mass (4Kg).

So the kinetic energy of the svstem can be given as:
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w

+ IEm ié — I sin() cos(8)— L (y sin(8) — Fsin(8) sin(g) = ¢ cos( 8} cos(@))

A, SN (1))

| L cos(§)0x8) - L (Bsin(@)con(s) + foos)sn#)) |

LMY+ G

And the potential energy 1s given in Equation (3 9).

Now we can obtain the Lagrange term of we substitute the kineue and potential enerpies

in Equation (3.1.¢), that 5.

LT -F

So the Lagrange can be given as

i=am (L sin(@)+x 7+ cos()b- ;;'siniﬁ)]]-
-\
"s,l.:-

+% m [J; = sin(¢)cos(?) - L. [;:rsin(ﬂ}— ésh(ﬂ}sin@ﬁ &cus(ﬂ} cos() _.)
(3.11)

+%m |f_ . cas(g) cos(9) + 1. (9 sin(8) cm{¢}+éeua{f)}sin@}}]

=M () +°G) )4, +mgl cos(8) cos(e)
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The generalized coordinates in this system are chosen io be the physical vanables that

allect the motion of the system, and accordingly causes the wvibration m i, so the
seneralized coordimnates vector is ¢ = {0, ¢, x, 7} 0 the generalized forces corresponding

o the generalized displacement vector are F= {0,0,F, T} respectively, where F is
the force that is provided rom the motor that translates the trolley along the boom, and
T'is the torque provided from the motor of rotational motion. Hence, the partial

derivation of the Lagrange with respect to the generalized coordinates then, using
Lagrange Equation which iz expressed in Equation (3.1 b), that is:

f
dfee| o _,

d.! .aq-‘l aglr i

Considering a constant cable length, such that ‘i—f-l‘.}. the following equations of

motion for the system accerding o the gensrahized conrdinates and generalized forces

and maoments, can be obtained:

G+ (x 1 1. cos(@l) - cos(B) sin(@) —sin(8): sin(@)) y+ (sin(§)sin(g)) x/ L
1x 70 L ycosl®) 1 (x (7Y L) cos(2) —(1/ )V L sin(48) —(1/2)(7) $in(28) (3.12.4)
—y eos(8) cosig)+(1/2)($)" sin(28) + (g / 1 )sin(@) cos(p) — O
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L geos(0) —(cos(@) cos(@))x + ((1/ 2}, sin(20)cos(8)) ¥

+L ¥ O(cos(®) cos(0)?) - L ¢ Osin(20) + 1. ()" cos(¢) sin({) (3.13.a)

+2 cos(d)sin(@) = 0

(1 1 AL )x - mLsin(8) 7+ (mL sin(@)sin())5—(mL cos(8) cos(¢)) p
(M m)x [:;*}3 m(;.;'j“'L écas{ﬂ]—?m;:frji- cos(&) -+ 2m E’ﬁL sin{f) cos(gh) (3.14.4)

m (YL cos(@)sin(g) + mL (@Y cos(d)sin(d) = F.

(G + M Nx Y 1A, 0 miZ sin(E)Y —2mxl cos(@)sin(@) + ml* cos(#)” 5111[9)3];
—mL siﬂ{ﬂ];; ~(mL® sin(B) sin(@)— mL” cos(&) sin(d) + xmlL cusfﬂ]]é
{1/ 2)miE sin(28) cos(d) ¢+ 2mLE (B cos(8)sin(20) —mLx (B sin(8)

ml (Y sin(28)sin(@) - 2mlx y@sn(20) <1/ 2m y ¥ Gsinl46) (3.15.a)
+ml’ ;f;fésm(ﬁf?}— 2mi’ élsin{#]“ cos(¢)+mL’ @#cos(8)’ cos( @)

{1/ 2)mI* (¢) sin(28)sin(@)+ 2(M 1 m)x x ¥ mx y L cos(@)sin(8) =T,

If these equations are considered desply, wa can see that for Equations (3 12.a), (3 13 a)
where the generalized coordinates are #(¢) and ¢r) respectively, are affected by the
position, speed and acccleration of the trolley which 15 represented by x(t). and its
derivatives, and also bv the angular velocity and angular acceleration which is
reprasentad by the denvatives of (r ) supported from the motor of the rotatonal motion.



Other thing must be mentioned, which is the Corulus aceeleration terms, which
produced from the multiplving of two velocities in two different axes, this term is
presented n all equations, which means that there 13 a relative motions with respact to
other, that 1s durmg the motion of the load on the trolley in one axas, it also that there 1=

metion of the lead, or rolley in the other axis

3.2 State-Space Model of the Crane

In order to make easiar dealing with Equation (3.12 a) through to Gguation (3.15 a), and
to obtain the transfer functions of the linear model of the system, 50 the system wall be
presented 1 the state space model, Since the states are usually selected according 1o be
equal to the number of degrees of freedom or number to the cnergy-storage elements in
the system, the states in the dynamic mechanical systems are selected o be the
displacements and their derivatives, and because each of the four eguations 15 of second

ordet, so the states wall be eight, whech are:
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x, —x{f)
x, =)
i, =00) |
x; =)
K=kt

o= rit)

(3.16)

According to these states, there derivatives will be as shown in Equation (3 17);

g (3.17)

Substiuting these states mio Equations (3 12a), (3.13a), (3 14a). (3 154), so they will

become as fellows:
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x S (e, /1) 0s(x )~ cos(x, ) sinfx, ) ~sing, ) sinfx ) x

+I,-"L[sf11{:,}s:i11{12]]:;-r | x 2 Focosle ) i ox (%) L cos(2x ) (3.12.b)
—(1/ ) (x )L  smidx, ) (17 2)47(x ) (2, )=, 5, cos(x, )" cos(x.)

L/ 2)(x ;)" sin(2x,) + (g / L)sin(x, )cos(x ) =0

L x5 cos(x, Y = (cos(x, ) eos(r ) x 1+ (1/2)E sin(2x, )oos(x , )
ILx % s(cos(x  Jeos(x ) — Ly x sin(2x )+ Lx ;) cos(x, )sinx, (5:13.5)
+g cos(x sinfx,) =0

(m +M yx s (ml, sin(x, ))x s+ {mZ. sin(x, )sin(x, )

(L cos(x,)cos(x )¥ e——m(x,F L, cos(x.) (3.14b)
(M +m e lx,) —2mx x L cos(x, )+ 2mx x I sin(x, Joos(x,)
+m{x )L cos(x ysin(x . )+ mL{x ) cos(x, yeos(x,) = I

((m =M Yox,)* +J, +mL sinfx | )* =2mx L cos(x, )sin(x )

+mE* cosr, ) sin(x | :I'i].l: s—ml sinfx )J; 1+ (=mL* sinfx ) sin(x_)
—mL* coslx, ) sin(x )+ ml, ucrs{.tl}xijj:' o= ((1/ ZymE? sin(2x, Jeosfx ))x s
+2“51{xs}='m3(xt] sin{2x ) —mlx (x :-:|= s'm(x,)—mi::'{x 5}lﬁin{'lr|:|5in{x-n) (3.15h)
—2mlLx % x . sin(2x )+ {1/ 2l e x . sin{4x, ) —mLx x _sin(2x )
~2mL e x  sinfx, ) cos(x )+ mL x x cos(x,) cos(x,)

(U 2)mL x ) sin(2x )sinlx )+ 2(M ~m)x % x, —mLx x, cos{x,)sin(x, ) =iy
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From these equations the following states-denvatives: X s, X s, X7, X% can be obtaned,
since they are of long and non-linear terms the stale spave representaton wall be shown
atter the lmeanzanon.

3.2.1 Linearization

I order to use the equations ol motien W oblun the transfer functions, and designing the
controller which wall control the crane mouons, they must be lineanized. The method
that is usad to linearize these Equations is the Taylor series method However, before
showin g the hinear state space model of the system, this prnnciple will be expressad.

3.2.1.1 Linearization Around the Stationary State

If it i= assumed that x (1) changes only in the neiphborhood of (he stationary stale by Ax |

the Taylor senes expansion 1s used lo calculate Ax = J{Ax. Au), so the Taylor senes can
be expressed as:
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: (3.18)
Ax =4 Ax + 8 An
Where A is System matnix, and B is the Input matrix, and they are mven as:
T
51‘1 aI: axl"l'
o Bf i E—‘}r_ﬂ %, EL
A =Z(-~ ! J =| ax, e, o (3.19)
.isl\a':x e . £
o A . Yn
ox, &%, ar ., e
e L]
(o & afy |
ou, iy o,
o E‘Ef A afz a:'iz i _E,_rf']
3| o, M, T du, (3.20)
jei| oMy i . : = !
S U
| Ou, A, Eu,,_m‘_ﬂ

Where the system matrix s called Jacobean, and it is equal o Equation (3.19). [16]
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Alzo the matrices of the output equation which are C and D matnices can he given as:

[ &y, 9y, ays
adx, ox, ox%
=, 'f"l
(3 @, 2 .. 9
S 2%, SIEA s 3.21
t,.]-\_ 1,-‘ 7y (S P, . : . (, :}
Yy Wy .. D
gx, Gxy dr ot
&y, vy .. Oy
du, Ou, ou,
= =5
v ap gy S . 9y
D = +‘ =| du, Bu, ou,,
=] i -t = " . -l {_32:
o = Ay Ny Z 4 I
L:F!-'EM a:u il E} Ll
du, du, ot
= o =X Ay

Where x =X .. —u, are the operating points of the physical system So these points
must be detsrmined. There 15 a definition must be known, that is a point, x, = x isan
cguilibrium pomis of:

¥ = 1 {(x.n)
If F(xgu) =0

4 Jﬂ..l—--—‘l-ls-l.ﬂ-.} *H'?

1
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Where the zsmo on the nght hand side of the equanon 15 a vector of zeros, that 15 the

same dimension as x and fixu), [16]

The Equation x =f (x ,u) can be written in vector form as-

! 4 'fl{xl’xz:"""'3'1-”?“1?1{1:'""":1111.]

