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3DCrane

The industrial crane model controlled from PC
A tool for control education and research

1. Introduction and general description

The 3DCrane is a non-linear electromechanical syskaving a complex dynamic
behaviour and creating challenging control problefitse system is controlled from a PC.
Therefore it is delivered with hardware and sofevavhich can be easily mounted and
installed in a laboratory. You obtain the mechalnirat with power supply and interface to a
PC and the dedicated A/D, D/A board configuredhia Kilinx” technology. The software
operates under MS WindoWT using MATLAB" and RTWT toolbox package.

Besides the hardware and the related software gtairotheUser’'s Manual The manual
« shows step-by-step how to design and generateoyanireal-time controller in

MATLAB “/Simulink” environment,

» contains the library of ready-to use real-time colférs,
* includes the set of preprogrammed experiments.

The 3DCrane setup(Fig. 1.1)consists of a payload hanging on a pendulum-litditie
wound by a motor mounted on a cart.
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Fig. 1.1 The 3DCrane setup

The payload is lifted and lowered in thdirection. Both the rail and the cart are capable
of horizontal motion in the& direction. The cart is capable of horizontal mmotalong the rail
in they direction. Therefore the payload attached to tlieadrthe lift-line can move freely in
3 dimentions. The 3DCrane is driven by three DCarst

There are five identical measuring encoders meaguive state variables: the cart co-
ordinates on the horizontal plane, the lift-linadéh, and two deviation angles of the payload.
The encoders measure movements with a high resolegual to 4096 pulses per rotation
(ppr). These encoders together with the specialisedhanical solution create a unique
measurement unit. The deviation of the load is mmeaswith a high accuracy equal to 0.0015
rad.

The power interface amplifies the control signalscl are transmitted from the PC to the
DC motors. It also converts the encoders pulseatsgio the digital 16-bit form to be read by
the PC.

The PC equipped with the RT-DAC/PCI multipurposgitdi 1/0 board communicates
with the power interface board. The whole logicessary to activate and read the encoder
signals and to generate the appropriate sequenuelsds of PWM to control the DC motors
is configured in the XilinX chip of the RT-DAC/PCI board. All functions of thmard are

accessed from the 3DCrane Toolbox which operatettyi in the MATLAB”/Simulink”
environment.
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KEY FEATURES

» Three-dimensional laboratory model of industriane.

« The model can be tailored according to user'sreigairements.

* A highly nonlinear MIMO system.

* The system can be easily installed.

* There are high-resolution sensors — unique 2D amglgsuring unit.

« The set-up is fully integrated with MATLABSimulink? and operates in real-time in MS
Windows.

¢ Real-time control algorithms can be rapidly propstg. No C code programming is
required.

» The software includes complete dynamic models.

* The User's Manual library of basic controllers and a number of pregrammed
experiments familiarise the user with the systera fast way.

* 3DCrane is ideal for illustrating complex nonlineantrol algorithms.

1.1. Product overview

The crane is delivered in partially mounted forrheTmounting frame makes a support and
a flexible construction of the system. If it is dok to the walls and the floor then the crane
becomes a rigid construction. The construction vailable in user-defined sizes. The
dimensions are from the range: length from 0.9 @.fom, width from 0.9 m to 2.5 m.

SETUP COMPONENTS
* hardware
* mechanical unit

Fig. 1.2 Cart and 2D angle measuring unit
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Fig. 1.3 X axis drive

+ interface and Power Interface Unit
 RT-DAC/PCI /0O board (the PWM control logic is std in a XILINX chip)

* software

« 3DCrane Control/Simulation Toolbox operating in  MAAB"“/Simulink”
environment

* manuals
* Installation Manual
e User's Manual

1.2. Requirements

e Pentium or AMD based personal computer
* Microsoft Windows XP/7x86

* MATLAB version R2009a/b, R2010a/b or R2011a/b vétipropriate versions of
Simulink and RTW toolboxes (not included),
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2. Installation of the software

2.1. Installation

The installation program has to be started by a syem administrator.

To start the installation program insert the CD-R®ib the drive, and rumanager.exe
placed in the main directory. From the INTECO Saitev Manager application window,
select 3DCrane Toolbox Installation. You will ske tlialogue window (Fig. 2.1).

Crane3D Installation Wizard

Welcome ..

Welcome in the [nstallation ‘Wizard of the

Cranedl Toolbox
Thiz program will install the toolbos on vour computer.

Whe recormmend you to cloze all other running applications.

Chonze Mewt to continue or Cancel to terminate the
V' ifiztallation.
MNest > Cancel
Fig 2.1

If you select theNext option), you will see the licence information. Retne licence
agreement carefully. If you accept the licence teciick theNextbutton.
The window which follows asks you for your name dhe name of your company (Fig.

2.1). If you want to install the software for yotwmpany you must check tivdy Company
radio button.
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Crane3D Installation Wizard i

Thiz product i purchased by:

|tzer name:

IGaIswu:urth_l,I

Company hame:;

IEDmpan_l,l

4 Back Mext > LCancel

Fig. 2.1

If you click the Nextbutton the information you entered before will displayed. Click
Next to continue. You will see an important dialoguensw containing your current
MATLAB settings (Fig. 2.2). You will be informed aht the version of your Windows

system.
You must select the appropriate version of the MABLsoftware installed. Next, point

out the location of the matlabroot directory. Foistpurpose click th&rowsebutton. You
will see the dialogue box with drives and directtisy displayed (see Fig. 2.3).

Crane3D Installation Wizard i

Matlab location

Cretected operating system:

whndowes 7 Professional

Chooze Matlab verzioh you wish bainstall far;

=

—y

MATLAR 2003ab
A TLAR 21105
ChoogMATLAR 20106

Browsze |

N

2 Back Mests Cancel

Fig. 2.2
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Browse your system directories and select the gpate directory. The program
automatically detects it and closes the dialoguadei#v. The selected location will be
displayed in thénstallation settingvindow.

Point location of MATLAB root x|

—Direchany —Dinive
B& D EEL =
apps
55. — Subdirectaries
£ R2010b %]]
[R20073]
[R207108]

LCancel

Fig. 2.3

If you have completed installation settings clitlke Next button to start the installation
procedure. You will see the progress window, comt@ information about installation
progress and names of files currently being copied.

The installation program installs the Windows NTried-mode device driver. This action
is performed only if the driver does not exist ire tsystem. The application will copy the
driver to your system and modify system settingextNyou will be asked to restart your
system. Click th&'esbutton to restart your system.

2.2. Uninstallation

The uninstallation program has to be started by aystem administrator.

To start the uninstallation program insert the CONRinto the drive, and rumanager.exe
placed in the main directory. From the INTECO SaitevManager application window select
3DCrane Toolbox Uninstallation. In the opened winddick the UNINSTALLbutton to start
the uninstallation program, or chodsXIT to quit.
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If you choose theJNINSTALL option you will see the dialogue window (see RAg})
containing information about the installed compdeeif you want to remove an item select
it on the list and click théJninstall button, otherwise click th&xit button. The list box
contains all 3DCrane Toolboxes installed on youngoter. On the left side of the item the
check box is visible. To uninstall an item the dhbox must be selected.

Crane3D Uninstallation Wizard

Software to uninstall ..

ltern | Path
|:| Crane3D Toolbow for MATLAE v B5  Fhappz2kMEpELC
EEraneSD Toolbox for MATLAR +.7.... | E:\apps\MATLART

4 | i

< Back | Mewt > | Cancel |

Fig. 2.4

Click theNextbutton.
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3. Starting, testing and stopping procedures

3.1. Starting procedure

Combine the acquisition board, Control Interfacel &@DCrane together. In the MS-
WINDOWS environment invoke MATLAB by double clickgnon the MATLAB icon. The
MATLAB command window opens. Then simply type:

cr

MATLAB brings up the window 3DCraneéMain Control Window (see Fig. 3.1).
Pushbuttons indicate an action that executes cillbautines when the user selects a menu
item.

=] crane3p_Main _ ||:| |£|

File Edit Yiew Simulation Faormat Tools Help

30GCane
Device Divers

Fig. 3.1The Main Control Windowof the 3DCrane system

The Main Control Windowcontains testing tools, drivers, models and depmi@ations.
Also a case study is included.

You can see a number of pushbuttons ready to use.

3.2. Testing and troubleshooting

This section explains how to perform the tests.s€hiests allow checking if mechanical
assembling and wiring has been done correctly. t€hes have to be performed obligatorily
after assembling the system. They are also negesdtar an incorrect operation of the
system. The tests are helpful to look for cause=mairs when the system fails. The tests have
been designed to validate the existence and segud#measurements and controls. They do
not relate to accuracy of the signals.

In this manual some terms are used which desdnbdéotation of the cart. Fig. 3.2 defines
these terms.
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X axis —
< Zero position = Home

Center

Y axis

Fig. 3.2 View of the workspace of 3DCrane

First, you have to be aware that all signals amestierred in a proper way. Eleven checking
steps are applied.

Before starting the test move the cart and the railmanually to an arbitrary
position different from the zero position fig. 3.2.

* Double click theBasic Testbutton. The following window appears (Fig. 3.3):

Fig. 3.3 TheBasic Testsvindow

The first step in testing the crane is to checkphmper operation of the limit switches.
There are three switches applied to stop the mopergs of the system and to secure the
system against destruction if the cart or theapgroaches the limits.

* Double click theTest limit switchesutton. The window presented in Fig. 3.4 opens:
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4| BasicTestFunctior x| x|
Test limit switches
Press manually all the limit switches A OAXIS SWITCH
Press OK button to stop
Ok | oK |
Fig. 3.4Test limit switches/indow Fig. 3.5Switch detected/indow

Then close manually one by one all switches reladed y and z-axes. After each closing
you hear a sound signal. If you switch on the »sdixnit switch then the window presented in
Fig. 3.5 appears. This means that the switch woréperly. Close the window — click tl@&K
button. When a switch is not detected please cheokection of the appropriate cables to the
undetected switch.

Next, you can check if the cart, rail and payloadvenin the right direction and if the
system stops at the desired limit position. Théesgss moved in the chosen direction until it
reaches the zero position (at this point the switaft must be active).

* Double click the Go Home X-axis (Y-ax@sndZ-axis) button and observe the behaviour
of the system. The window (Fig. 3.6) opens. You icéerrupt the motion clicking theK
button.

<} BasicTestFunction - Step 3 |
Swstem moves bo the v-axis home position

Prezs 0K buttan to ztop immediately
] |

Fig. 3.6Go Home Y-axisvindow

After performing tests along three directions thetam is stopped at the zero position. The
encoders of X,Y and Z-axes are automatically reseero value.

If motion in a given direction is not observed dhegires and plugs related to that
direction.

The next three steps perform the change of themsypbsition from the initial position to
the initial + 0.3 [m] position along a selectededition.

* Double click the X-axis (Y-axisand Z-axis) Movementbutton. The window (Fig. 3.7)
opens where you can stop the motion clicking@ebutton.
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<} BasicTestFunction - Step 5 |
System moves to the #-axiz 0.3[m] position

Prezs 0K buttan to ztop immediately
] |

Fig. 3.7 X-axis movememindow

Click the OK button and the plot of the movements appears &8).

,'T| Figure No. 1 — |EI |i|

Fle Edt Tools Window Help
IR Y Y2

A position movement
0B

A position [m]

035

03

095 i i i i
0 05 1 15 2 25
Time [sec]

Fig. 3.8 Plot of the X-axis test movement

In the next step double click tii& To Centebutton. The system moves to position in the
center of the physical system workspace. Workspacsdaries are limited by sizes of
the laboratory set and fixed in the program. Thedew presented in Fig. 3.9 opens

<} BasicTestFunction - Ste... |
System moves to the center pozsition

Prezs OF. buttan to ztop immediately
] |

Fig. 3.9Go to Centewindow

After clicking theOK button the plot of the movement is displayed (Big.0)
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,'T| Figure No. 1 — |EI |i|

File Edit Tools Window Help
IR Y YA

HYZ position movement
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Fig. 3.10 Plot of the movement to the center

Notice that the center point was not exactly redcAdis is due to the open loop control
mode. The control signal is switched off when th&tam exceeds the center point.

Two next check steps are related to angle measuatsme
* Double click theReset Angle Encodebsitton. The window shown in Fig. 3.11 opens.