X Pl b i, )

i : (3.23)
HE.SV N [ . S SISO St T GevennueRe Ty ||

S0 i order 10 solve lor the operating or equilibnium powmnts, Equation (3.23) must be

equated with zero,

3.2.1.2 Calculating the Operating Points of the Jib Crane System

As previously mentioned, that the Jacobean matnx represents the system matnx This
matnix and the input matrix are evaluated ot the operating or equilibnum points for both:
the states, and the interested inputs. These pomts are evaluated as expressad in section
33.1.1,
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The Equation / {x . ) =0 is a non-linear alpebraic equation, 50 in order to solve it, the
Newton-Raphson and Levenbere-Marguardl methods must be used to solve for its roots,
which are the operating pomnts (x,.u, ). These methods are numernical methods where
they need numencal iteration, so this methed needs a computer to do these numencal
iterations with supporting software. MATLARB software has a toolbox for optimization,
which 1s a process depends on the numencal steration in order o get the most optimal
and perfect values of the operating points at which the system will be lineanzed. The

oplimizalion term can be defined as

“In mathematics, the term optimizafion, or mathematical programming, rafers to the
study of problems in which onc secks to minimize or maximize a real function by
syvstematically choosing the values of real or integer vanables from within an allowed
set” | [13]

In our problem we are secking for nummizing the ellect of the states that represent the

in-of-plane and out-of-plane anglzs and their denvatives.

Commonly, the Newion-Raphson method 15 used to solve for the roots of complicated
functions, and it uses the numerical iteration method. This iterative process [ollows a sel
of guidelings to approximate one rool, considerng the funcuon, s denvative, and an
mitial x-value. The Newton-Raphson method uses an iteratve process to approach one
root of 3 fimction. Tha specific root that the process locates depends on the nmal,

arbitrarily chosen x-valug The fellowing equation is used in the iteration process:
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n+l =IFI _.}f% {33‘1]‘

Here, x, is the current known x-value, fix,) represents the value of the function at x,, and
£ (x,)is the derivative (slope) at x, = x, represents tha next x-value that must he
found, Essentially. £ (x ), the denvative represents £ (x )/dx . (dx — Ax ). Therefore, the
term x)/1'(x) represents a value of dx. So.

o) ey o |
flx)y F)ax (3.25)

As mare iteration is done, dx will be closer to zera. [15]

The operating points in Jib care problem are determined for all states and for the two
inputs, which represents the input torgue ', from the motor thal provides the rotational
mohon, and the wpul force [rom the translational moetion. Since x 15 vanable according
o the desired position, the matrices A, B, C, and D are determined at the critical poind,
which 15 the maximum distance from the center of rotation, and 1t 15 assumed to be eqgual

lm.

The orders that ate used to solve for the operating points using the optimal-toolbox
under MATLAB. ars:

= fsoelve: this order is used to solve for the roots of nonlinear equations.[15]
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» fminsearch finds the minimum of a scalar function ol several variables, staring
at an intial estimate This 15 generally refened to a5 unconstrained nonlmear

opfimization [15]

This operation (numencal 1teration) needs starting values for the operating peints These
pomts are selected arbitranly with considenng the physical nature of the system or
through out an mformation from the system. According to these starting values, the

operanng points can be convergent or divergent.

In the Jib crane system, as mentoned previously, 1t is assumed that the lineanzation wall
be ai the cntical point which 1s at x = I m, and the in-of-plans and out-of-plans angles
are needed to be minimized. Other point must be mentioned that is the angular
displacement »(1 ), which is represented by x|, state, doesn’t resulted in the equations
which are Equations (3.7).(3 8),(3.9).(3.10), s0 any slariing point of this state will be the
same valus of the operating point for this state, so 1l 15 assumed to be equal 1. From this
information the starting values are assumed to be:

x, =01 ;=01
I, =01 x.=01 ,
15,2098 &, =01 =0 luy =T, |
*, =01 x,=01

S0 the caleulated operating points are as tollow:
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x, =0 x.—0

———
4 - d-J"' 5 .J' .
X, =098 x,= | B sy T e

r

According to these equilibriom points the system matrix (A), and the mput matnx (B),

ara found to be;

0 D 00100 0
0 5 00 0100
0 5 00 0 01 G
0 5 00 0 00 |
4= o149 0 060 0 b 00 (3.26)
b -11772 0 0 10 0 0O ¢
b 4905 0 D 5 0 0 0
| 13646 0 0 0 0 0D OO
a
() h]
0 0
51 0 oo (3.27)
00333 0
anie7 0
0 00015
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Now the system and the input matrices are obtained; so from these matrices, and thosze
of the output, which are matnces C, and D, we can get the transfer functions of the

system depending on the considered states t be the outputs.

3,2.2 Transfer Functions of the Jib Crane System

As mentionsd before, thers are three input motors, which are rotation, trapslation, and
hoisting, but two imputs are considered n the modeling, which are the rotation, and
translahon. In this system, all states can be considered as outputs, or at least the states
that represent the displacements which are m-of-plane, out-ofplane, translational. and
motational displacements, so we can get the transter fimctions hetween the inputs and
these outputs. However there are two physical outputs that are interested in the system,

which arc the translational displacement represented in statex ., and rotational velocity

represented In state x, so these outpuls

V=X
e (3.28)
Ya=3%,
Accordingly there are two output matnces, which they are:
., o0 10000 0]
€= (3 29)

0001 00O O



Since the outputs are just the translational displacement, and rotational speed (Equation
(2.28)), the feed-forward matrix (matnx D) is zero for the both cutputs.

Now the state space model for the system can be written by substitution the matrices A,
B. C. and D in Equation (3,30}, [1]

x =Ax +Bu (3.30)
¥ =Cx+Dm

According to these two state space models (considering lwo culpul mairices), we can gel

the transfer functions in this system, using the [bllowing Equation:

G{s)=——=C(sf —4) 'B+D (331)

Accarding to the dimensions of the matnx A which 1s8x 8, and that of C, which 1s 1=8,
and of B, which is §x2; it can be found that the cutput transfer functions wall he four.
which they are shown i Equations (3.32), (3.33), (3.34), and (3 35). [1]

X (s) _0.016675°+0,327
Fis) g +1177¢ (3.32)

Go(s)=

X(s)  -D.046375 -0.9097 s

Gauls) = (3.33)

T(s) s*+219.2s" + 11952004 s°




y(s) _ 0.001546 5% 0.03032

G;(.r):mﬂ— S i (3.34)
s ay=2¢) g
Got)= ey (3.35)

Where:

e (,(5): 15 the transfer function berween the input from the motor of translation,
and the linear displacement output.

s (7.(v): is the transfer function betweaen the input from the motor of rotation, and
the linear displacement output,

«  G,(s): is the transfer function between the input from the motor of rotation, and
the rotational speed output.

o (7.(%) is the transfer function between the mput from the motor of translanon,

and the rotational speed output, and 1t is zero, this is logic because there 15 no

effzel from the motor of translational motion on the rotational speed

In ardar to have an idea about the effect of the rotational speed, and the trolley position
as inputs, on the in-of-plane, and out-olfplane angles as oulpuls which are

¢ ) and B(2 yrespectively, the transfer functions that relates these outputs to those mputs

must found The output matrices will be:
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F_ll}{.‘lﬂﬂﬂﬂu
el 006 0 D0 0

And as previously mentioned, D matrix is zero, and depending on the dimensions of the

(3.36)

matrices, A, B, and C, there will be four transter functions So using Equation (3.31)
these transter [unctions will be:

{}__(s}=f?[('3=ﬂ (337

Gyls) = fi’f} = fmf;?‘: (3.38)
= f{ti]} 5 5:123131?7 S

i) =::_ [?5:; S +1]fiﬂ;2741?195¢ma (3.40)

Az shown in Equatons (3.37), through w (340), the input from the motor of
translational motion don’t affect the out-of-plane angle, it just affect on the n-of-plane
angle, whereas the input from the motor of rotational motion affects both of them. and
this agrees with our considerarion, that 1s the control of the rotational motion motor can
be enough to decrcase these angles, if and valy 1f @ discrele motions 15 applicd to the

Sysiem
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Chapter Four

Mechanical Design

d.] Introduction

In addition to the manufacturing purposes, the teaching purposes also are taken under
consideration in designing the desired jib crane. So the dimensions of the whole parts of
the crane, and the allowable load are designed to satisfy these purposes also to be used
for lab operating processes.

This chapter contains the mechanical analysis for parts of the jib crane thal will be built
up. where most of the parts will he analyzed in order to obtain stresses and dellections
that will be resulted due to the applied load. The stesses that will be studied are the first
and second principal stresses and the Von-Misas stress, which will be the core of study,
since 1f 1s the result of the first and second principal stresses. However, two soltware
programs will be used in the analysis, which are the CATIA for designing, and ANSYS
for analyzing

Finally the whole system of the jib crane will be built up using the dunensions which are
depended on, and it will be shown as a complete system.
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4.2 Desizn Analysis

The design that 15 dependent for the crane is shown in Figure (2.2) with all of its details
cxcept some enhancements m some parts W (acilitate the machining operations and

provide better performance.

As mentioned previously the parts of the crane are designed to be used inside the lab,
and for teaching purposes, so the crane will be a prototype but with quietly larse size
lHowsver, the specificanons of the designed cranc arc shown in rable (4.1).

Tahle (4.1): Prototype spocifications

Under boom distanee

Span

Load
Trollev load

The whole design of the protetype erane is done using CATIA drawing program and it is
shown in Figure (4.1), where the pams layout 15 also shown in Figure (2.2), but some
diffsrences or enhancements are done m the protolype design, especially i the boom
mount, and the lower flange which 1s the basic part in the rotational joint. These new
parts are shown in Figure (4.2). The new design for the lower flange depends on the
beanngs which forms the rotational joint; where two bearings are used with equal inner
diameters but different outer diameters so their cups also as shown in Figure (4.2.a)
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This desipn will decraase the fnction force between the upper and lower flanges down to
very small value For the new design of the boom mounl, it will provide more ngidity
for the connection of the boom with rotational part of the crane, and also it will prevent
the boom from letting down.

The mechanism that 15 dependent (o translats the trolley along the boom is power screw,
and the trolley will be connected to the screw throughout a bolt as shown in figurs
(4.3.a) The translational motor 15 connected 1o the boom throughout a bass, and 1
provide the aliznment, a coupling shaft is used, this 1s clear in Figure (4.3 b). However,
this mechanism is selected in the prototype because the translational distance is small
and the load also small; so the deflection in the boom wall be very small, and
accordingly the deflection in the screw will he small, so the corrosion in the screw wall

not be worth mentioned.

Generally the most critical parts in the jib crane are: boom, boom mount, lower flange,
and the mast, where these parts will be affected cntically by the load and its value So
these parts will be designed according to the load values and the speed to be moved by,
However. since the prototype thal is desired 1o be designed as mentioned in Table (4.1)
is far load 6 ke, and the rotalional speed 1s 0.314 rad/s.

]




Under Eown Distance

i) (bl

Figure (4.13: Jib crane prolotype design by CATIA.
ok T-'."'hvr'h::luuiEu

Iy Prototype speciiizatons

These parts will e analyzed for the static loads, while the dynamic loads wall not be
included The effect of the dvnamic loads is cntical and of high importance to be

considerad, so the factor of safety 12 increased to a value that compensates for this effect.
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Figure (4.2): Enhnoements of e iechanical puits of the prototype,
a) Lower Hange

i Boom'smount

) ()

Figure (4.3} Mechanism of trolley translation,
ar  Serew mud Bolt

ki Translationsl moter mount gnd coupling shafl




4.2.1 Buom Design

The profile of the hoom 15 shown in Figure (4.4). Design of the hoom will he used to
specify the thickness of the metallic sheet that wall be used to form this profile. However
this will be done through determining the deflection of the besam for different
thicknesses This will be done using the ANSYS analysis program

|_11

—
s
Flgure (4.4) Boorand 15 Profile.

The length of the boom is 980 mm, and the dimensions of it profile are shown in Fieure
{4.4), except the thickness, which must be designed to minimize the deflection as
possible as we can The boom can modeled ac a cantilever wath a force applied on 1t, and
the maximum deflection wall be when the force applied at its end point. However the

deflection in the beam is prven as:

byt
| g ¥ - 3L 4.1
6ET { ) @l

B




Where:

Y. is the deflecton in the beam

F: is the applied force.

E; modulus of elasticity of the matenal.

L. 15 the second moment of area,

L: 15 the length of the beam.

% 1§ the distance between the pomt where the force is applied and the vnginal point.

Y is maximum ar x =L. So throughout specitving the needed deflection. the profile
thickness ¢an be determmned through determining the moment of area [ The material of
the boom 1s steal 37, which is of 207 GPas modulus of clasticity and 1520 MP of yield
strength. Let the maximum deflection in the beam due to load is about 2 mm, so the

second moment ol area will be:

- 1
_ I 6 7578x10 m (42)
IEY

However [ of the profile can be computed as considenng it a group of rectangular profile

beams which cach of them has the moment of area given as:

j.;fhii

43
= (43)

Where b is the width and h is the height of the cross section of the beam. Accordingly,
the thickness can determined, and since the load mn addition to the weight of the trolley 18
relatively small which 15 abour 100 N, the thickness of the metallic sheet 1s found and it

is relatively small, so it is not practical  ba used n forming the boom. Howsver the
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metallic sheel that is used is of 3mm thicknegs. The following analysis are done on the
boom and the maximum deflection, first pnncipal, second pnncipal, and Von-Mises
stresses (which are given in Cquations (4.4}, (4.5), (4.6) respectively for the plane
stressas) are determmed as cshown in Figure (4.5).

s 2
o o, +o -
g:|'1 e i, i f| _a ] ] i 'I'-.; [4"-1-]
2 .q'-. = A
g, to, UI+E.F},T= 3 X
o, = <= +T (45)
o 1]i 2
o ={a;} ~g,.0, +ﬂ'j +'."|'ri, A& (4.6)

Where o, , and o, are plane stresses, and 7, 1s plane shear stress. These stresses can be

determined from the applicd loads on the working area o is the Von-Mises stress,

which iz the effective stress for the entire general state of strass given by o, and o
3]

The maximum deflectons and critically affected points by the applied load can be
specified throughout calculating these stresses, which promotes to design the mechanical

parts according their cutputs and the desired deflections.

The units of the strassas and deflechon are related to mm metric umt. As in Figure (4.5)
the maxinmum deflection (DMX) 15 0.015751 mm, which doesn’t worth to be mentioned.
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The maximum strass (SMX) is 1294 KPas, which is less than the yield strength of the
matenal, and it is concentrated at the screw holes, and this is logic, where the stresses
coneentraic at the weakest point which is of least area. The minimum stress (SMN) s
0.479¢-3 KPas, which is at end of the beam

DAL SULTTIOR AN

— Wy § 2807
i 18:40:18
TIFE-L
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- L AEAT ~AILTTE. L.087

Files ooom

F‘igurl.l. [4,5}: Von=-Misces qti cas and e B dellection.

The deflection in the Figures don’t reflect the real value of it it is Just o provide a goad

clearanece o the users.

According to the raspanse of the beam to the applied load (deflection and stresses), uof
can be strictly dependad with its current design, including the thicknass.
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4.2.2 Boom Mouni Desizn

Hpom mount has the mechanical shape that 18 shown n Figure (4.2.6), this desipn as
mentioned before helps in fixing the boom ngdly, The matenal of the hoom mount 15

aluminum which has 71 7 GPas modulus of elasticity and 170 MPas vield strength

However, boom mount is loaded by the reactions due to the applied load and the weight
of the boom 1tself So the total load is aboul 170 N as shown in Figure (4.6). A< in the
Figure, the pressure will be compression at the first 4 side-holes (boom-lixing screw-
holes), and will be tension at the last 2 holes. According o the dimensions that are

dependent for this part, the deflections and deformations will be as m Figure (4.7).

!I-'.m m

s ARENCEOOY
.i" el

Filpt Ernm mount

Figure {4.6): Load distribution among (he boom moumt,
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Figare (4.7): Deformations in the boom mount.

Figure (4 7) shows the deformanons that will ocour due to the applied loads on the
hoom, and accordingly reflact on the boom mount. The maximum value of the deflection

15 0.001423 mm, which 1s verv small and can’t be noticed

The stress concentration 1s always at the minimum area, which at the screw holes that
fixes the boom with boom mount and fixes the boom mount to the gear, which 1s clearly
shown in Fipure (4.8) that shows the Von-Mises stress Another pomnt must be
mentioned that the screw-hole which 1= opposite to the boom direction 15 largely
deformed than its parallel hole whers the deformartion is small This 15 lagic: since the

load will let the boom down which will dislacate the boom mount
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Good solutions for the weakest points can be suggested especially at the comers and the
holes where the stresses are concentraled as shown in Figure (4.8). For the case of the
comers. the fillets can be made @l these locations, either in the forming stage or by
adding the welding. For the case of holes. the thickness of the pan can be increased at
the meant locations. Since the maximum stress 18 4,624 KPas whuch i3 less than the yicld
strength of the material of the boom mount, so the factor of safety wall be lurge, and
since the deflection also very small, so the design of the hoom mount and its current
dimensions will be depended

4.2.3 Upper Flange Design

The rotational joint consists of two pars, the upper Hlange and lower flange. The upper
flanoe is just 2 male that is fitted into the bearings which are also fitted into the lower
flange. The matenal of the upper flange i5 aluminum. Due to the applied load. and the
weipht of the boom, the upper flange 15 loaded as shown in Figurc (4.9), where the
reaction forces are distnbuted among the areas that are fitted into the bearings, The
reactions at these contact areas are determincd and found as 69286 N which is
represented by the blue mesh, and 1478.4 N, which is represented by the red mesh.