,'T| BasicTestFunction - Step 10 il

? Set the load motionless

Do you want to set the origin angles of the load?

“Es Mo

Cancel |

Fig. 3.11Reset Angle Encodevwandow

Now you must set the load motionless and cl@s The angle encoders are reset and the
zero position is memorised by the system.

* To check if angle measurements are correct dodigkesahe Check Anglebutton. The
window presented in Fig. 3.12 opens. Then manuadlye the load to a non-zero position
and push it. After that clicOK button and observe the motion on the screen (F1$)3
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,'T BasicTestFunction - Step 11 il

? Move the load and observe the results on the screen

Do you want to start?

Yes Mo Cancel |

Fig. 3.12 Angle measurement observation window

=lof x|

,7 Figure MNo. 1
File Edt Tools Window Help

DsE&/ A s @2en
Close this figure to terminate the test

051

Y Angle

0.5

Fig. 3.13 Plot of the angles trajectory

3.3. Stopping procedure
The system is equipped with the hardware stop pusir It cuts off the transfer of
control signals to the crane. The pushbutton do¢semminate the real-time process running

in the background. Therefore to stop the task yaeho useSimulation/Stogrom the pull-
down menus in the model window.

18
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4. Main Control Window

The user has a rapid access to all basic functébtise 3DCrane control system from the
Main Control Windowlt includes tests, drivers, models and applicaéigramples.

TheMain Control Windowpresented in Fig. 3.dontains four groups of the menu items:

* Tools

» Drivers

 Demo Controllers
» Experiments

4.1. Tools
The respective buttons in the TOOLS column perftrenfollowing tasks:

Basic Tests checks the measurements and control.

Go Home- moves the crane to the zero position, resetstiteders and sets control
signals to zero. This button is frequently usedbeefstarting an experiment. When Ge
Homeprocedure is finished we can be sure that theegatd all measured signals have been
set to zero.

Reset Angles resets the angle measuring encoders in a fixedigrn If you stop the
payload manually, perform thReset Angle®peration to be sure that the payload angles
measured by the encoders show zeros.

Go to Center- moves the crane to the center of the crane wadespnd switches off the
control. Remember that the zero position of theeria in the corner of the XY plane. Most
experiments cannot be started from the zero p@not.to Centerallows the crane quickly
move to the center.

Set Parametersenables the user to change the default valu&abflimits, Base Address
and Z displacementThe default value of the Base Address may causenélict with other
devices installed in the computer. One has to Iseired that his computer configuration is
free from address conflicts.

The user can also need to adjust the crane worgspiaeensions to his requirements. Fig.
4.1 presents the window where such changes carome dhe user has to type numerical
values into these editable text boxes.
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+#|Crane 3D: Set Parameters Mi[=] E3
X Y z
Rail limit [bit]: | 361 | 38 | 81k
Rail limit [m]: | 0a | 0.95 | 1
Z displacement [bit]: | 16689
Z displacement [m]: I 0.3z
Base address: I Autodetect j
Update | Close |

Fig. 4.1 Set Parametersvindow

All introduced modifications are written to the corfiguration file. Please beg
careful with introducing them. Writing the rail lim it values exceeding the rea
rail limits may result in damage of the system eleents.

Manual Setup— The 3DCrane Manual Setup program gives access to the basic
parameters of the laboratory 3-dimentional cranepselhe most important data transferred
from the RT-DAC4/PCI board and the measurementseotrane as well as status signals and
flags may be shown. Moreover the control signalthafe DC drives may be set.

Double click theManual Setugputton and the screen presented in Fig. 4.2 opens.

The application contains five frames:

* TheRT-DAC4/PCI board frame presents the main parameters of the PCtboar
» TheControl frame allows to change the control signals.

 The X, Y and Z positions are given in tkeY and Z positionsframe.

 TheX and Y anglesframe contains the angle measurements.

» TheStatus and flagsframe displays state of the status signals ampviddues.

All the data presented by tIl3® Crane Manual Setupprogram are updated 20 times per
second.
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l::' 3D Crane Manual Setup o ]
— RT-DACA/PCI board — . and £ positions
% i z
Mo of detected boards: I 1 -
Scale coefficient: | 58092005 | 5.803e-005 | 2.16859-005
BEe} [Bomd 1~ Position [bif} | 224 | gs3 [ 11624
Bus number. [ o Position [m} | 001 | 004 | 0.25
Slat nurmber: I d Facat r r r
Eee I B4272 / 0xD 400
Logic: versiorn; Iﬁ - #and T angles finge angle'
Scale coefficient: 0001534 0.0071534
|A00 driver status: I Ok I I
Angle [bit} | 1 | 3
— Contral &ngle [rad): | -0.00 | 0.00
* control: I 0.00 Feset: I r
A
— Status and flags
' contral: I 0.00 ” v Z
r Rail lmit [64°bit} | 17152 | 16880 | 36544
Riail lmit [m]: | 0.936 | 1.057 | 0.799
£ cantral: 0.00
} bd ax rail lirnit flag: Iv Iv v
Home rail limit switch: r Il =
[
Thermal state: r r r
Pustd prescaler: I g0
Thermal flag: r | -
Help oK

Fig. 4.2 TheManual Setupvindow

RT-DAC4/PCI board
The frame contains the parameters of the RT-DACH®@rds detected by the computer.

No of detected boards

The number of detected RT-DAC4/PCI boards. If tamber is equal to zero it means that
the software has not detect any RT-DAC4/PCI bodavthen more then one board is
detected theBoard list must be used to select the board that comcates with the
program.

Board

The list applied to select the board currently usgthe program. The list contains a single
entry for each RT-DAC4/PCI board installed in tleenputer. A new selection executed at
the list automatically changes values of the remgiparameters within the frame. If more
then one RT-DAC4/PCI board is detected the seledicthe list must point to the board
applied to control the 3D crane system. Otherwisepgrogram is not able to operate in a
proper way.
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Bus number

The number of the PCI bus where the current RT-DIRCA board is plugged-in. The
parameter may be useful to distinguish boards, where then one board is used and the
computer system contains more then a single PCI bus

Slot number
The number of the PCI slot where the current RT-BAXCI board is plugged-in. The
parameter may be useful to distinguish boards, where then one board is used.

Base address

The base address of the current RT-DAC4/PCI bodnd. RT-DAC4/PCI board occupies
256 bytes of the 1/0 address space of the micrgssmr. The base address is equal to the
beginning of the occupied I/O range. The /O spaceassigned to the board by the
computer system and may differ from computer to ater.

The base address is given in the decimal and heiadkeforms.

Logic version

The number of the configuration logic of the on4ab&PGA chip. A logic version
corresponds to the configuration of the RT-DAC4/R©krd defined by this logic and
depends on the version of the 3D crane model.

I/O driver status

The status of the driver that allows the accessth® I/O address space of the
microprocessor. The status has todi€ string. In other case the 3D crane software HAS
TO BE REINSTALLED.

Control
The frame allows to set the control signals ofehd& drives.

X control, Y control, Z control

The control signals of the X, Y and Z DC drives nimyset by entering a new value into
the corresponding edit field or by dragging theresponding slider. The control values
may vary from -1.0 to +1.0. The value of -1, 0.@ &1 mean respectively: the maximum
control in a given direction, zero control and thraximum control in the opposite
direction to that defined by —1. If a new contr@lue is entered in an edit field the
corresponding slider changes respectively its osilf a slider is moved the value in the
corresponding edit field changes as well.

STOP
The pushbutton is applied to switch off all the ttohsignals. When pressed all the control

values are set to zero.

PWM prescaler

The control signals are generated as PWM waves PWib prescaler sets the divider of
the PWM reference signal. The frequency of the P@d¥itrols is equal to:

Fpwm = 20000/1023/(1+PWMPrescalerr) [kHz]
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This parameter sets the frequency of all PWM cdrdignals. The parameter may vary
from O to 63. It causes the changes of the frequefiche PWM control signals from
19.55kHz to 305Hz.

X, Y and Z positions

The frame presents data related to the X, Y angiZ @ositions. The X position is the rail
position. The Y position is related to the positiohthe cart. The position of the load is
denoted as Z. All position measurements are peddrby the incremental encoders. There
are the following four fields associated with eagirs.

Scale coefficient

The value applied to calculate the position exmeda meters. The value read from the
encoder counter is multiplied by the correspondiogle coefficient to obtain the position
in meters.

Position [bit]
The value read from the corresponding encoder eount

Position [m]
The position expressed in meters. The value read the encoder counter is multiplied by
the corresponding scale coefficient to obtain th&itppn in meters.

Reset

The checkbox applied to reset the correspondingdaarccounter. If the box is checked the
related position is set to zero. The box has to unehecked to allow position
measurements.

As the incremental encoders are not able to deteabrigin position the origin of the
system has to be set by limit switches (see therigti®n of theHome autoreset flggor
has to be set in a programming manner by a userR€ketcheckboxes are applied to set
the origin position (zero position) in a programmimay.

Xand Y angles
The frame presents data related to the X and Y awrgles of the load. The angle

measurements are performed by the incremental er&otihere are the following four fields
associated with each angle.

Angle X and angle Ydenote the angle deviations inX and Y direction,
respectively. They are denoted byrand S in the mathematical model (se

Fig. 8.1).

112

Scale coefficient

The value applied to calculate the angle expresseadians. The value read from the
encoder counter is multiplied by the correspondiogje coefficient to obtain the angle
in radians.
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Angle [bit]
The value read from the corresponding encoder eount

Angle [rad]
The angle expressed in radians. The value read tihenencoder counter is multiplied
by the corresponding scale coefficient to obtaaghbsition in radians.

Reset

The checkbox applied to reset the correspondingdarccounter. If the box is
checked the related angle is set to zero. The lagxtd be unchecked to allow angle
measurements.

As the incremental encoders are not able to datreadrigin position the origin of the
system has to be set in programming manner by ra Tlke angle reset checkboxes
should be checked when the load remains motiomets® downright position.

Status and flags

The frame presents status data and flags relatduktX, Y and Z axis. There are seven
fields associated with each axis.

Rail limit [64*Dit]

The RT-DAC4/PCI board is able to automatically turff the control signal if the 3D
crane system is going outside the operating rahige field defines the maximum value of
the corresponding encoder determining the maximooessible position. If the encoder
reaches this position the RT-DAC4/PCI board is ablestop the generation of the DC
control signals moving the system outside the dpeyaange.

Rail limit [m]

The field defines the maximum accessible positigpressed in meters. If the system
reaches this position the RT-DAC4/PCI board is ablestop the generation of the DC
control signals moving the system outside the dpgyaange. The maximum position
expressed in meters is obtained as the resuleafthtiplication of 64, maximum position
expressed in bits and the corresponding scaleicreei.

Max rail limit flag

If the checkbox is selected the RT-DAC4/PCI boamths off the control when the system
is going to move outside the operating range. remmended to keep this checkboxes
selected all the time.

Home rail limit switch
The boxes that present the state of the home $éwiitches. If a limit switch is pressed the
corresponding box is selected.

Home autoreset flag

The flag that causes automatic reset of the encoalerter when the corresponding home
limit switch is pressed. If the checkbox is unchextthe flag is inactive) the state of the
limit switch does not influence the state of theader counter.
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Therm state

The signal that presents the state of the thertagl df the power interface. The system
contains three power amplifiers for the DC driiéshe power amplifier is overheated the
corresponding box is checked.

Therm flag

The flag that causes to turn off the control if goaver amplifier is overheated. If the flag
iIs unchecked, the power amplifier is overheated #mel temperature increases the
amplifier itself turns off the control signal. I§ recommended to keep this checkboxes
selected all the time.