‘I'he deformations and the stresses that oceur due to load are shown in Figure (4.10). The
maximum deflection as in the fipure 15 0.21073 mm, and the maxamum stress s 2007
KPas, This stress s concentrated at the serew hole that 15 appasite to the hoom direction
as shown i Figure (4.10). Also the stress has a high values clese to i3 maximum
concentrated at the beginming of the flange neck. These siress concentraiions are logic;

since the area has its mimmum values al (hege points.
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Ag previously mentioned, the effect of these stresses can be decreased throughout
increasing the thickness of the part at the holes and in creasing the fillets at the
beginning of the neck. Since the deflection 15 small or doesn’t worth to be cared of it,
and the stresses are ennugh small o be a way from the yicld strength of the material of
the lower flange which is 170 MPas (alunmunumy}, this design wall be depended on with

s current dimeansions,

42.4 Lower Flange Design

Tt represents the other part of the rotanonal joint of the system, where the beanngs are
fittled Tts design is shown in Figure (4.2.2), and the matenal that is made of it 1s
aluminum The load is distnbuted among its intemal areas as shawn in Tigure (4.11).
‘These loads are produced from reactions duc ta the normal forces among the heanngs
and equal the normal forces that act on the upper flange which equal 6928 6 N for blue
area, and 1478 4 for red regon.

The deformations due to the acting loads, and accordingly the deflecuons arc shown in
Freure (4.12). The stresses are concentrated at the screw-holes and comers which are the
intuitively critical points. The stress that is shown m Tigure (4 12) is the first principal
stress, which has maumum and minimum values of 3342 KPaz and -1562 KPas
respectively at the left side screw-hole. This is logic, since the hale will be affected by a
comprassion at the surface (red color) and tension at the bottom (blue celor). Also, the
stress is concentrated ar the beginning of the neck as shown, which 1s about 610 KPas.
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The hase of the flange will be deflected with & maumum value 0.2324 mun, as shown o
Fipure (4.12). According to these values of stresses and deflections, the design of the
Nunge will be depended on; since the stresses much less than the yield strength of the

matenal. and the deflections are very small.

4.2.5 Mast and Base Design

The mast i1s a hollow eylinder of 3mm thickness of steal-17 steal material which n
addition 15 welded to the base that is 30x30cm* area, and 4mm thickness, and of steal-
37 matenial In order to reinforce the structure of the mast and base, a four tnangular
supports are welded between the basc and the mast, each of them is of 30mm width,
30mm height, 4mm thickness, and of steal-37 matenal. This design is clearly shown in
Figure (4.1.a) Since the mast, base and the supports are welded topether, they wall be
manipulated together as a one unit, so 1t will be named simply as ‘mast’. The load that s
appliad to the mast is compression as shown in Figure (4.13), where the load is acting on
the half of the cylinder (mast), which 1% 1o the direction of the boom However, the
Figure shows also the reactions on the part which are m pmk color. The green color is

the fixing poinis that fix the mast to the ground,

The mast will be deflected due 1o the sided load in a form of buckling, which i= shown in
Tigure (4.14). This type of deflections is seriously danger, and affects directly w0 the
whole system parts Such a problem can be reduced either through increasing the
thickness of the beams. or increasing the height of supports.
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However, since the maximum value of the deflecnon 15 00368 mm at middle of the
evlinder, which 15 very small, these dimensions of the eylinder and supports can be
depended on. The stresses that are resulied duc to loading arc shown in Figure (4.15),
where the siresses are distiibuted along the mast, and the supports, also they are

concentrated ot meetmyz betwesn the head points of supponts, and the mast,
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Figure (4.15); Von-Miscs siress concentration and deflection among the masL

As in the Figure, the maximum stress value 1= 4.213 Kl'as (compression), at the upper
surface of the cylinder, and the minimum value of the stress 15 0329E-8 KPas (tension)
at a point in the screw-hole. The solulion for ths points of high stress concentration 1s to
ineraase the area on contact, which means mereasing the thickness of the matenal a

those points, Because of the small values of the stresses which is much less than the
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vield strength of the material which is 1520 MPas, the current dimensions of the whole
parts 10 the mast will be depended on.

4.2.6 Trolley Dezign

The design of the wolley that is depended an to be used in the protatype 15 the same that
15 shown in Figure (2.7). The metallic plates that are used to connect the cover of the

trolley with the rollers are of sectional aren 3x16mm” and steal-37 material. These
plates are loaded axially with tension load, and smce they are four, the load wall be
divided among them equally, so the load for each of them wall be 25 N, and distnbuted
as shown n Figura (4.16), where the large hole 15 to be connected to the roller through a
shaft, and the small hole 15 to be connected to the cover ofthe tralley through a screw.

The maximum elongation that occurs due to the applied load is 0 345E-4 mm, which is
nothing to be cared. The stress concentrations and its values are shown in Figure (4 17),
where the maximum value of the stress 15 0.0556 KPas at the upper hole where the plate
n fixed to the roller. Also the deflections and stress paths can be shown in the Figure,
whera it concentratas extramaly at the holed, where the least areas exist.

Since the stress values mmch less than the vield strength of the matenal and the
maximum deformation value 1s very small, the current dimensions of these plates wall be
depended on.
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The mechanical analysis for the critical parts i the crane is done. For the rest parts such
as the parts of the rolabonal motor mount (shown in Figure (2.6)), which are: horizontal
motor mouni, diagonal motor mount, and the motor neck plate as detailed in Figure
(2.2). will nut be analyzed, since they are not loaded except by the load of the rotational
motor, which 1s of small fixed value and permanent load Also the applied load, docsn't
aftect those parts dirccily.

4.3 Bearings Selection

Commonly, the beanngs selection is based on the friction, heat, lubncant, comosion
resistance, kinematic loading (moton speed), its malerial properties, and machining

wlerances [3]

In the case of the rotational joint, the bearings are selected according to the rotational
spead, the lubnicant matenal, the thrust load, and s dimensions. However, since the
load s relatively small, and the rotational speed 1s also very small, a suilable bearings
are used which are of manufacturmg numbers: 6207, and 6307

4.4 Jib Crane as p Complete System

After analyzing the pans of the crane and mampulating the stresses that affecting each of
them, and finding the maximum deflection in sach of tham, tha mechanical parts can be
formed and manufactured. All parts are assembled together and the whole system is buiht
up, and it will be shown latar.
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Chapter Five

Electrical Design

5.1 Introduction

This chapter will discuss the process of designing the neaded electrical parts to operats
the system These parig include the actuators in the system which are clectrical motors,
the power eircuits, the protection circuits, and control circuits.

The system includes three rotary electrical motors fo provide the needed motions or the
degree of freedoms. The first moetor 15 to provide the rwotagoenal moton, second one 15 to
pravide the translational motion, and the third 15 for hoisting the load. These motions are
constrainad by a eroup of limit switches to specifv the limits of rotanion, transiaton, and
hoisting,

The selecuon ol the motors, in addition to their controlling and power circuits will be
discussed, whaere the needed torques to rotate, translate, and hoist the load wall be
determined to select the required motors,
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&2 Selection of Motors

As mentioned previously, the system axes requite 3 motors, for rotation, translation, and
hoisting. Thess motors will be selected according to the needed torques and speeds.

5.2.1 Rotation Motion Motor

The parts that will rotate in the system are: boom, boom mount, large sprocket. upper
flange, and the trollev. In addition 1o the nceded torque to override theses loads, also the
torque provided by the motor must overmide the friction forces produced at the rotetional
joint. Here a point must be mentioned, that the beanngs which are used i the jomnt
providing a very small coeflicient of fnction, the fuction forces will be very small
compared to the rotary loads, so these forces will be neglected.

The torque that 15 needed 1o be provided from the motor 15 given as

I =J,a+T, (5.1)

Where J,,1s the reflected moment of mertia to the meotor’s shaft, & is the angular

acceleration, and 7, 15 the needed torque to come over the coulomb friction force

produced at the motational joint The rotational joint consists of bearings, so the
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coeflicient of friction is verv small, and accordingly the friction force will be very small.
In addition, the length of the torgue arm produced from the fnction force 13 very small,
which is about 1.8 em, so the friction torque will decrease, as a result this torque will be
neglectad, and just the first term of Equation (5.1) will be considered, Since the moior
will rotate the whole system throughout a sprockel and chain (design recommendation),

the {ransmussion ratio must taken under consideration throughout determiming./_ | so

¢ither specifying the fransmission ration or the motor tormque. Since the design
recommends a sprocket with specific diameter. the diameter of the driven sprocket is 23
ciL with 78 wath and the driver one 15 of 19 testh, so the transmssion ratio () 15 about
1:4. The system can be modeled as shown in Figure (3.1), where the load block
reprasents all the rotating paris other than the large sprocket,

Motor | |

Transmission
ratio (a)

Loads

Figure (5.1): Model of the dnving system.