Click the Go to Centetbutton and you can see the changes inMhaaual Setupvindow
(see Fig. 4.3). Note that the X position, Y positend Z position have changed their values
and become the center positions in the crane wadesp

l::' 3D Crane Manual Setup o ]
— RT-DACA/PCI board — . and £ positions
% i z
Mo of detected boards: I 1 -
Scale coefficient. | 58092005 | 5.803e-005 | 21859005
BEe} [Bomd 1~ Position [bif} | 4552 | %00 [ 18618
Bus number. [ o Position [m} | 026 | 056 | 0.41
Slat nurmber: I d Facat r r r
Base address: I 54272/ 0:D400
Logic wersion: I 216 [ AT e Ao Sl
Scale coefficient: 0001534 0.0071534
|A00 driver status: I Ok I I
Angle [bit} | 0 0
~ Contral Angle [rad]: | 0.00 | 0.00
* control: 0.00 Feset: I r
A
— Status and flags
' contral: 0.00 ” v Z
r Riail lmit [B4°bit: | 8576 | 16880 | 36544
Riail lmit [m]: | 0.458 | 1.057 | 0.799
£ contral: 0.00
} bd ax rail lirnit flag: Iv Iv v
Home rail limit switch: r Il =
Harme autoreszet flag: v v v
Thermal state: r r r
Pustd prescaler: I g0
Thermal flag: r | -
Help oK

Fig. 4.3Manual Setupvindow after theGo to Centeiaction
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4.2. Drivers

The main driver is located in th&TWT Device Drivecolumn. The driver is a software go-
between for the real crane MATLAB environment ahd RT-DAC/PCI acquisition board.
This driver serves to the control and measuremgnaks. Click the3Dcrane Device Drivers
button and the driver window opens (Fig. 4.4)

iZ1Crane3D_DevDriv * M=l E3
File Edit “iew Simulation Format Tools

MEEEIE T EE

HPosition

HPWM — =
-0 Ll W Position =
Constant %, £ Position »=
¥ Angle
VR (L L L
0 Ll T Angle
Constant # Switch =
' Switch
Z M g=]
u > Zowitth =
Constant2 : —
Crane 30 =]
Fieachy [1002 | | |odes 4

Fig. 4.4 3DCrane Device Drivers

The driver has three PWM inputs (DC motor contréds)the X,Y and Z-axes. There are
10 outputs of the driver: X position, Y position,position, two angles (see section 8) and
additionally three safety switche&ccording to a pre-programmed logic the internalXIX
program of the RT-DAC/PCI board can use the swidbestop the DC motors.

When one wants to build his own application one @apy this driver to a new model.

Do not make any changes inside the original drivelThey can be made only
inside its copy!!!

Simulation Model- the simulation model of the crane is locatedenrithis button. Its
external is identical as the model given in &iEcrane Device Drivergxcept the lack of the
safety switches (see Fig. 4.5). These switchesnateused in the simulation mode. The
simulation model is used for many purposes: ideatiion, controllers design, etc.
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iZ1Crane_model * [_ O] x]

File Edit “iew Simulation Format Tools

D& sme| o e | @

Crane 3D Simulation Model

0 T > « position =E|
%/ ' Pogition =E|
o il 43 Z Pasition rEl
 Pogle =E|

0 Z Pihd >
¥ Angle =E|

Crane3d model
Feady [100% | | lodeds b

Fig. 4.53DCrane Simulation Model

In the mask presented in Fig. 4.6 you can introdoit&l conditions for the model state
variables. Additionally, by marking the checkboxuycan use the model with constant length
(see section 8 for detalils).

Block Parameters: Crane3d model |

— Subspstem [mazk)]

— Parameters
v Model with constant length

[nitial conditionsz:[=, &', v, ¥, alfa, alfa’, beta, beta’, z, 2. 1]
|[EI.5EIEIEIEIEIEIEIEI.5EI-1]

0k, I Cancel Help Sl

Fig. 4.6 Mask of the simulation model

The simulation model is running in the normal siatigin mode.

Set solver options to:Fixed stepand Fixed-step sizeequal to 0.001 at least.
A greater value could result in the errors of solubn.

The C source code of timeodel3ddm.dile is attached to thBevDriv directory.

3DCrane - User’'s Manual 27



4.3. Demo Controllers

In this column some examples of control systemsgaren. These demos can be used to
familiarise the user with the crane system opemafiod allow creating the user-defined
control systems. The examples must be rebuilt baising.

Due to similarity of the examples we focus ourraitan on one of them.

After clicking on theRelaybutton the model appears (Fig. 4.7):

E! Crane3D_Relay : - IEI Iil

File Edit View Simulation Format Tools Help

D|ﬁn@|¥:Elﬂg|ﬁﬁ—®|P_ﬁ_lExtemal 'I

3DOF Relay Controller

YYYYYY

Soope

> Position =
HEW » 1 » =
L L L W Position =
=
Felay Fate Limniter 3 A ZPosition =
==
 Angle o=
P = w1 P =
L Ll Ll ¥ Angle o[
=
Relayi Fate Limnitzr Gain'y i Switch =
=
¥ Switch o
TRV o » 1 - =
- L L ZEwitch _El
=
Felayz Fate Liriter £ Gaind
Crane 20
Ready [100% [ [ |odes &

Fig. 4.7 Control system with the relay controllers

Notice that this model looks like a typical Simidimodel. The device driver is applied in
the same way as other blocks from the Simulinkaljpr The only difference is that the model
is used by Real Time Windows Target (RTWT) to tedhe executable library, which runs
in the real-time mode.

The goal of the model is the relay control in th@¥s only. Thereforé&ainY andGainZ
are set to zero.

* Look at the mask of thRelayblock connected to the X PWM input (Fig. 4.8).

Note that the control generated by the controllas two values: +0.5 and —0.5. The
On/Off limits are 0.2 and 0.6. This means thatdrae will move between these limits with
the speed corresponding to the control value egu@b.

* To choose the starting point inside th€.b, 0.5] range go tMain Control Windowand
click theGo to Centebutton.
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Block Parameters: Relay

- Relay
Outputthe specified 'on' or 'off' value by comparing the input to the specified
thresholds. The on/off state of the relay is not affected by input between the
upper and lower limits.

- Parameters
Switch on point
|u.5

Switch off point
|u.2

Outputwhen on
|—n F

Outputwhen off:
|u.5

oK I Cancel | Help | Al |

Fig. 4.8 X-PWM controller parameters

e Then, choose th&ools pull-down menusn the Simulink model window. The pop-up
menus provide a choice between predefined item@&osth theRTW Builditem. A
successful compilation and linking process is fie with the following message:

Model Crane3D_Relay.rtd successfully created
### Successful completion of Real-Time Workshopd bprocedure for model:
Crane3D_Relay

If any error occurs then the message corresponthnthe error is displayed in the
MATLAB command window.

* Next, click the Tools/External Mode Control Panelem and next click theSignal
Triggeringbutton. The window presented in Fig. 4.9 opens.

e SelectXT Scope setSourceas the manual option, mafkm when connect to Target
option and close the window.

* Return to the model window and click tls@mulation/Connect to Targetption. Next,
click theSimulation/Start real-time codeem.
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4 Crane3D_Relay: External Signal & Triggering I B3

Signal selection
Block Path

Select all |
Clear all |

i~ on

Trigger signal |
Ll Goto block |
Trigger

Source: Imanual 'I bMode: Inormal vl ezt =t = I1 Elementl any
CranedD Relay/Scope
Duration; I 3000 Delay: IIJ

Il peedl me (=T i m Irising vl Level:l 0.4 Hiold=mffif 0

Re\.fertl Help | Apply | Close |

“ILP_

Fig. 4.9 External Signal & Triggering window
Observe the plots in the scope and clitkp Simulatiorafter some time.

Results of the example are presented in Fig. 4.10.

+#|scope o x]|
0 £1,2| AlE) <) &

ime offset. 0

Fig. 4.10 Results of the relay controller demo expent
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The X position starts from 0.54 and changes betv@e2rand 0.6. The control (red line) is
a square wave in the range[5, 0.5]. The control switches when the X positieaches one
of the limit values. Note that the X angle in tloenh of a sinusoidal curve is modulated by the
control interacting with friction.
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5. Your first real-time control experiment

We propose two experiments. In the first experimenly one control loop in the
direction is defined. In this case stabilisatiorttué angle of the payload is neglected. In the
second experiment the stabilisation of the paykragle is added.

We begin from a simple real-time control experimé&nPID controller for thex position
of the cart is built. TheCrane3D_firstmodel is illustrated in Fig. 5.1. To invoke it, aki
Model for control experimenbutton in theMain Control Window In this case, the active
control corresponding to thecart position is all you need. The Simulink blogksluded in
the control are drawn with dropped shadows tomystish active control loops from disabled
loops. In our first experiment we use tkeosition of the carPID controller activating only
its P control part.

=] crane3p_first o x|

File Edit Yiew Simulation Format Tools Help

D|@n§|¥:ﬁ|ﬂ§2|n§®|}?l&temal Vl

X axis PID Controller

#reference

= Angle I_E
Scope

. position

Y¥YY

# control

middle of
¥ position

* Position

= + '
P
oy H + 1 L % Position
Ll I
¥ position Eriable 3 ﬁ ZPosition

Signal of the cart |  =ange |
* referance b lE J)

y w ¥ Angle

zi

o) i
+

L +

middle of oooo Y position

' position eT4] of the cart

w-,a of the payload
Signal

W Ewteh o
L
' reference

¥

=
5 H
Zswith
=

' angle
Crane 20 of the paoad

Z position

of the payload
middle of
Z piosition

Signal
Z reference

Ready [100% [ [ |odes 4

Fig. 5.1 Two PID controllers applied in a real tiexperiment. The first step — PID Xf
position of the carts active. The second step — both controllers etigea

We define a source of a desiregosition signal as th¥ reference/Generatdirom the
Simulink library (see Fig. 5.2)
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—Signal Generator
Cutput warious wave farms.

—Parameters

Wane form:

Amplitude:
|n_2

Frequency:
|u.u?5

Units: IHEHZ j

0]4 I Cancel Help e |

Fig. 5.2 Signal Generator set to become the sguave signal source

As usual, after performing theO HOME and GO TO CENTERactions, we start an
experiment from the middle of they rails. Therefore the constant bloskift is required.

Next, we define the signals to be used. TheseXamference— the desiredk position
value, X-position, X-control andX-angle. These signals, among others, are connexttet
Scopeblock.

The properties of this block are defined below (Beg 5.3). This window opens after the
selection of the&scope/Propertiegab. Mark theSave data to workspaaheckbox, define the
Variable nameasEX1 and the datéormatas structure. This means the collected data within
30 seconds time range are saved to the workspabe istructurdeX1 The sampling period
set in theSimulation Parametergindow (see Fig. 5.3) is equal to 0.&gmpling Decimation
is set to 10. Therefore, the sizeEX1is equal to

30s/(0.01 s 10) + 1= 301

5 Soopepropertes SIS [ Scope properies _ BEIES)|
General | Data histur_l,ll Tip: by night clicking on axes Generall Data history Tip: by right clicking on axes
e ¥ Limit data points ko last: I 5000
Murnber of axes: I'l— [~ floating scope
Time range: I?nU— ¥ Save data to workspace
Tick labels: Ihottum awiz anly "I W ariable name: I Ex1
& ampling Fuarmat: I Structure with tire j
D ecimation j |1U

4 | Eancell Help | .-’-'«pplyl Ok | Eancell Help | Apply |

Fig. 5.3 Setting of th&copeblock

Next, return to thevlain Control Windowand select th&imulation/Parametergem. In
the Solvertab selecFixed StepandsetStop timeequal to 30. Thé&eal-time Workshopab
must be defined as in Fig. 5.4 or Fig. 5.5.
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<) Simulation Parameters: CranedD_first J} Simulation Parameters: Crane3D_first = |E||£|

Workspacela’Dl Diagnosticsl Advancedl Heal-TimeWorkshopl Solverl Wolkspacela’ﬂl Diagnosticsl Advancedl Real-Time Workshop

Solwer

Simulation time ’
Categony: I Target configuration hd I Build |
Start time: I 0o Stop time: I a0

Configuration

Solver options )
l_J - System target file: I thwir, i Emwse...l
Tupe: IFmed-step j IodeS [Darmand-Prince) j

Template makefile: I crane3d_win_ve.tmf

Fixed step size: I om b ode: ISingIeTasking vl Make command: I —_
[T Generate code anly Stateflow options. .. |

Output options

R efine output j Hefine iaston I 1

(1] | Cancell Help | Spply | 0K | Eancell Help | Apply |

Fig. 5.4 The Simulation Parameters window (MATLABY

5! Configuration Parameters: Crane3D_first/Configuration

Select: Target selection
Solver Sustern target file: [[TTOE
Data Impart/Export
Dptlimization Language: C “w
[=)- Diagnostics D escription: Feal-Time Windows T arget
Sample Time
Drata |rkegrity Documnentation
Conversion [[] Generate HTHML report
Connectivity

Compatitilty Launch report after code generation conmpletes

Model Referencing

Hardware Implementation Eull e

todel Referencing TLC options:
= Real-Time workshop Make command:  |make_rhe
Comments T
S bl Template makefile: |thwin tmf

Custom Code

Debug [] Gererate code only

Real-Time Windows. ..