The sccond moments of insrtia for the motabng parts are found wsimg the designing
program CATLA_ and are given in Table (5.1). The equivalent moment of inertia 15
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, (5.2)
=0.25°(0.615)=00384 Kg.m*

Table {5.1): Inertias of roTating parts,

Inertia
Part -
(Kgm*)

Sprocket 0,02
Upper flange 0a3
Boom mount 0.009
Boom 0518
Irolley 0062
Load 0.003

The angular accelerabion can be specified through out the user, where the acceleration
and decelerabon m the mtaton moton cun be proprammed throughout either the
reference rotational signal or by the ac-inverter that wall be used in the svstem. However

it 15 spacified 10 be 1rad/s’. So the torque of the motor will become using Equation (5.1)
1 =00384x1=00384 N m (53)

The size of the motor, also considered one of the constraints to be swilable and

homogenous with whole crane size. Such a motor 15 avalable, where a 3 phase induction

motor 15 usad, and its rated torque 15 1 26 N.m, and 1= rated speed 15 2800 rpm, provided




from its name plate. However, it is of high speed, but it will be controlled using an ac-

inverter, and getting the desired speed. So this motor will provide the needed torgue.

5.2.2 Translational Motion Motor

The translational motor will translate the trolley throughout power screw, and the trolley
will move along the hoom using 1ts rollers which are beanngs. Since there are 4 rollers,
and a fifth henger 1s used to connect the trolley to the bolt of the screw, the load and
trolley weights are distnbuted among these five supports equally. The value of these
weights is |0 Kg so the reaction at cach suppertis 2 Kg.

The force that must be produced from the motor must come over the friction force that
exists between the teeth of the screw which is of stecl material, and that of the bolt
which is cast iron material. The statc coellicient of [ficlion between these matenals is
found 0 18, and since there are 33 teeth meshed together at the same time, so the [hction

force is given as
F, =33N u
—33x2x9 81 =018 (5.4)

=116.34N

The needed output torgue from the motor is
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T F, r
=116 54«11 00% [5.5)
=932 N.m

‘Where r1s the radius of the power screw. which 15 8 mm.

A suitable dc motor with a gear box is used to provade the nesded torque, and 1ts rated
spead i3 60 rpm and rated inpul voltage is 14 V. This is good to reduce the oscillations

that may occur duc to motion

523 Haeisting Maotnr

Huoisting maotion iz done throngh motating a pulley which is fixed w the shaft of the
moetor, so the motor must provide a torque capable fo override the load and its
acceleration lorces. The load value 15 6 Kg, and the desired acceleration at starting point
15 0.05 m/s” and the diameter of the pulley where the cable will be spin is 2 em, so the

torque that is neaded to be produced from the motor 13

T =(g +a)mr
= (9,814 0,05)2%0.01 (5 6)
— 0.2 N.m

A smrable de motor with a gear box 18 used 1o provide the needed lorgue, and its rated

speed 15 60 rpm, and rated input voltaga s 14 V.
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5.3 Control and Power Circunis

[n order to operate the alectncal motors properly, centrol and power circuits are needed
to be desipned to provide them the required power, preventing the clectrical parts from

the electnical faults, and providing the needed constraints for the safety purposes,

5.3.1 Controlling the Motor of Rutational Motion

The rotational motor, as mentioned previcusly is a three phase induction motor, and it
will be operaied throupghout a signal provided [rom the data acquisition card (DAD), this
stenal will be transmutted to the mator throughout an AC-Invertar, whare the speed of
the motor will be controlled according to the mput signal to the mverter, which will be

provided from the controller of the whole system.

The power circuit of the rotational motion motor is shown in Figure (5.2). As in the
Figure, the inverter is used here also to converl [rom smgle phasc supply into 3 -phase
The direction of rotation will be inverted throughout 2 relays (R1, R2), where thair
supply will be from the DAC according to the desired direction, and accordmgly the
inverter will change the direction of rotation of the motor. To prevent the eleclnical [aults
that may destroy the mverter, two fuses are used for these possibilities as shown in the
Figurs. An amergency hotton 15 used tw allow the labor o stop the whole system 1if

danger actions are occurrad duning the operation.
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Figure (5.2): Power emouit of ratabotal motion mator.

The relays which are used to change the direction of rotahion throughout the inverter are
supplied through the DAC, and gince the DAC can’t provide the required currents and
voltage to the relay to work propetly, an isolation cireuit must he used hetwesn the DAC
and the ralays, Opt-couplers are used m the control circuit of the mator, which is shown
in Figure (5 3), The input of the opt-couplers 13 supplied from the DAC, and according
to its signals, the 12V will be transmitted to the relays. To prevent the oparation in bath
directions at the same moment, the mutal protection 15 used thronghout the normally

closed terminals (R1, R2) for the both relays. The limit switches (L 81, L.82) are also
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provided in the figure, where they are connected w be normally close terminals, and as
the end limits of rotation w cither of the direction are reached, the power waill be

disconnected from the inverter m that direction.

| g
=i 'lu" R /
P f V12V DC
SV *5V
WGND | optacaupisr I—, DSND | optocoupier 4
Ls1 O---F | w7

oy —— oV
Foram:d Reverse

(il (b}
Figure (5.3): Lontrol crcunt for (he rotation] metion ool

i-  Forwwrd direction rotetion,

b-  Reverse direction rotsiion
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5.3.2 Controlling the Transtational Motion Motor

The translational DC-mator will be controlled throughout its input voltage. The input to
the matar will be supplied from the DAC, according o the controller signal. 50 a power
cirewsl must be desipned 1o cencrate the nesded current to the motor which prevent the
damage of the DAC. Such a circuit is shown in Figure (54) the circuit consists of
operational amplifisr connected as shown in the figure. This circuit amplifies the current
while mamtaming the output vollage value as its input value. A multi stages can be huilt

up in senes to provide the needed output current.

Fignre (3.4): Power comewd of tanslatons] mwoton mot

The vontrol circuit for the translational motion mator 15 given in Figure (5.5), where the
dirsction of translation 15 reversed throupgh reversing the direction of rotation of the
motar, which done just by changing the mput's polarity, as shown in the figure The
circuit contains also the limit switches. which stop the motor as the trolley reached the
limits of the baom Hare the motor also can be operated manually.
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Figurc (5.5): Control eircuit of the tmnslztonal mohon motor

5.3.3 Controlling the Hoisting Motor

The hoisting motor as previously mentioned will be vperated manually, so its power
supply wall be mdependent, and so0, no power amplification will be used The control
circuit of the hoisting motor 15 shown in Figure (5.6). The motor will be operated in two
ditections, and a limit switch also wall be used in one direction of operation which is the
rising strake, 1o pravent the load tv lut the trolley and accordingly damaging it, in
addition to the motor
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Fizure (5.6} Control cirel of the hoistmg metor,

However, the crane now can be operated in a complete confrolling and protechion
systems, which will provide the praper operation and high protecton for the system

itzzlf, and the human 1n its surrounding,
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Chapter Six

Controller Design and Simulation Results

6,1 Tntroduction

The 1dea of the jib crane is 10 hoist the load vertically, rotates it around the ongm then
translates 1t along the boomn. The structure of the jib crane is given in Figure (2.2). The
desired 1s to track the rotational and (ranslational positions of the load (trolley)
fhroughout controlling tha rotational angle (#(¢)), and the translatonal displacement
{x (1)), wath minimum vibration in the load, that i1s the m-of-plane angle (#(7) ), and out-
of-pale angle ( #(1)) are dying with time. Also any disturbance acts on the system such
as ouler acling lorces must be compensated and preventad from acting the performance
of the system. So any controller that is applied for the Jib cranc must guarantee two main

functions:

1- Tracks the desired position of the trolley (x (r) ) along the boom, and tracks the
desirad angular position ( #(# 1) of the boom.
2- Performs the previous point mbustly, thus 1l will be able to compensate for

system parameter clanges.

These functions should be achieved and meet the following basic constramnts:
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1- Limited driving torques those are generated by the motors of translation, and
ratanon,

2- Limited boom length, which means that motion beyond this limit, is not pessible.

6.2 Mathematical Model Manipulation for Contral

Based on the results of chapter three, the mathematical model which is obtained there,
will be used to design the controller. As a first step. that model needs to be manipulated
mnto various forms including lmeanzed state space representation [or state feed-back

centroller desien, and aupmented state spuce model in erder (0 get a robust controller.

6.2.1 State Space Model

In control engineering, a state space representation i1s a mathematical model of a
physical system as a set of inputs, outputs and slale vanables, represented by first-order
differential equations. The state space representation (also known as the "lime-domain
approach”) provides a convenient and compact form to model and analyze systems with
multiple nputs and multiple outputs, Unlike the frequency domam approach, the use of
the state space representation is not limited t fime-invariant systems with lmear

companents and zero initial conditions. "Stale space” refers 1o the space whose axes are
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the state variables. The state of the svstem can be represented as a vector within that

Space,

The lincarized state space model [or the jib crane is denved as mentioned previously in
chapter 3 according to the values of the system parameters that are given in lable 6.1,
where a prototype for the jib crane 18 built up, with 1.5 mefers height and 1m boom
length

Table (6.1): Parameters of the designied jily erume.