I 1] ] [ LCancel ] [ Help l Apply

Fig. 5.5 The Simulation Parameters window (MATLAB 7

The next step is to set the PID controllers. WelselProportional part of theX position of
the cartPID controller as indicated by the arrow in Figs.5TheX angle of the payloagID
controller remains inactive. The other controlliogps are disabled due to tk&in blocks
set to zero (see Fig. 5.1).
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Block Parameters: X position of the cart Block Parameters: X angle of the payload

—PID Controller [maszk) — PID Cantroller [mazk)
Enter expressions for proportional, integral, and derivative terms. Enter exprezsions for proportional, integral, and derivative terms.
P+liz+Dz P+l #s+Ds
— Parameters — Parameters
Prapartional: / Proportional:
C
Inteqral: Inteqral:
[0 [0
Dierivative: Deeriveative:
o [0

0k | Cancel | Hep | e | 0K | Concal | Heb EEE

Fig. 5.6 Setting of the PID controllers

Mark Simulation/Externaitem in theCrane3D_firstmodel window (see Fig. 5.7).

EEX

i1 Crane3D_first
File Edit

O zEd&

B=1E3

Format  Tools Help

= Crane3D_first
File Edit ‘Wiew

O =HEe

Simulation Wiew  Simulation  Format

Fixed-Point Settings...
Model Advisar. .,

Conneck To Targek
Configuration Parameters. .. Ckrl+E

Marmal Lookup Table Editor. ..
Accelerator Data Class Designet. ..
v External 1 BusEdiar...
Profiler

Signal & Scope Manager.. .

neal Tirme Worlshop 3

External Mode Control Panel, ..

Caontral Design 3
Report Generator...

E

middle of
2 position

middle of
. pozition

¥
4
¥
+
-
£

S100%: odes ©|100% odes

Fig. 5.7 External control mode

Next, invoke theTools/External mode control panéém. TheExternal Mode Control Panel
window opens (see Fig. 5.8).
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<} Crane3D_pid_all: External Mode Control Panel M= E3 |

Connect | atart realtime code Lo g Eer |
Farameter tuning
¥ Batch download
Download |
Configuration
Target interface ... | Signal & tigaering ... | Data archiving ... |
Cloze |

Fig. 5.8 Setting data acquisition in RTWT

By clicking on theSignal & Triggeringbutton invoke the window shown in Fig. 5.9. In
this window we define a triggering mode for markdalcks. In our case only one block exists
— XT ScopeWe markXT Scope setSourceas themanualoption, markArm when connect to
target and close the window.

Now we can build the real-time model. To do it setbeSimulation /Parametensem and
then theReal-Time Workshofab in the model window, and click tiBild item. Successful
compilation and linking process should be finisketh the following message:

Model Crane3D _first.rtd successfully created
### Successful completion of Real-Time Workshojld bprocedure for model:
Crane3D first

+|Crane3D_pid_all: External Signal & Triggering

Signal selection
Block Path
. .......................... e Pw—— |
Clear all |
& an
= off
Trigger signal |
=l Goto block |
Trigger
Source: Imanual j bode: Inormal j HEEErSGE: F>DrtI1 Elementlany
=
Duration: I 10000 Delay: |U
[-]
@ Asrvien cannEstie Erg Ditectian Irising Yl LeveI:ID il ID
Revertl Help | Apply | Close |

Fig. 5.9 Setting triggering of signals
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5.1. Real-time experiment

Having prepared the controller model you can stertreal-time experiment.
Two actionsGO HOMEand GO TO CENTERnust be performed in thdain Control
Windowfirst. The crane is ready for the experiment. The ¢ in the middle of thex,y

plane, the payload is hanging down in its resttposi Open theScopefigure clicking on the
Scopeblock.

Now return to the model window and click tBemulation/Connect to Targéem. Next,
click the Simulation/Start real-time codém. It activates the experiment lasting 30 seson
Observe the cart motion in the direction. The cart follows the desired square evaignal
controlled by the P regulator. The payload os@HBafreely, being uncontrolled. After 30
seconds the experiment stops. The history oEt&variable is visible in th&cope(see Fig.
5.10). Notice the harmonic (uncontrolled) anglenaigof the payload, the square wave
generated bypignal Generatofollowed by the carx position signal. The static error is due to
the inadequate P control action. The control hashilghest magnitude among other signals
visible in the figure. When an abrupt change ineve signal occurs then it results in the
saturation of the control signal.

_iolx
[ £]0| Al £ &)

ime offset. 0

Fig. 5.10 Data visible in the scope during the expent

5.1.1. Data processing

The results are saved to the workspace as a steucnableEXL If you write the variable
name in the MATLAB command window then you obtdie answer

EX1 =
time: [301x1 double]
signals: [1x1 struct]
blockName: 'Crane3D_pid_all/Scope'
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This data can be plotted in many ways. For examgdethe following command
>> plot(EX1.time,EX1.signals.values(:,1:4))
You can repeat the experiment several times usifigreht P parameter settings and

including another P controller for tixeangle. The parameters of the controllers for ssgive
five experiments are given in Table 5-1.

Number | P of the cart position P of the payload Figure
of angle
experiment
1 2.5 - Fig. 5.11
2 5 - Fig. 5.11
3 2.5 1 Fig. 5.12
4 5 2 Fig. 5.12
5 5 4 Fig. 5.12

Table 5-1 Parameters for the experiments

1

The results of five experiments are presentedgn%:iL1 and Fig. 5.12.
desired x positi
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Fig. 5.11 Only one controller is active — desirgubsition of the cart is tracked
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Fig. 5.12 Two controllers — desir&gosition of the cart and angle of the payload are
tracked

The left-hand side of Fig. 5.11 shows that the lBevaet to 2.5 is too small for a proper
position tracking. The static error »fposition is large. A higher gain P equal to 5 (tigt-
hand side of Fig. 5.11) reduces the static errordsults in the saturation of control

In Fig. 5.12 one can see similar results obtaimedwo active controllers. We focus our
attention on the angle control. The trade-off between two actingtaalers is well visible in
the upper left-hand picture of Fig. 5.12. One calnsignal serves for two control purposes:
follow the desired value of the carposition and simultaneously stabilises the payioaits
hanging down position.
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5.2. Simulation

We can repeat the real-time experiment from theipus section in a purely simulated
form.

We invoke theCrane3D _first_modelindow. Notice two differences. Therane3Dreal-
time driver block has been replaced by bene3D_modekimulation model block. The
External mode of operation has been replaced byNbemal mode of operation (see Fig.
5.13). All other parts remain as in the real-timpeximent.

Sl crane3p_first_model ol x|
File Edit Wiew Simulation Format Tools Help
D|D’“E§|%E|DQ|HE®|> llNormaI 'l
X axis PID Contreller (simulation)
# reference
g
¥ position -
2 control :
X Angley
_9_9> Scope
riddle of
¥ posiion _
= position
- Pl] gl
y " L L
L
¥ Position
* posiion Enable X ﬁ/
Signal of the cart
# reference b lE é Z Position
L]
-] -
+ Erable
middie of omn h e = Angle
. position
' position of the cart of ﬁea:agsldeoad
Signal - FID
ks relfgerr‘ence Enable Z . * Angle 'l_l
Grane3d madel ' angle
Z position of the payoad
of the payioad
middle of
Z position
Signal
Z reference
Ready [100%, [ [ |ode4 4

Fig. 5.13Two PID controllers applied in a simulated expemmd he first step — PID of
position of the carts active. The second step — both controllers etigea

The interior of Crane3D_modelincludes the complete nonlinear model described in
section 6.4. After clicking o@&rane3D_modethe mask given in Fig. 5.14 opens. You can set
the initial values of 10 variables. You can mar& tonstant or varying pendulum length. In
our example all initial conditions are set to zexxcept theX positionset to 0.55and Z
positionset to 0.5 and the last varialilset to -1. Setting to —1 denotes that the source of
time is theRTWTclock.
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Block Parameters: Crane3d model |

— Subspstem [mazk)]

— Parameters
v Model with constant length

[nitial conditionsz:[=, &', v, ¥, alfa, alfa’, beta, beta’, z, 2. 1]
|[EI.5EIEIEIEIEIEIEIEI.5EI-1]

0k, I Cancel Help Sl

Fig. 5.14 Mask of Crane3D_model

If you look under theCrane3D_modelmask you can see its interior (Fig. 5.15).
model3dddnis the executable dll file. The scale factors &tets 34. These parameters relate
to friction and tension of the belts.

Y Position
X PWM
scalel
model3dddm
Y PWM scale2 o
model inteco
'.4
X angle
Z PWM

scale3

Z Position

Fig. 5.15 The interior o€rane3D_model

In opposite to the real-time model it is not neeegdo rebuild the model before running.
OpenSimulation parameterrom the menu bar. Notice the solver optioksxed stepand
Fixed-step sizeet to 0.001 in the editable text box. You cant sta&imulation from the menu
bar. When the simulation is running you can watah results in the scope (see Fig. 5.16).
Similarly as in the real time experiment, the data saved in the scope in th&1 structural
variable.

Plotting four curves as functions of time (Fig.®).is produced by:

>> plot(EX1.time, EX1.signals.values)

We perform simulations related to the experimergsi@ 5 from Table 5-1. The results are
visible in Fig. 5.17. They are similar to the résudf the real-time experiments. The model
reflects characteristic features of the laborattmgne. The model compatibility to the real
crane strongly depends on such parameters as #fieagalift-line length, the static cart
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friction, the belt tension, etc. These and otheapeeters are written into the C source code of
the model3ddm.dile attached in th®evDriv directory. If you wish to modify this file please
make a copy and introduce the new parameters inctipy. Remember to produce an
executable .dll file afterwards.

4|Scope M=l E3

5 2|9 BB ;) 8

ime offset. 0

Fig. 5.16Simulation data visible in the scope

desired x position desired x positig

O'Sk % O'SL / X positior \
oA Hh
r bV

== =

—
N M} o fv 5 UlUﬂTﬁ\’ﬂUﬂUl" UQUAVA
i
0(\; g

1 1 ontrol
0 5 10 15 20 25 3( 0 5 10 15 20 25 3C

x

-0.5

P of the cart position set & P of the cart position set &
P of the payload angle set@o P of the payload angle set4o

Only one controller is active — the desined Two controllers — the desired position of
position of the cart is tracked the cart is tracked and the angle of the
payload is stabilised
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Fig. 5.17Simulation results

5.3. PID control of load position

In our experiment the cart is following a Lissajausve. We invoke th€rane3D_impres
model from the MATLAB command window (see Fig.&.We put the cart into motion in
two directions. The desired cart positions are ggrd as two sinusoidal signals. There are

two generators identical in amplitudes equal to .2and different in frequencies. The
motion frequency is 0.4 rad/s (Fig. 5.19) andYhaotion frequency is 0.8 rad/s.

E! Crane3D_impres

File Edit Wiew Simulstion Format Tools Help

D|ﬁu§|%Elﬂg|a§®‘}?lhtema\ 'l

Crane3D 5DOF Pl Controller

B
<
]
YYY¥Y

Reeady

Controls

v |
-
- |
|
I o |
L
N N
+ ¥ Fosition
Tooo ELF L]
Rt +  Wigights
SumS ZPosition
X Angle -
o e e e e J) o
o ¥ A T™ W Angle .
Ly
+ ¥ Wieights % Switsh
goan e
oo ¥ switn
ol T R
T ™ Z Switch
;
. Crane 30
oooo !
OO Sum? »

States

[ang]

[100% [

|odes

Fig. 5.18 The controller built for the cart to fml a Lissajous curve

We perform the experiment twice, first time withdbe P angle controllers and second

time, with the P angle controllers set to 20 (siee $.20).

Block Parameters: Signal Generatorb Block Parameters: X Angle PID
— Signal Generator — PID Contraller [mask)
Output various wave forms Enter expressions for proportional, integral, and derivative terms.
' P+l /s+Ds
— Parameter: ~ Paramater
i ave form: Proportional:
Amplitude: IE
ID_2 Integral:
Freguency: ID
ID 4 Dreniveative:
o
Ll Irad;"sec j Sample Period:
¥ Interpret vector parameters az 1-0 Ig_m
0K I Cancel | Help | ielell] | Ok I Cancel Help Ll
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Fig. 5.19 Generator of the desir¥d Fig. 5.20X angle PID controller
position signal

The cart motion is shown in Fig. 5.21. The thiclelrepresents the cart position in &
plane (there is no movement in tdedirection). The respective controls and the payload
angles are shown in Fig. 5.22 and Fig. 5.23.

0.7

0.65F

0.6

0.55

0.58 Y vs. X cart positions ——»

Y vs. X desired cart position|
0.45

0.4

0.35F

0.3
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

Fig. 5.21 The desired cart positions — thin lind #re cart positions — thick line (in meters)

0.8 . /?:ﬂ
06¢ : Y | | ] ; £3
-‘ ; control vs. X cantro g Y control vs. X contrpl "R
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? Y i@e vs. X ifngle 4 . L
I ]
3 r | Y s [ ]
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® i | 8 )
/ . | [
' . 02} \ o

i 3 i

0.8 : 08L N S Tl L
-0.5 0 05 04 02 0 0.2 0.4

0.2+

-0.4

o

Fig. 5.22 The controls (normalised units)  Fig. 5.23 The controls (normalised units)
and the payload angles [rad] on & plane; and the payload angles [rad] on & plane;
the anglesvithout control the angles with control
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Notice that the control curve in theY plane for the case of uncontrolled deviationshef t
payload is smoother than that for the controllediateons case. The payload deviations are
zoomed in Fig. 5.24 and Fig. 5.25 (please ndtieescales of deviations).

0.08

' ' ' 0.015F
Y angle vs. X angle, A o
0.06} /,"!“\ > .
, ,A\\‘\ 001 '
0.04| //,’l [ R\
* 0.005
0.02} 4
0 L
0 L
Y angle vs. X angle
0.02 -0.005
0.04+ -0.01+
0.06 -
-0.015 o
L oo 9
_008 1 1 L 1 1 L L . 1 ° - 1
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 -0.01 -0.005 0 0.005 0.01

Fig. 5.24 Unstabilised deviations of  Fig. 5.25 Stabilised deviations of the payload
the payload in th& Y plane (in meters) in theX Y plane (in meters)

The controls in th& andY directions are shown in
Fig. 5.26 and Fig. 5.27. Two cases of control: aitidl without stabilisation of angles are
compared.

0.8

T T
X controls Y controls

05
04 08

without stabiliation §f X angle
\

0.3 0.4

0.2+
0.2
0.1

0

01l with stabilisgtion of X angle -0.2¢
-0.2F

-0.4+
-0.3+

-0.6
04|

-0.8%
0

Il
25

Il
15

Il
10 20

Fig. 5.26 The controls (normalised units)  Fig. 5.27 The controls (normalised units)
in theX direction vs. time (seconds) in theY direction vs. time (seconds)
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Notice that the controls related to the case ofemngtabilisation (thick lines in the figures)
share their actions between two tasks: tracking@sareld position of the cart and stabilising
the payload in its down position.

3DCrane - User’'s Manual 46



6. CASE STUDY

This section describes nine steps to be perfornyetthdo user for collecting data from the
real 3DCrane system, identifying a simple crane ehaad identifying thez displacement.
Finally, the optimisation of the 5 DOF PID contesllbased on the collected data yields an
appropriate set of the PID controller's parameters.

All steps are described in detail below. After kiig on theSimple Modelbutton the
following window opens (see Fig. 6.1).

=1 cranesn_simpleModel - O] x| Step landStep 2 have been described in
Fle Edt wiew Simulation Format Tools section 4.1. After performing these steps the
crane is ready to start an experiment.

Step 3

This step collects th¥ Y Zdata. The cart is
steered forth and back in th¥ and Y
directions. The payload is lifted up and
lowered. These actions run simultaneously
due to operating controllers, as illustrated in
Fig. 6.2. There are three identié&layblocks
used as controllers. You can see the control
ranges by clicking on a block — see Fig. 6.3.
The control values change from 0.50.5 (a
half of the maximal excitations). The motion
ranges are between 0.3 and 0.5 m.

Before starting the motion set tHgase
Address first. Click the Set Base Address
button in the 3DCrane 3DOF Relay
Controller window — see Fig. 6.2. Next,
choose Tools from the window menu bar.
These pull-down menus execute callback
routines when the user selects an individual
menu item. Choose theeal _Time Workshop
menu and the Build Model submenu. The
model is rebuilt. Finally, choos&imulation
from the window menu bar and click the
Connect to targepull-down menu.

When the system is running observe the
Fig. 6.1 Case study window real motion of the crane and the plot in the
scope — see Fig. 6.4.

The cart velocities iiX andY directions are much alike. The payload moves siaoe/n
and up. The angles of the payload are not closeg-tmntrolled and in consequence the
payload oscillates freely.

The Matlab Optimisation Toolbox is required to perform step 4.
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Step 4

Click theldentify XYZ Modebutton. The optimisation procedure starts. The ifilegtrated
in Fig. 6.5 appears.

The following simple linear model of the crane dynes in theX-axis is assumed

Gy(9=—x .
S(T,s+1

The Identify XYZ Modebutton calls theCaseStudy XYZldemt-file. This routine calls
the Crane3D_CSPenaltyXY function. The function invokes simulation of the
Crane3D_CSModelXYSimulink model (see Fig. 6.6). If you wish to builgdur own
optimisation procedure all source codes are auailabhe optimisation procedure (called
inside CaseStudy_XYZldentises thefmincon procedure from the MATLAB optimisation
library, which finds the constrained minimum of Bene3D_CSPenaltyXYunction.

The iterative procedure based fominuncresults in matching real system time responses
to the simple model responses.

E!Erane:iD_ESRelay _I_I— m| EI
Eile Edit Wew Simulation Format Tools Help
D|E‘Wn§|é{:E|ﬂ§2|n§—®|’?l&temal "I

3DOF Relay Controller
= Prosition o
wihantral il
W Position ;
¥izantrol .
ZPogition ; |:|
Tontrol > Seope
N ; = ) o F'DS.ITjIDI'I = El
Y Posiion =E|
Fielay Gaini ,yj Z Position =E|
v P | - Jj ::g:e FEl
Jle T =
Felmy Gain' W Switeh - El
v
et [ - W Switch =E|
Ll ZSwitch =E|
FRelayz Saing
Cranes 20
Ready [100% [ | |odes v

Fig. 6.2 Motion controllers in th¥, Y, Zdirections
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Block Parameters:

—Relay

COutput the specified 'on' or 'off' value by comparing the input to the specified
threshalds. The on/off state of the relay is not affected by input between the
upper and lower limits.

—Parameters
Switch on point:

0.5

Switch off point:
€

Dutputwhen an:
|05

Cutput when off:
5

(0] I Cancel Help Al

Fig. 6.3 Parameters of tiirelayblock

P olp AlE - sl

Fig. 6.4 Collected data visible in tBeopefigure
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_lo/x]

Fle Edit Tools Window Help
IDEsEaly A/ epe s

HoAxis Position, Velocity and Control
06 T T

7 I S S N IS

) IS S— ST R SR —

7 A E— SR — S E—

L e ——— T S ———

Time [sec] Press a key ..

Fig. 6.5 The first plot of the collected data (s@@ments in th¥ axis)

5] Crane3D_CSModel<Y =]

File Edit “iew Simulation Format Tool: Help

DEHE (R0 REL &> = [

Case Study Model XY

— ] WelSim

To Wotkspace Wel

K
[T.U] - e 1 | PosSim
Ts.st1 =
Fram Transfer Fen Integrator  To Wokspace Fos
Mo desp ace
Fieady | 100% | | |ode23tb o

Fig. 6.6 Simple Dynamics in théorY directions

Finally, we obtainK, andT, parameters of the simple model. In this exartiygyg have
the following numerical values

K,=0.173511,T,= 0.074388.
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The final plots after optimisation (shown in Fig7pindicate that the model matching is
successful.

,T Figure No. 1 !ﬂm

File Edit Tools Window Help
loz@a xA 2/ |peo

Positionvs. time  blue-simulation, red-real system

08

06

04

0z
a

k=0.173511, Ts= 0.074388

Fig. 6.7 The model results matched to the real laeasurements in theaxis)

After pressing a key again the program starts.sEme procedure is repeated in Yrexis.
A similar simple linear model of the crane dynamit¥- axis is assumed

Ky
G()=—".
s(Tys+1)
Results obtained for the unmatched model (befotanigation) and the matched model
(after optimisation) are visible in Fig. 6.8 andF6.9.

,T Figure No. 1 [ (O] x]

Fle Edit Tools Window Help
lozEa xA r/pen

Y Axis Position, Yelocity and Control

06

O Y S e T
1)) | N— e I e

OF

) R - e IR e [

] R [ e RS

0B femmeeene e breemmonnnen S RSRETTEERLREREER

-0.8
0

Time [sec] Fress a key ..

Fig. 6.8 The model results unmatched to the rei@ @laeasurements in theaxis)
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,T Figure No. 1 !ﬂm

Fle Edit Tools Window Help
I Y YA

Fositionws. time  blue-simulation, red-real system

08

06

04

0z
0

K= 0172034, Ts= 0.128260

Fig. 6.9 The model results matched to the real (haeasurements in théaxis)

The following numerical values df, andT, were obtains:
K,=0.172034,T,= 0.129360.

If we press a key again then the model optimisatiothe Z direction starts (again the
simple model is used). The initial stage beforenoisation is visible in Fig. 6.10.

<} Figure No_ 1 _ O] x|
Eile Edit “iew Inset Tools Mindow Help
IsR= = =20 W APl =T

Z Ayis Position, Velocity and Control
06 T T

o)) SO S s o T .

02

0

(0.2 e TSRS S RIS B .

7] SO S S (O OSSO N ]

I o NS—— |

08 i i
0

Time [sec] FPress a key ...

Fig. 6.10 The model results unmatched to the rat (measurements in tAeaxis)
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After optimisation the following picture is obtath¢see Fig. 6.11)

,T Figure No. 1 !Em

Fle Edit Tools Window Help
DesE& "A A/ peo

Position ws. time  blue-simulation, red-real system

0.8

06

0.4

0.2

0 5 10 15
Velocity vs. time  blue-simulation, red-real system
0.1 T .

0.05
0

-0.05
-0.1

1] 5 10 15
Kp= 0103062, Tsp= 0.019721, Kim= 0.0916099, Tsm= 0.012847

Fig. 6.11 The model results matched to the rea @tatasurements in tleaxis)

The model matching in th& direction results in two models identical in formda
different in parameters. We have Kp= 0.103062 aspu10.019731 when the payload is lifted
and Km= 0.091699 and Tsm= 0.012947 when the paykavered. The model shown in
Fig. 6.12, different from that presented in Fig,6s used.

=] Crane3D_C5Model? _ O] %]
File Edt “iew Simulation Format Tool: Help
D|ﬁﬂ§|%ﬁ|9&|ﬁt}®|b llNormaI 'I
Case Study Model Z
] P VelSim
B - To Wiotkspace Wel
—}{ [u==07Kp™ o + (u<07Km"u +
From K_mult_u . 1 o 1 ! FPossim
Miokspace G G v
) I (us=07 Tzp + (u<0F Tem :E = Integratord Integrator To Wodspace Pos
Div_T
Product ZI
Ready [1003 | [ | adeZ3th i

Fig. 6.12 Simple Dynamics in tlzedirection

Step 5
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Perform theGo To Centerction. Set the payload motionlegdter that it is necessary
to reset the angle encodersso to theMain Control Windowand reset the angle encoders.