Second moment of inertia (J,)
Thickness of the profile (1) Imm
[ Mass of load (m) 6 Kt
Mass of the trolley (M) 4Kg

| The length of hoisting cahle is constant -
&
dunng the rotation and translation (L)

So the state space representation of the jib crane system s given m Equation (6.1) as:
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And the state vector 15,

x, =8{1) |
x. @)
2.=%M)
x, =yit)
155 :‘;}{” [
x, = 40)

£ =I{I::l

,Iiz;;'{”.

6.2.2 Control Strategy

Since the system 1s a multt ipul. and multl output (MIMQ), a special controller 1s
needed to be designed to puarantee the robust tracking for the mput reference signals,
and good disturbance rejection. The method that 1s used is briefed here according to the

reference [9].

The following linear time-invanant system is considerad.

x =Ax +Bu,+D.d

6-2
y=Cx +Du i
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eE=r—J¥ 16-3)

Where
x The plant state vector,

u,  The plant input vector

A Svyslem matnx.

B Input matmx

C: Output matnx.

y: The output vector to follow the relerence signal.
d: The disturbance signal

r The reference signal

¢ The tracking error (o be regulated.

Furthermore d and r arc assumad to be modeled by the following state equations:

R (6-4)
d=0Cx, (6-5)
And
Fr=Ax, (6-6)
r=C.x_ (6-7)

and (A,;,C;) and (A,,C,) are completely observable [9]
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The controllar that is neaded to be designed here is of a feedback type, that is, it is

driven by the error signal e, Such a controller structurs 15 shown in Figure (6.1).

!_"t s g il
| l 1
Ddapurbaned |
5 D
| A, O _I...' "_" 2l A B, ﬁ 5 -"-:_h'-l.ll |A. B C _. _i._ll ¥

:—— I\._,_ _'-.' :——l '_-|._ /
H' f"'r' Tice T — ‘:."' LI ) 'u' 1T ] : i'l.l.ii I 1 pas |
P X
-k

Figume 6,15 Tracking and disturbance rjection by fecdback

The system which is described by Equation (6.2) through Tiquation (6.7), and supposing
that (A, B, ) i1s minimal (pair (A, B) is controllable, and pair (A.C) 1s observable).
Lettiny

B=s+as" +.+ta_s5+a, (6-8)

be the least-common multiple of the minimal polynomals of Ay and A,. Then if

" si-4 B| |
ran < 0 = & (- Ils {'5"9:.
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for each =, where g is a root of the charactensnc polynomial of Equahon (6-1) or

Equation (6.6), where 1, 15 number of system’s states. and n,, 15 the number of reference

signals. So the controller 1s given by

X e :ABIG+BEE

Where
Ac =bloekdtag | A A
and
b= bckdias] Ty Lazosy 1]
with
I 0 0
0 0 1 0
A=| ¢ : e tu d e R4
0 0 0 1
|~ TGy T@gg 1t =@
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Hence, the cormnposite (augmented) system (plant followed by the controller)

{" 4 s M (6-15
- Fl-Be 4= [0 T

is complately controllable, that 15 there exit a conirol law
u = -Kx-K_x_ (6-16)

such that the closed-loop svstem 15 exponentially stable,

For any such a control law, asympiotic tracking and distuthance rejection hold
Morsover, asympiotic tracking and disturbance rejection are robust (with respect to A,
B, C. Be, K. and Ke) for the class of perturbation such that: Be remains block diagonal
and each diagonal 15 a nonzero vector, and the closzad-loop system remains exponentially
stable. |9

63 Estimation of Unmeasured States

The synthesis of state-feedback contiol systems presumes that all state vanables are
availahle for feedback In practice, however, not all state vanables are available for

faadback Sa itis nsaded to estmate unavailable state variables.
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Estimaton of unmeasured state variables 1s commonly called observarion. A device or a
computer program that eshmates or observes (he slate vanables s called a srare

abserver,

A state gbserver estimates the state vanables hased on the measurements of the cutput
and control vanables. The statc obscrver can he designed if and only if the obsarvahility

condition 1s sausfied,

A system 15 said 1o be completely observer il every state x{ly) can be deternuned from
the observation of v{t) over finite mterval, t; = t < t, The system 1s, therefore,
completely ohservable if every transition of the state eventually affects every element of
the output veclor. [3]

Refernng o Figure (6-2) which shows the basic concept of cbserver design, the
measurad outputs of the system will be compared w thuse estimated, and the error will
be fed back to the abserver, and this wall increase the speed of convergence between the
actual and estimated states. The obsarver must be much faster than the controlled closed
system which makes the controller receives the estimated states instantansously, |1]
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Figure 6-2 Observor desipn process.

The state equation of the observer 1s [ound {rom Figure (8-2) as follows

i=A%+Bu+LC(x-%) i)

The error signal between the measured output and the observer oulput 1s delined as
e=i-3 (6-1%)
Then the error dynamic equanon is
é=(A-LC)é (6-19)

Thus by choosing an appropoate gain vector (L), the poles of the emor charactenstic
equation can be placad to achieve the desired speed of the observer,
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6.4 Quadratic Optimal Svstems

An advantage of the quadratic optimal control over the pole-placement method 1s
providing the designer a svstomatic way of computing the state feedback control gain
matrix.

The optimal problem is considered here in vrder to determine the controller gains, where
the feedback gains K and Ky of the contral law which 13 given in Equation {6.16) ars

determined to minimize the performance index
Ji= J'[_x "Ox +u” Ru)d1 (6-20)
5]

Wherz @ and R are a positive-delinite (or positive-semudefinite). and x is the state
vector of the plant and the controller states. The second term on the nght-hand side of
Equation (6-20) accounts for the expendimre of the enargy of the control signals. [4]

The direct solution for the optimal control gam 15 the MATL AR statement

[K, P, E] =lgr (A, B,Q, R) (6-21)

This command return the gamn malrix K, cigenvalues vector K. and matnx P which is the
unigue positive-definite soluton to the associated matrx Riccali equation, which is
siven as in Equation (622}
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PA+A'P-PRR 'R'P 1 Q=0 (6-22)

One reasonable method to start the LOR desien iteration is sugeested by Bryson's rule,
where an appropriate choice to obtain acceptable values of x and u provides an nitial

choose of the diagonal matrices Q and R such that

Qu=1/ (maximum acceptabls value of x )

Ry —1/{maximum acceptable value of u )

The weighting matrices are then modilied during subsequent iteration o achieve an
acceptable trade-off between performance and control effort. [4]

6.5 Controller Design

The first step in control system design process is w0 huild a closed loop controller that is
able to track the position of the trolley along the boom and track the desired angular
position of the boom, with zero eror, while kesping the out of plang and in of plane
angle minimum as possible In this stage of the design, a controller will be designed
using the state feedback method.

In order o prevent the oscillations that occur due to the rotation and translafion motons

in the system and also due to the distarbances, trajectorics are designed to be tracked for
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both inputs, which are the rotational and transiational motors: The neaded trajactones for
both motions are designed o have an acceleration, constant speed, and finally
deceleration, then reaching the steady stale responsc.

Tn order to genarate this signal the cabic polynomials method 1s used. The rotatonal
angle (¥ (1)) is assumed to be changed from 0-to-180 dep. and tha rravaling time is 20s;
that maans the boom will rotate from zemo-to-180 deg in 20 sec, as shown in Figure
(6.3). For the tranglational motion, the displacement of trollev chanpes from O-to-1

meter, with 20 sec traveling time, as shown m Figure (6.4).

RKeterence signal for rotational motion
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Fipure (637 Domared refuunee sigoel for the rofational momon,
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The cubic pelynomiale equation for the motion from rest to rest 1s given as:

3y, _?”)II +g[}’uf_?’f .]_...3

KO =y, (0)+
= 1 B (6.23)

0=t =1,

For the jib crane systemy, is assumed (o be zero,y, =180°, and 1, =20sec. So the

equation hecomes:

¥t)=1351*-0.045°
0=<r<20

(6.24)

The signal that 15 generated from Eguation {6 24) is shown in Fipure (6.3). But it is
needed to determine the minal conditions thal are requirsd to generate this signal,

However, thase conditions are determuned and found as follows.

(M =[0001] (6.25)

For translatonal motion one case 1s studied, wherex —0, X, =l and 1, =20 see, 50

Equation (6 23) becomes:

x()=0015%*-00015"

[6.26)
0<t <20

Its initial conditions are the same as il given i Equation (6.25).
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Reference signa for trans|ational motion
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Figure (6.4): Refarence signal fro wanslations! mwtion.

Since the crang svstam is a mult input, mult vutput, the reference inpul signals must be
represented into one state space representation, the method used for represent these two

signal 15
.‘.‘II"rI [} ¥ o+ Hri D u
0 .l 1o Bl

Ty
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with initial conditions

x(U)=[x,(0) x,(0)]

So the state space model for the penerated trajeclones (the reference signals) is:

= A = e S

= DL T i I v N e B e
o B e S -0 IR o TOR v R ]
i G e S e I e T = B e SRS
S e R o i - R - B o S e T
(e TE - R - T - S - =
—

1 (6.28)

o R -l ST e ST iz B == B o= R, e G =

e (U e [ e

r 0015 0015 0 0O 0 O o ¢
= A
r, 0 0 0 0 927 27 @ Q-

x()=[0 0 0 1 0 0 0 1]

Where the mput signal r is the translational input signal, andr. is the rotational input

signal.

The disturbances that are possible to affect the system are assumed to he step signals,

and this 1s logic since the disturbance wall occur if the load 15 hit by something,
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The pair { 4,,C, ) is ohservable and accordingly the minimal polynomial of the reference

rotational signal is:

@@=y (6.29)

The condition that is given in Bquation (6.9), so the controller can be constructed as
siven in Hquation (6.10), and its matrices are determined which uare

1
i
1
1

and B = (6.30)

:

o oS o o o 9o o

== T = S =~ ML == -~ T - L B ==

e T vt e R = S D = A =

Lo T e Y e Y e Y e Y - QS o QU e

O RN A et £

== = S = L - S o S =~ SR o=
_— o D o D O D

A
(== O - A o T = B O s S = S~
(e RN N e EE s SR = s e (R ==

== - S e = R = T =~

T
e
L

The composite svstem (plant and the controller)
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0

L

15 completely controllable, so that, there 15 2 control law

{6.32)

L1l

u=—Kz-Kx,




such that the closed loop system is stable. Now the gams K, and £ _must be determined,

and this can he dore throughoul mininuzing the quadratic performance index which 1s
given in Equaton (6.20). However, this can be obtained using the MATLAR as given in
Equation (6 21) The matrices Q and R are determined as the approach that is presented
previously, where a lot of trials are done m order 1 oblain the desired response, and the
least possible gams, which are always high. The corresponding weighting matrices are
fiound as:

(6-33)

ey

1 £ B A 1
’ : Lﬁ 1 E | | (LK1 | | 1.5 oot 0.3 i | I{L]"l
L02T el BS

lez 1846 lod 03S  10F 386 le2 6254 le—d4 Ya-10 lo3 Hle3

The first eight elements in Q matrix belong to the plant states, whereas the rest eight

elements belonyg to the controller.

Consequently, the gains are

1 Detd {6.35)

¥ 00031 02024 18M0 00145 00282 00982 05488 -0.0050 ;
06187 -0.0139 -00048 56169 01914 00012 -00039 1.6608

5 0.0000 00267 015349 03412 00000 -0.0002 00019 00026
K = *1 Oet5 (6.36)

0.0000 00000 Q0000 00002 00003 -07459 -1.2737 -1.0877
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Unfortunately. the gaing are of high value, since as given mn Equations (3 23 )-t0-(3.26),
thers are always repeated poles al origin in the transfer functions between the inputs and

autputs; and so to stabilize such a svstem, a high gains are needed.

The only available measurement 15 the snpular position state ¥(f). Il 13 possible 1o

construct an ohserver to estimate the other states in order to be used in the state feedback
controller. Thus by choosing an appropniate gam vector (L), the poles of the error
charactenistic equation can be placed to achieve the desired speed of the cbhserver. Usmg
the state space model, and based on the fact that the svstem is observable. and choosing
the closed loop poles of the observer to be [1) times greater than those of the real system,
the gun vector (L) are

S 00440 03276
0,7284 0. 1477
Q0033 -000548
I - 00056 O.00]4 o1 et —
4 3486 06634 ;
=3.1340 -3.3420
(.53161 -0.1%70
| L0BT75 04219

Wheare the gain vector (L) 1s found through placing the poles that are 10 times greater

than the poles that are found previcusly using Equation (6.21), which are given as
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p=-0.09 1+ 10.0%
p.—-0.09 - 10,07
p.=-0.38 + 4421
p.—-0.38 - 4,421
p:=-1.38 | 1.051
p,—-1.38-1.051
py=-00.50+ 1 61
p.—-0.50-1.601

(6.37)

So the controller parameters are calculated and determined to be used m the simulation,
where its results for both the controller and observer based on the previous calculations

are introduced in the nexl section.

6.0 Simulation Results

The next step in contraller design process is simulation. This step 1s of significant
importance to check whather the resulted system response meets the design
specifications or not. Using the controller and observer design results obtaned in the
previous section. MATLAB and Simulink foolbox are used to simulate system
performance. The moda] that 1s used m simulation process is shown in Figure (6-3)

In order to maintam the rotational angle and the displacement at their steady state values
(180 deg, | meter), a switch is used to switch the referance signals when the tme
reaches the 20 s (after fimishiny the transient response) as shown in Figure (6.3).
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The most importan| states that must be considered 1 the simulation are the rotational

angle () as an output, translational displacementx(f)as an output, the m-of-planc

angle gt ), and the out-of-plane angle #(¢). However, for the outpul responses, Figure

(6.6) shows fha rational response for the input reference signal.

Retational respanse for the refersnce input signal
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Figure (6.0}: Rotatronal ruspronse for the designed combroller.

As in the Figure, the refarence inpul signal 15 fully tracked, and also with zero steady

stale errar. Also a disturbance is applied to the plant, and the response doesn’t alfect, We

can see also that the steady state position will be reached in 235, while il 1s designad to

be reached within 20s, but an overshoot 1 produced when the boom rzaches the desired
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angular position, this 1s caused by the oscillations caused by the out-ol-plane angle 8(2),

whera the oscillatnons in this angle are shown in Figure (6.7)

Sut-of-plane response
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Figure (6.7): The oscillations i the angle f(r )

As shown in the Figure, the value of angle (s )reaches -1 5 deg when the boom starts
rofating It is in nepative value sines it 15 the reaction of the rotating, so 1t will be in its
opposite direction, then when the boom reaches the 180 deg of rotation (desired) at t —
208 and stops, the load will oscillates again as a reaction of the stopping. so the value of
the angle reaches up to 0.75 deg. To make the osaillahons m the load die oul, the boom

must make overshoot about the stcady state posinon which 15 clearly shown in Figure
(6.6).
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For the translation motion of the trolley, its response is shown in Figure (6.8). The

steady state error is zero, and the motion trajectory is fully tracked.

Translational respanse for the reference input signal
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Fipure (6.8): Translulionsl moton response of the wolley,

The Figure shows also a little bit overshoot in the response of the system which is about
0.53%, us a result, it can be accepted; but since the trolley is connected to the power
serew, so this overshoot wall not exist, where the system 13 modeled considening the

trolley free 1o move along the boom. The settling time is about 25 5, which is good, and
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suitable, since the translational motor is selacted to be slow to provide the needed torque

to translate the trolley among the boom.

In-cl-plane angle (i ) respense is shown in Figure (6.9), where the angle reaches 0.0053
dog at the starting of the motion, and -0.00095 deg at the stopping then it dies oul as the
trolley reaches its steady state posthon. The amplitude of the oscillatons is very small,
and don’t worth to be mentioned.
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Figure (6.9): Oscillations in the angle g(f ) .

119



Chapter Seven

Results and Recommendations

e Practical Results

¢ Recommendations

¢ The Complete Design of the Jib Crane




Chapter Scven

Results and Recommendations

Lhis chapter contains the results that are obtained from the experiments which are done
o venty the theoretical results reached in the previous chapters, where the mechanical,
electrical, and control designs are used to be applied in the practical sids. The practical

results and modilications that are done to the theoretical results are discussed

A group ol suggestions and recommendations are provided o enhance the pedormance
of the svstem especially at the control field. Also the problems that faced the working
team will he expressad,

7.1 Practieal Results

7.1.1 Practical Mechanical Structure

As discussed in chapter four, the mechanical parts that are designed and analyzed in
order to be used in building up the system are completely formed and used as thev are

designed, with its true dimensions. The following figures show a group of practical

pictures fur the assembled parts, which are used in the mechanisms of the project. The

120



rotativnal motor mount mechanism parts are shown m Figure (7.1), where the alummum

dingonal bars are connected to the motor neck through the honzontal plate as shown

Figure (7.1} Practuwe] rolaton mols: miml

The rotational pivot 1s also shown m the fipure, where the lower Qange is clearly shown,

which represents the lower part of the pivol, The boom mount also shown in the figure.

Power screw mechanism which 1s dependent w0 translate the trolley along the boom 1s
practically applisd and it can he shown i Figure (7.2). I can be seen that the bolt over
the screw, which 15 of 1.5 mm feeth pitch and of 16 mm diameter, and 1t not of square
tonth, so the translation operation is slow. This was one of the problems that subtended
the working team, where the power screws that are smitabls to the application 1s of very
high cosl, so 1t is replaced by a normal screw, where it satisfics the needed application m
some manner. The screw 15 fixed to the boom through a bearings attached o aluminum
cups. Also the rollers that transfer the trolley along the boom are shown, which arc 4

bearngs
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Figure (7.2): Practical powes serew-mechanism of trolley tanslaton

These are the most important mechanical parts that form the most important mechanisms
in the system. and provide the concept of theoretical design then wanslating to the

practical work,

7.1.2 Practical Electrical Struclure

After fimishing the assembly of mechanical parls, the electncal parts are added 1w
provida the safety factor 1o the system and 1o operate and contral the motors. A group of
limut swilches are added to the system as designed and given in chapler six. where 2
limat swatches are added 1o limit the rotation motion to be between O-to-210 deg (not
complste cycle) Other 2 limit switches added o limit the motion of the trolley along the
hoom, where they are posittioned al beginning and ending of the boom TFor the hoistmg
motar, a limit switch 15 added w prevent the motor from hoisting the lead up

continuously. These limit switches ara shown m Fieure (7.3 ).



i i)

{e)
Figwre (7.3): Limit switches in the project
g~ Translstion moton lont switches.
b- Rotation motion mit swilches
g- [Hosting molion lmil swilch.