Step 6

Click on theCollect X Y Databutton. The corresponding controller denoted3B{Crane
Angle Excitationopens — see Fig. 6.13. Cli@et Addresbutton and rebuild the model. Next
choose successivelgonnect to Targeand Start real-time simulatiorfrom the pull-down
menu. The cart and the rail start to move and sftgrwards. This short (in time) motion
gives an impulse to the payload to swing. The systellects angles data.

E! Crane3D_CSAngleExc ;IEIEI

File Edit Wiew Simulation Format Tools Help

D|Bﬂn§|cﬁﬁE|ﬂ§2|n§-®|'?ll€3lemal "l

Angle Excitation

X Position

=N Control

W Position

>Sontrol

ZPosition
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Scope
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- »=]
=¥Gantol bl ¥ Position =
=
E:xitation Z Position =
=
J) X Angle w=
- =
w0y Control = W _Angle =
% Switch =
=
¥ Switch [

a .
Foantral ZSwitch =

2o
Crane 20
Ready [1o0es | [ odes Y

Fig. 6.133DCrane Angle Excitatiowindow

The results of the experiment are presented ing=igt.
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ime offset:. [

Fig. 6.14 Collected data visible in teeopefigure

Step 7

Having collected data of angles trajectories youn cdart the identification ofZ
displacement. Click on thielentify Z Displacemeriutton. The angle data are displayed (see
Fig. 6.15)

,T Figure No. 1 =1 3

File Edit Tools Window Help

lDzEa »a~r/ 280
Y Angles
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Fig. 6.15 The real data (measurementxdf angles)
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,T Figure No. 1 !E E

File Edit Tools Window Help
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Fig. 6.16 The calculated period and length of teedulum

The mathematical pendulum model is assumed. Thedef oscillationsT is calculated
from the formula

T =27T\F
g

wherel is the mathematical pendulum length and the gravity constant. You obtain the
values for the period and the length of the pendullihey are: 1.826 s and 0.822 m in the
presented example.

Step 8

We click on thePID Optimisationbutton to invoke the iterative procedure. This pohare
tunes the parameters of the Pl controller for eagh using the model given in Fig. 6.17. The
performance index is equal to the sum of squarethefdifferences between the reference
signal and the response of the system. The pentalhction is also used (see
CaseStudy_penaltyPID.fite for details).
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=] Crane3D_CSMPID

File  Edit “iew Simulation Format Tool: Help

I[=] E3

D|@E§|%E|QE|HE—®|P llNDrmaI VI
Model for PID Optimisation
P D[esSim
To Wakspace
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Fig. 6.17 Model for optimisation of the PID paraerst

The optimisation runs. The temporary system regpotwsthe iterative parameteks, and

K; values are displayed in the consecutive threedgurhe final results are visible in Fig.
6.18, Fig. 6.19 and Fig. 6.20, and displayed inMi#el LAB command window.

In the presented example the Pl optimisation resnit
[ Kpx Kix ]=[ 32.9328 8.82428e-007 ]

[ Kpy Kiy ]= [ 19.0999 4.74215e-006 ]
[ Kpz Kiz ]= [ 267.3002 3.414063e-007 |

The proportional gains are large. This follows frime fact that the time constants in the
previously identified models are very small. Thed®sls are thus close to non-dynamical

systems.
controllers to track the step reference signals.

In such a case the closed-loop systemiresqvery large K parameters for Pl

Remember that the parameters tuned above relagamithe PI controllers of the desired

X, YandZ cart positions. They do not relate to the PID calldrs of theX andY angles.
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File Edt Tool Window Help
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Fig. 6.18 The optimisation run window — the finesult for theX direction
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Fig. 6.19 The optimisation run window — the finesult for theY direction
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,T Figure No. 1 !Elm
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Fig. 6.20 The optimisation run window — the finesult for theZ direction

When the optimisation is finished clickDOF Experiment button, invoke the
Crane3D_CSPIDnodel (see Fig. 6.2land manually introduce the set of new paramébers
theX PIDand Y PID controllers.

The PID controllers of theX anY angles have the defauk , values equal to 20. You

may change and enlarge these values up to youireeggnts. However, do remember that
this is a trade-off between tracking the desired trajectory and the payload stabilisation.
Too highK, values may result in an unstable behaviour otthee.
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Fig. 6.21 The Case Study 5DOF PID controller windo

Rebuild the model, then open two scopes and $tantetal-time experiment. The results of
the experiment are visible in the scopes (see@&% and Fig. 6.23).

The cart is tracking the reference signals in trenfof square waves. Abrupt changes in
the cart movement result in oscillations of thelpagl. These oscillations are immediately
dumped due to the P angle controllers operation.

4 |Controls

R EEE

ime offset. 0

Fig. 6.22 The X, YandZ controls visible in th&€ontrolsscope
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Fig. 6.23TheX, Y, Z positions an, Yangles visible in th&tatesscope
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7. Prototyping your own controller in RTWT environment

In this section the process of building your owntcol system is described. TReal Time
Windows TargetRTWT) toolbox is used. An example how to use than@3D software is
shown later in section 5.3. In this section weegivdications how to proceed in the RTWT
environment.

Before start, test your MATLAB configuration and compiler installation
by building and running an example of real-time apfication. Real-time
Windows Target includes the model rtvdp.mdl. Runnirg this model will test
the installation by running Real-Time Workshop, you third-party
C compiler, Real-Time Windows Target, and the ReaFime Windows Target
kernel. In the MATLAB Command Window, type

rtvdp

Next, build and run the real-time model.

For details refer to the Real-Time Windows Target llp, section
Installation and Configuration.

To build the system that operates in the real-timoele the user has to:

» create a Simulink model of the control system whiohsists of th&DCrane Device
Driver and other blocks chosen from the Simulink library,

* build the executable file under RTWT (see the ppprenus in Fig. 5.1)

E! Crane3D_DevDriv _ O]
File Edit “iew Simulation Fomrmat | Tools Help
O | e =) | o 7 | ' Sk debuamern. . IE:-:temaI ,I
Data explorer...
LCoverage settings. ..
Mu:udlel differences... 15 DI’IVEI’
Profiler
Linear analysiz...
Report generatar. .. . -
) nepart g ¥ Position =
O Real-Time Workshop Ophions....
Constant Build Model Ctrl+B
Extemal mod trol I... -
Extemal mode control pane R
o Fined-Poirt... [Feferate SrEuncham,. .
| [ ==
Canstanti i Switch _EI
=
¥ Switch =
a ZRUM . =]
Ll Z Switch =E|
Constant2
Crane 30
Crefault BaseAddress = 528 DEC
TO = 0.1
Generate RTW code |1005% [ [ | odefs i

Fig. 7.1 Creating the executable file under RTWT
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» start the real-time code to run from tBémulation/Start real-time codpull-down
menus.

7.1. Creating a model

The simplest way to create a Simulink model of ¢batrol system is to use one of the
models included in thMain Control Windowas a template. For example, click on Ehe/z

button and save it ddySystem.mdhame. TheMySystenSimulink model is shown in Fig.
7.2.

E! MySystem - |EI|£|

File Edit View Simulation Format Tools Help

Dl@u§|é{:Elﬂg|“§—®|>_ﬁ_lﬁtemal 'I

3DOF P Controller

* Position

¥ Pasition

ZPosition

YYYYYY

ZPosition

¥ Position
2 Position
G- _ * Pogition |
BN nE R SEETIENS
N + bl j bl ¥ _Position =]
=l
Sumg P ﬁ/ Z Position =l
=
- ® Angle =
Ll > A > Jj =l
+ W Angle
+ El e
- ¥ Swdtch » E‘
> o} > 25yiten
+ ol
; E] IR
EEEL] Sum Fz .
+ Crane 20

Ready 100%,: odes
A

Fig. 7.2 ThavySystenSimulink model

Now, you can modify the model. You have absolutedom to develop your own
controller. Remember to leave tBBCranedriver model and th&et Base Addredsitton in
the window. This is necessary to activate transfgrthe base address of the I/O card to the
model as a MATLAB workspace variable.

Though it is not obligatory, we recommend you te lthe multiplexer with the scope and
the control saturation blocks. You need a scopeaith how the system runs. You also need
the saturation blocks to constraint the controlsédch the maximal PWM signals sent to the
DC motors. The saturation blocks are built in @rane 3D driver block. They limit currents
to DC motors for safety reasons. However they atevisible for the user who may amaze at
the saturation of controls. Other blocks remainmghe window are not necessary for our
new project.

Creating your own model on the basis of an old gtaransures that all-internal options of
the model are set properly. These options are medjtido proceed with compiling and linking
in a proper way. To put the 3DCrabDevice Driverinto the real-time code a special make-file
is required. This file is included to the 3DCranéware.
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You can apply most of the blocks from the Simuliitkary. However, some of them
cannot be used (see MathWorks references manual).

The scope block properties are important for appaitg data acquisition and watching
how the system runs.

The Scopeblock properties are defined in the Scope properdow (see Fig. 7.3). This
window opens after the selection of tBeope/Propertiesab. You can gather measurement
data to theMatlab Workspacenarking theSave data to workspaaheckbox. The data is
placed undeNariable name The variable format can be set stsucture or matrix. The
defaultSampling Decimatioparameter values set to 1. This means that each measured point
is plotted and saved. Often we chooseleeimationparameter value equal to 5 or 10. This
is a good choice to get enough points to descitifee signal behaviour and to save the
computer memory.

5 Soopepropertes SIS [ Scope properies _ BEIES)|
General | Data histur_l,ll Tip: by night clicking on axes Generall Data history Tip: by right clicking on axes
e ¥ Limit data points ko last: I 5000
Murnber of axes: I'l— [~ floating scope
Time range: I?nU— ¥ Save data to workspace
Tick labels: Ihottum awiz anly "I W ariable name: I Ex1
& ampling Farmat: I Structure with time j
D ecimation j |1U

4 | Eancell Help | .-’-'«pplyl Ok | Eancell Help | Apply |

Fig. 7.3 Setting the parameters of 8wpeblock

When the Simulink model is ready, click theols/External Mode Control Panebtion
and next click the&signal Triggeringbutton. The window presented in Fig. 7.4 opentedde
XT ScopesetSourceas manual, sdduration equal to the number of samples you intend to
collect and close the window.
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¢ Crane3D_Pxyz: External Signal & Triggering

Signal selection
Elock

Path

Trigger

ol

Source: Imanual j Mode InDrma\

rgEer sighal:

[ ]

Selectall
Clear all

& aon

 off

Trigger signal
=l Go to block

it |1 Elementl any

Duration: | 3000 Delay: ID

¥ Armwhen connectto target

Craneil Pwve/Scope ;I
&
[Wireetiant | rising 'l LeveI:ID.4 mlelleReliE ID
Revert | Help | Apply | Close |

Fig. 7.4External Signal & Triggeringvindow

7.2. Code generation and the build pr

Once a model of the system has been designed e foo real-time mode can be

ocess

generated, compiled, linked and downloaded intptibeessor.

The code is generated by the use of Target LargGagnpiler (TLC)(see description of
the Simulink Target Language). The make-file isdus® build and download object files to

the target hardware automatically.

First, you have to specify the simulation parangetef your Simulink model in the
Simulation parameterdialog box The RTWpage appears when you select@i@Ntab (Fig.
7.5). TheRTWpage allows you to set the real-time build optiand then to start the building

process of th&@TW.DLLexecutable file.

=) Simulation Parameters: Crane3D_Re o ] 1
Solverl Wnrkspacela’ﬂl Diagnosticsl Advancedl Real-Time Waorkshop
Categony: I Target configuration j Build |

Configuration

System target file: I thasin He Browse...l

Template mak efile; I crane3d_win_ve. tmf

take command: I make e

[~ Generate code only Stateflow optionz... |
0K | Cancel | Help | Apply |

Fig. 7.5 RTW page of th&imulation parameterdialog box (Matlab 6.5)
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The system target file namerisvin.tlc. It manages the code generation process. The
crane3d_win_vc.tntemplate makefile is responsible for C code germratsing the Visual
C/C++ compiler.

There are three options which have to be propedsked as shown in Fig. 7.5:
« Inline parameters- not used when building a real-time program,
* Retain.rtwfile - if marked, auxiliary information is storeih the file (with .rtw
extension),
* Generate code onkif marked, a code is generated but compilatsonat performed.

The Solverpage appears when you select 3udvertab (Fig. 7.7). Th&olverpage allows
you to set the simulation parameters. Several petens and options are available in the
window. TheFixed-step sizeditable text box is set to 0.01 (this is the samgpperiod in
seconds).

The Fixed-stepsolver is obligatory for real-time applications.If you use an
arbitrary block from the discrete Simulink library or a block from the driver
library remember that different sampling periods must have a common
divider.

If the Matlab 7 version is used a third party cderps not requested. The built-in Open
Watcom compiler is used to creating real-time etadae code for RTWT.

The Configuration parameterpage for MATLAB 7 is shown in Fig. 7.6. Notice tha
rtwin.tmftemplate makefile is used. This file is defaultedor RTWT building process.

ﬂ Configuration Parameters: Tank3_Relay,/Configuration il
Selack: — Target selection
- Salver Swyztemn target file: |[pETgs Browse... |
- [ ata Import/E sport
- 0 ptimization Language: C j
& Diagnostics Description: Feal Time ‘Windows T arget
- Sample Time
i D ata Integrity — D ocumentation
Eonversph [~ Generate HTML repart
i Connectivity _
Compatibiliy ™| Launch repart after, code aeneration completes
‘- Model Referencing -
- Hardware Implementation [ B4l process
- Model Referencing TLC optians: I
[=- Real-Time Workshoj
: 2 M ake command: |make_ltw
i~ Comments
Syrbals Template makefils; |rtwin. tmf
- Custom Code
i Disbug ;
i Generate code onl Build |
= Real- Time Window. . r Y

Ok I LCancel | Help | Apply

Fig. 7.6 Configuration parameterpage for MATLAB ver. 7
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The Start timehas to be set to 0. The solver has to be selektezlir example the fifth-
order integration method odebis chosen.

+ ! Simulation Parameters: Crane3D_ident] M= =
Salverl Warkspace \,."Ol Diagnostical Real-Time Workshopl

Simulation ime
Starttime: I 0o Stop time: [ 999939

Solver options
Type: IFixed—step j IDdeS (Dormand-Prince) j

Fixed step size: I 0.m hode: ISingIeTasKing 'I

Output options

Fefine output j [ efite fastar | 1

Ok | Cancell Help | Apply|

Fig. 7.7 Simulation parameters

If all parameters are set properly you can stat@hL executable building process. For
this purpose press tlBaild push button on the RTW page (Fig. 7.5).
Successful compilation and linking processes geadna following message:

Model MyModel.rtd successfully created
### Successful completion of Real-Time Workshdgd prtocedure for model: MyModel

Otherwise, an error massage is displayed in the M¥& command window.

Before starting the experiment set the initial pogion of the cart, the rail
and the payload in a safe zone. Th&éo Homeand Go To Centerbuttons are
applied to fulfil these tasks.
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8. Mathematical model of the 3DCrane

The schematic diagram of the crane is given in &id.
z

payloac

mg

Fig. 8.1 3DCrane system: coordinates and forces

There are five measured quantities:

* X, (not marked in Fig. 8.1) denotes the distancehef rail with the cart from the
center of the construction frame;

* vy, (not marked in Fig. 8.1)lenotes the distance of the cart from the centtheofail;

* Rdenotes the length of the lift-line;

e g denotes the angle between yhexis and the lift-line;

* [ denotes the angle between the negative directiaihez axis and the projection of
the lift-line onto thexz plane.

Denote also:
mMe - mass of the payload
My - mass of the cart
ms - mass of the moving rail
Xer Yor Z - coordinates of the payload
S - reaction force in the lift-line acting on the cart
Fx - force driving the rail with cart
Fy - force driving the cart along the rail
Fr - force controlling the length of the lift-line
Ty Ty, Tr - friction forces.
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8.1. Basic relationships

An important element in the construction of matheoah model is the appropriate choice
of the system of coordinates. The Cartesian sys#dthough simple in interpretation and
determining the position in space in a unique walath directions, is not convenient for the
description of the dynamics of rotational motiorheTspherical system has therefore been
adopted. The position of the payload is describetMo anglesg and, shown in Fig. 8.1.

A drawback of the spherical system of coordinasethat for every point on thgaxis, the
corresponding value gf is not uniquely determined. However, the pointstlomy-axis are
not attainable in real crane systems.

The following symbols are used in the sequel

_m _
H=—, Hy =
m, m,, +mg
F
ulziy' U, = Fy ' US:E
m, m, +m; mg
T
leiy, T, = T ,Tsz-LR
m, m, +m, mg
N, =u =T, Np=u,-T,, N3 =uz3—T;
_ S
S=——-.
m;

The position of the payload is described by theaétieis

X, = X, + Rsinasin (2)
Ye = Yu * RCOSG 2)
z. = —Rsina cosp. 3)

The dynamics of the crane is given by the equat{bits 8.1)

m$%&=-S, (4)
m% =-s, (5)
m&=-S,-mg (6)
(m, +m)%& =F, -T, +S, (7)
m, % =F, -T, +S, (8)

where S, § andS; are the components of the vecfr

S, = Ssinasing )
S, = Scosa (10)
S, = —Ssina cosp. (11)

It is assumed that the lift-line is always stretthbat is,
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Sx(Xc _Xw)+8y(yc _yw)+Sch >0. (12)

In the case where the payload is lifted and lowevgld the use of the control forég, S
(4) - (12) should be replaced as follows

8.2. Simplified model with three control forces

Assume that the deviation of the payload fromzlais is small. Then

cosa = cosg +Aa) O-Aa (14)
sinazsin(727+Aa) 01 (15)
cosf L1 (16)
sinBLAB . (17)

Equations (9) - (11) take the form

S =B (18)
Sy =-SAa (19)
S, =-S. (20)

Substituting (18) - (20) and (13) in (4) - (8) wietain

% =—(u;-T)o8 (21)
&= (u;-T)Aa (22)
&=u;-Ty-g (23)
& =u, —T, +(uy ~ o) 1DB. (24)
E =u -T, - (us - To)pmha (25)

With the simplification (14) — (17), the positiohtbe payload satisfies

X =X, +RAB (26)
Ye = Yo — RAQ (27)
z. = -R. (28)

The acceleration of the payload is given by

&=& + B p+ 28 RO (29)
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=& -Ba-280& RAE (30)
& =R (31)

After the substitution of equalities (29) - (31) t(21) - (25), five equations with five

unknowns A&AS & & and & are obtained. The solution of this set of equatiaith
respect to the second derivatives and the intraatucif new variables

X =Yy x6=§g:A§‘
X, =% =¥, X =08
X3 = Xy XSZ%:AE
x4:}8§:5&N X =R
X5 =0a Xloz’%zﬁ

leads to the final, simplified system of state diquies for the 3D crane

£ =%, (32)
& =N, - 14%N, (33)
% =x, (34)
& =N, + 1%, Ny (35)
% =% (36)
£ = (N, — 436 N3 — 9% = 2XsX40)/ % (37)
£ =% (38)
& = — (N, + 1,% Ny + g% +2X5%)/ %o (39)
% = %0 (40)
%, =-N3+g. (41)

The proposed simplification results in a partigbazation of the equations of the crane.
The equations which describe the motion of the &@ong they-axis, that is, the equations
for X1, X2, Xs, X, @re not connected with the equations for thealdes xs, X4, X7, Xg, describing
the motion along the-axis. The crane can be thus treated as two indiegpmersubsystems.
This separation is partial, as both these subsystiEapend omg — the length of the lift-lindR.

A complete separation takes placexif=R=  coastlTy, T, are separated. Note that cranes

are always controlled in such a way that the swiggif the payload is suppressed, and so the
deviation angles are small. The simplified modehen adequate.
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8.3. Complete nonlinear model with constant pendulum length and two
control forces
We will now derive the crane equations without #mplifications of equations (14) -

(17), but assuming that the length of the lift-IR& constant and there is no control foFge
Putting formulas (9) - (11) into (4) - (8), we oiota

& = —ssingsin 8 (42)
$ = -scosa = s=- % (43)
cosa
& = ssinacosf - g (44)
@;, =u, —-T, +su,sinasinS. (45)
& =u, -T, + sy, cos (46)
The position of the payload is given by (1) — (8.acceleration satisfies
K=&+ R(&@cosasin 8+ Fsina cos - “

— (82 + B sinarsin B + 28Fcosa cos3)
& = & - R(&sina + & cosa) (48)

& = —R(&cosa cosp - ,ﬁ%inasin,&’—
(49)
— (@ + fP)sina cosp - 288 cosarsin ).

After the elimination ofs, that is, the substitution of (32) into equati¢B8) — (36) we
get a set of four equations

& = §tgasing (50)
& = -§tgacosf-g (51)
& =u,-T, - Ftgasing. (52)
=u-T,-p§ (53)

Using equations (47) - (49) in (50) - (53) we aeriat a system of four equations with
four unknowns &, & &and £. The solution of this system with respect to teeosd

derivatives and the introduction of new variablégeg the final description in the form of
nonlinear state equations. We introduce the natatio

= Xs =0
ook, x-h-&
X3 = X, X; =B
X, =% =%, X8=§§=§‘
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S, =sinx,

C, =COSX,

A=L+ (G5 + SS;

B=1+/4

V, = thRG (X +S5%5) + 149G S5C

V, = 1RS (X +S5X) + 1,957,

Vs = BgGC, + BRGS; X + (1 — 14,57 )RGS: s

Vi = 5R3CS, (6 + 938) + (B+ (14, — 1)< )Jus, + 2RAG X%,

Finally, we obtain eight state equations describbhegdynamics of the crane with constant
pendulum length

£ =x, (54)
% = ((1+N25§5$)N1 ~ iG585, N, +V1)/ A (55)
&= x, (56)
% = (‘ HCs85S; Ny + (L+ £4C2 )N, "'Vz)/ A (57)
£ =% (58)
’gé = ((1+/v125$)55N1 —-Bcs;N, +V3)/(RA9 (59)
& =x, (60
’gé = (,U2C5350737N1 - (B-14s2)c;N, _V4)/(RA%) (61)

The expressionsA, R and sinxs are greater than zero. Therefore the model isffaa
singularities.

8.4. Complete nonlinear model with varying pendulum length and three
control forces

In order to derive the crane equations withoutsihgplifications given in equations (14) -
(17), formulas (9) - (11) and (13) are substituted (4) - (8) which gives

& = —(u, - T,)sinasing (62)
% = ~(us - T;) cosa (63)
& = (u; - T,)sinacosB-g (64)
& =u, T, + 11,(u; — T,)sinasin 5. (65)
& =u, —T, + 14 (u; - T;) cosar (66)

The equations (1) - (3) are differentiated twidéh taking into account that the length of
the lift-line R(t) varies in time due to the action of the contrick Fr. Proceeding as in
section 6.2, the complete system of nonlinear staueations for the crane controlled by
means of three forces is obtained
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&=%& + (BLR&-RE) sinarsin B + 2R&Fcosa cosf +
+ (2R&+ R& cosarsin B+ (28E+ R sinar coss

& = & + (B R?) cosa — (21%8+ RBssina

& = (—B4 R + RF?) sinar cos + 2RéFcosasin 5 -

+ (2B$+ R cosa cosB + 288+ R sinasin 3.