The controlling unit for the rotation motion and its protection fuses Figure (7.4) shows

the Ac inverter and it's controlling and protection elements assembled m pansl.
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Figure (7.4): Centrelling devices of the rotational motor.

The Ac-inverier receives its input signal from the computer as 0-10 V. and accordingly
the speed of the motor controlled according to input signal.

Up to this point; the project 15 working properly, and 1t 1s ready to be operated in the
nzeded applications with manual control, where the aperator can position the load in the
dasired posmion through the traditional control, so the electromechanical system now 1s

ready.

7.1.3 Practical Controller Design

The controller which 15 designed and built in chapter six can’t be applied to the practical

system due to several reasons. First one 15 technical, where the AC-inverter doesn’t
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contain input for tarque signal, or in other words it doesn’t provide a controlled torque
signal o the moter. and as known, the input 1o the plant is terque signal, So this
represents one of the problems that faced the working leam The second reason is the
high gains that are needed to be provided from the actuator to get the needed position
However, the nzeded control here 1s posttion control! thal means providing the system
with the needad rotational angle, and trolley position along the boom, then the system
must respond. So another controller is designed specially to control the angular position
of the load This controller is simple, where its idea is to find the transter function

between the input voltage to the AC-inverter and output angel.

This can be done by finding the closed loop tansfer lunchion (T(s)) to the whole
subsystem (rotation part), where a factor of translating the needed angle into voltage is
datermined expenmentally and is found as 0.01377 Videg. then for the required wnput
angle, the actual output angle i3 measured, and then the closed loap transfer function can
he detzrmined. Through the closed loop transfer function, the open loop trunsler
function (G(s)) can be determined, then designing the needed controller which will be
sither P, or PI contraller The Simulink model for such a system wath PT controller is
wiven m Figure (7.5) Another problem appeared, that the negative efror signal cant be
read by the inverter, so it dogsn’t convert the direction of rotation of the motor, so a
conditions are provided to the model in order o convert the sign of error signal, and to
oppasite the direction of rotation of motor through the relays connected to the inverter
simultaneously, and this is clearly shown in Figure (7.5) by using the switches Simulink
block



The working team started the work and it sill work to perform the mission, where a lot
aof technical problems facing them every moment related to the safety of the project

parts, and interfacing cireuits, specially the power amplhification circuits.

7.2 Recommendations

During the theoretical and practical working, a lot of problems faced the working leam
throughout all the project stages The first problem wiss m denvation the model of the
system, where the operating pomts gre determined in order to lmeanze the model
eguations. These operating points are determined using numencal iteration method,
which requires a lot of numencal analysis. and so a lot of working time 15 needed, so the

taam recommends offennyg a suitable work station computer to perform such a work

Other thing requires such a work station that 1s the mechanical design analysis. This
analysis 15 done using the ANSYS software program. The malysis operations last lo
long ome especially if (he mechanical part is of complex design, so 1t 15 highly

appreciated i1 this station 1s offersd 1o the student

At the pracrical side, most of the problems that faced the working team in controlling the
rotational mation were due to using an Ac-mverter, where the torgue control can’t be
done, 50 il 15 recommended to use a servo motor provided wath 1tz dnver which provide

controlled torgue signal
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Workmg team recommends developing the system to be fully controlled for the three
motions: rotation, translation, and hoisting, and also to be performed simultanecusly.
This can be done using displacement sensor. which provide how far the tolley 15 from
the axial line of the rotating joint. Also a weight sensor is nesedead to measure the weight
of the load According to these measurements the torgue signal 15 controlled and
providad to the actuastors which rotlate, translate, and hoist the load simultaneously and

elliciently with the suilable specd and needed torque



7.3 The Complete Design of the Jib Crane

The system is completed wath all of it pans and units and it is given in Figure (7.6)

et

L
e o 1
— N T

m-'l‘.' "-:.-1'II L

Figure (7.6): Complets design of the Power Assisted Jib Crane.
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Appendix A

Dimensions of the Mechanical Parts

Note: All dimensions in mullimeters (mum),
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5- Horizontal motor mount plate
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6- Dhingonal supporting motor
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T- Lower Mange
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B- Upper Nange
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G- Boom Mount
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10- Rotational motor neck mount
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11-  Screw Cup
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12-  Trolley-reller connecting plate
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13- Tralley box

8§ Holes 23
/;'DESU 73
P——— 0 I3 T
= X o e |
o | : Z[
o aQ od
laf — 15 N |a
\ ng
L 48 | Isometric view
Front view L E
Scaler 11 SGElE. 1'1
10
...1_._
i[9
o
-t
80

Bottom view
Scaler: 1!t

|44



	1.pdf
	ji.pdf
	ji 001.pdf
	ji 002.pdf
	ji 003.pdf
	ji 004.pdf
	ji 005.pdf
	ji 006.pdf
	ji 007.pdf
	ji 008.pdf
	ji 009.pdf
	ji 010.pdf
	ji 011.pdf
	ji 012.pdf
	ji 013.pdf
	ji 014.pdf
	ji 015.pdf
	ji 016.pdf
	ji 017.pdf
	ji 018.pdf
	ji 019.pdf
	ji 020.pdf
	ji 021.pdf
	ji 022.pdf
	ji 023.pdf

	2.pdf
	ji 024.pdf
	ji 025.pdf
	ji 026.pdf
	ji 027.pdf
	ji 028.pdf
	ji 029.pdf
	ji 030.pdf
	ji 031.pdf
	ji 032.pdf
	ji 033.pdf
	ji 034.pdf
	ji 035.pdf
	ji 036.pdf
	ji 037.pdf
	ji 038.pdf
	ji 039.pdf
	ji 040.pdf
	ji 041.pdf
	ji 042.pdf
	ji 043.pdf
	ji 044.pdf
	ji 045.pdf
	ji 046.pdf
	ji 047.pdf

	3.pdf
	ji 048.pdf
	ji 049.pdf
	ji 050.pdf
	ji 051.pdf
	ji 052.pdf
	ji 053.pdf
	ji 054.pdf
	ji 055.pdf
	ji 056.pdf
	ji 057.pdf
	ji 058.pdf
	ji 059.pdf
	ji 060.pdf
	ji 061.pdf
	ji 062.pdf
	ji 063.pdf
	ji 064.pdf
	ji 065.pdf
	ji 066.pdf
	ji 067.pdf
	ji 068.pdf
	ji 069.pdf
	ji 070.pdf
	ji 071.pdf

	4.pdf
	ji 072.pdf
	ji 073.pdf
	ji 074.pdf
	ji 075.pdf
	ji 076.pdf
	ji 077.pdf
	ji 078.pdf
	ji 079.pdf
	ji 080.pdf
	ji 081.pdf
	ji 082.pdf
	ji 083.pdf
	ji 084.pdf
	ji 085.pdf
	ji 086.pdf
	ji 087.pdf
	ji 088.pdf
	ji 089.pdf
	ji 090.pdf
	ji 091.pdf
	ji 092.pdf
	ji 093.pdf
	ji 094.pdf
	ji 095.pdf

	5.pdf
	ji 096.pdf
	ji 097.pdf
	ji 098.pdf
	ji 099.pdf
	ji 100.pdf
	ji 101.pdf
	ji 102.pdf
	ji 103.pdf
	ji 104.pdf
	ji 105.pdf
	ji 106.pdf
	ji 107.pdf
	ji 108.pdf
	ji 109.pdf
	ji 110.pdf
	ji 111.pdf
	ji 112.pdf
	ji 113.pdf
	ji 114.pdf
	ji 115.pdf
	ji 116.pdf
	ji 117.pdf
	ji 118.pdf
	ji 119.pdf

	6.pdf
	ji 120.pdf
	ji 121.pdf
	ji 122.pdf
	ji 123.pdf
	ji 124.pdf
	ji 125.pdf
	ji 126.pdf
	ji 127.pdf
	ji 128.pdf
	ji 129.pdf
	ji 130.pdf
	ji 131.pdf
	ji 132.pdf
	ji 133.pdf
	ji 134.pdf
	ji 135.pdf
	ji 136.pdf
	ji 137.pdf
	ji 138.pdf
	ji 139.pdf
	ji 140.pdf
	ji 141.pdf
	ji 142.pdf
	ji 143.pdf

	7.pdf
	ji 144.pdf
	ji 145.pdf
	ji 146.pdf
	ji 147.pdf
	ji 148.pdf
	ji 149.pdf
	ji 150.pdf
	ji 151.pdf
	ji 152.pdf
	ji 153.pdf
	ji 154.pdf
	ji 155.pdf
	ji 156.pdf
	ji 157.pdf
	ji 158.pdf
	ji 159.pdf
	ji 160.pdf
	ji 161.pdf