We denote

X = Y Xy =& =
Xzzfgf:%v X7 =P

X = %, X =% = f
x4= % = %, X =R

X =a Xlo:’%zlg
S, =Sinx,

C, =COSX,

Vs = CS%ngg = 2%0%s + 9GsC;
Ve = 2X3(CsXs X9 * S5X0) + S
V; = SEX5 % + OSC; + Xe X

Finally, we obtain ten equations describing the aigits of the crane with varying
pendulum length

% =x, (67)
% =N, +14CsN, (68)
% =x, (69)
£ =N, + 14,55,N; (70)
B ox, (71)
’8?5 = (Sle ~C5S; Ny + (14 — 1,57 )CsS5 N +V5)/X9 (72)
£ =% (73)
’gé =—(C7Ny + £4555¢;5, N3 +V;) /(S5 %) (74)
’% = X0 (75)
’gfo = —CsN; —S58;N, = (L+ £4C2 + 14,5287 )N, +V5., (76)

The denominator in equation (74) includge x;. When the crane operates in its real range
thensinx; # 0.
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9. Description of the Crane3D class properties

The Crane3Dis a MATLAB class, which gives the access to a# features of the RT-
DAC/PCI board equipped with the logic for the 3D@¥anodel. The RT-DAC/PCI board is
an interface between the control software exechyea PC computer and the power-interface
electronic of the 3DCrane model. The logic on tharld contains the following blocks:

incremental encoder registers — five 16-bit regsst® measure the position of the
incremental encoders. There are five identical datomeasuring five state quantities:
two cart positions at the horizontal plane, thtlife-length and two deviation angles
of the payload,;

incremental encoder resets logic. The incrementaioders are able to generate
different output waves when the encoder rotateskelse and the counter clockwise.
The encoders are not able to detect the referérmeeo() position. To determine the
“zero” position the incremental encoder registexs be set to zero from the computer
program or an encoder register is reset when theegmonding limit switch to the
encoder is reached;

PWM generation block — generates three sets ofisgiach set contains the PWM
output signal, the direction signal and the bragaa. The PWM prescaler determines
the frequency of all the PWM waves. The PWM bloagi¢ can prevent the cart from
motion outside the rail limits and the lift-line glas from lying outside the operating
range. The operating ranges are detected twofdlg the limit switches and by three
limit registers;

power interface thermal flags — when the tempeeadfithe power interface for the DC
motors is too high the thermal flags can be usedisable the operation of the
corresponding overheated DC motor.

All the parameters and measured variables fronRIM@AC/PCI board are accessible by
appropriate methods of ti@rane3Dclass.

The object of th&€rane3Dclass is created by the command:

object_name = crane3d;

Thegetmethod is called to read a value of the propertyefobject:

property value = get( object_name, ‘property_name’

Thesetmethod is called to set new value of the given ertyp

set( object_name, ‘property_name’, new_propertyue3|

The display method is applied to display the property valueenvitheobject_names
entered in the MATLAB command window.

This section describes all the properties of@nane3Dclass. The description consists of
the following fields:

b

Purpose Provides short description of the property

Synopsis Shows the format of the method calls

Description Describes what the property does aedréistrictions of is
subjected to

Arguments Describes arguments of the set method

See Refers to other related properties

Examples Provides examples how the property carseé
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9.1. BaseAddress
Purpose Read the base address of the RT-DAC/PCI board.

Synopsis: BaseAddress = get( cr3, ‘BaseAddress’);

Description: The base address of RT-DAC/PCI board is detertnioyeOS. Each Crane3D
object has to know the base address of the boahénVel Crane3D object is
created the base address is detected automaticaky detection procedure
detects the base address of the first RT-DAC/P@rdplugged into the PCI
slots.

Example: Create the Crane3D object:
cr3 = crane3d;
Display its properties by typing the command:
cr3

>>Type: Crane3D Object

>>BaseAddress: 528

>>Bitstream ver.: x33

>>Encoder: [ 65479 7661 20032 65533%389[bit]

>> [ -0.0022207[m] 0.29847[m] 0.384] -0.004602[rad] -0.003068[rad] ]
>>7 displacement:  0.32[m]
>>PWM: [-0.062561 0.031281 -1]

>>PWMPrescaler: 60

>>RailLimit: [ 361 381 815 ]*64[bit] <-->23104 24384 52160 ][bit]
>> [ 0.90013 0.95 1.2Qpn]

>>RailLimitFlag: [1 1 1]

>>RailLimitSwitch: [0 1 1]

>>ResetSwitchFlag: [0 0 0]

>>Therm: [111]
>>ThermFlag: [111]
>>Time: 1.041 [sec]

Read the base address:
BA = get( cr3, ‘BaseAddress’ );

9.2. BitstreamVersion
Purpose Read the version of the logic design for the RAAIPCI board.

Synopsis  Version = get( cr3, ‘BitstreamVersion’ );

Description: This property determines the version of theidodesign of the RT-
DAC/PCI board. The 3DCrane models may vary anddistection of the
logic design version makes it possible to checkhi# logic design is
compatible with the physical model.
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9.3. Encoder
Purpose Read the incremental encoder registers.

Synopsis enc = get( cr3, ‘Encoder’ );

Description: The property returns five digits. The first twmweasure the position of the
cart. The third digit is used to measure the leraftthe lift-line and the last
two measure the angles of the lift-line. The retarnalues can vary from 0 to
65535 (16-bit counters). When a register is reketuvalue is set to zero.
When a rail limit flag is set it disables the mowsr outside the defined
working range (rail limit). When a reset switchgles set the encoder register
is reset automatically when the appropriate swiggtressed.

The incremental encoders generate 4096 or 204&epper rotation. The
values of thd&encoderproperty should be converted into physical units.

See ResetEncoder, RailLimit, RailLimitFlag, ResetSwileky

9.4. PWM
Purpose Set the parameters of the PWM waves.

Synopsis PWM = get( cr3, ‘PWM’);
set( cr3, ‘PWM’, NewPWM );

Description: The property determines the duty cycle and twacf the PWM waves for
three DC motors. The first two DC motors contra fosition of the cart and
the last motor controls the length of the lift-inEhe PWM and NewPWM
variables are 1x3 vectors. Each element of thestorse determines the
parameters of the PWM wave for one DC motor. THaesof the elements
of these vectors can vary from -1.0 to 1.0. Theueal1l.0 means the
maximum control in one direction, the value 0.0 neeaero control and the
value 1.0 means the maximum control in the oppakitetion.

The PWM wave is not generated if:

« arail limit flag is set and the cart or lift-lirere going to operate outside the working
range,

» atherm flag is set and the power amplifier is beated.

See RailLimit, RailLimitFlag, Therm, ThermFlag

Example: set( cr3, ‘PWM’,[-0.30.01.0]);

9.5. PWMPrescaler
Purpose Determine the frequency of the PWM waves.

Synopsis Prescaler = get( cr3, ‘PWMPrescaler’ );
set( cr3, ‘PWMPrescaler’, NewPrescaler );
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Description: The prescaler value can vary from 0 to 63. Thealue generates the
maximum PWM frequency. The value 63 generates ithemam frequency.

See PWM

9.6. ResetEncoder
Purpose Reset the encoder counters.

Synopsis set( cr3, ‘ResetEncoder’, ResetFlags );

Description: The property is used to reset the encoder texgisTheResetFlagss a 1x5
vector. Each element of this vector is responditmeone encoder register. If
the element is equal to 1 the appropriate registeet to zero. If the element
is equal to O the appropriate register remains amgéed.

See Encoder

Example: To reset the first and fourth encoder registersetecthe command:
set( cr3, ‘ResetEncoder’, [10010]);

9.7. RailLimit

Purpose Control the operating range of the 3D-crane syste

Synopsis Limit = get( cr3, ‘RailLimit’ );
set( cr3, ‘RailLimit’, NewLimit );

Description: The Limit and NewLimit variables are 1x3 vectors. The elements of these
vectors define the operating range of the cartthednaximum length of the
lift-line. If a flag defined by theRailLimitFlag property is set the
corresponding to it PWM wave stops when the cooedmg to it encoder
register exceeds the limit.

See RailLimitFlag

9.8. RailLimitFlag
Purpose Set range of limit flags.

Synopsis LimitFlag = get( cr3, ‘RailLimitFlag’ );
set( cr3, ‘RailLimitFlag’, NewLimitFlag );

Description: The RailLimitFlags is a 1x3 vector. The first two elements contraé th
operating range of the cart. The last element otsithe maximum length of
the lift-line. If the flag is set to 1 and the edeo register exceeds the range
the DC motor corresponding to it stops. If the fiagset to O the motion
continues in spite of the range limit exceededheencoder register.
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See RailLimit, RailLimitSwitch

9.9. RailLimitSwitch
Purpose Read the state of limit switches.

Synopsis LimitSwitch = get( cr3, ‘RailLimitSwitch’ );

Description: Reads the state of three limit switches. Retarfig3 vector. If an element of
this vector is equal to 0 it means that the switak been pressed.

See RailLimit, RailLimitFlag

9.10. ResetSwitchFlag
Purpose Control the auto-reset of the encoder registers.

Synopsis ResetSwitchFlag = get( cr3, ‘ResetSwitchtFlag’ );
set( cr3, ‘ResetSwitchFlag’, ResetSwitchFlag );

Description: The ResetSwitchFlagand NewResetSwitchFlagre 1x3 vectors. If an
element of these vectors is equal to 1 the corredipg to it encoder register
is automatically reset in the case when the coomdipg to it limit switch is
pressed.

See ResetEncoder, RailLimitSwitch

9.11. Therm
Purpose Read thermal flags of the power amplifiers.

Synopsis Therm = get( cr3, ‘Therm’);

Description: Returns three thermal flags of three power dieps. When the temperature
of a power amplifier is too high the appropriatfis set to x.

See ThermFlag

9.12. ThermFlag
Purpose Control an automatic power down of the power diieps.

Synopsis ThermFlag = get( cr3, ‘ThermFlag’ );
set( cr3, ‘ThermFlag’, NewThermFlag );

Description: The ThermFlagandNewThermFlagare 1x3 vectors. If an element of these
vectors is equal to 1 the DC motor corresponding te not excited by the
PWM wave when it is overheated.

See Therm
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9.13. Time
Purpose Return time information.
Synopsis T =get( cr3, ‘Time’);

Description: TheCrane3Dobject contains the time counter. Whe@rane3Dobject is
created the time counter is set to zero. Eachawber to thelime property
updates its value. The value is equal to the nuraberilliseconds past since
the object was created.

9.14. Quick reference table

Property Name Description

BitstreamVersion Read the version of the logic design for the RT-DRCI
board

Encoder Read the incremental encoder registers

PWM Set the parameters of the PWM waves

PWMPrescaler Determine the frequency of the PWM waves

ResetEncoder Reset the encoder counters

RailLimit Control the operating range of the 3DCrane system

RailLimitFlag Set the range limit flags

RailLimitSwitch Read the state of the limit switches

ResetSwitchFlag Control the auto-reset of the encoder registers

Therm Read the thermal flags of the power amplifiers

ThermFlag Control the automatic power down of the power afigos

Time Return time information
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10. How to fulfil the compilation settings page

In Fig. 10.1 and Fig. 10.2 the differeBimulation Parametergages are shown. Having
the MATLAB version and the compiler version the u$ms to choose the appropriate

Simulation Parameterngage version.

<} Simulation Parameters: Crane3D_PID_all

SDIverl Workspace I,ﬁOl Diagnc:stiu:sl Advancedl Feal-Time ‘Warkshog

Categony: ITarget configuration

Caonfiguration
System target file: Inwin.tlc: Eircuwse,..l

Template makefile: I crane3d_win_vcimf

take command: Imake_nw

[ Generate code only stateflow options... |

(0] | Canc:ell Help | Al

Fig. 10.1Simulation parametersage for the MATLAB ver. 6.5 and Visual C++ 6.0
compiler

If you want to use the Open Watcom 1.3 compiler yohave to exchange
template makefileCrane3d_win_vc.tmfwith Crane3d_win_watc.tmf

In the case when MATLAB version 7 (R14 SP2/SP3)R006a/b, R2007a or R2008a is
used the built-in Open Watcom compiler is appli&tis compiler is placed on Matlab

installation CD and is installed automatically.
The appropriat€onfiguration Parameterpage is shown in Fig. 10.2.
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E Configuration Parameters: Crane3D_PID_all/Configuration

Select:

- Solver
- [ata lmport /B sport
- Dphirnization
[=- Diagnostics
Sample Time
i Diata Integrity
i Conversion
i Connectivity

i Compatibility

‘- Model Referencing
-~ Hardware [mplementation
- M odel Referencing
=] Real-Time ‘warkshop

i Camments

- Sumbols
i~ Custom Code
i~ Debug
L Real Time Window...

x|

— Target zelection

Swstern target file: Im

Browse... |

Language: I [

Dregoription: Real-Time Windows T arget

||

—Documentation

[~ Generate HTML repart

I~ Launch report after code generation completes

—Build process

TLC options: I

take command: Imake_ltw

Template mak efile: |rtwin.tmf

[~ Generate code anly

LCancel

Biuild |

Help | Apply

Fig. 10.2Configuration Parameterpage for the MATLAB 7, R2006a/b, R2006b, R2007a

and R2008a
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