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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 system having a complex dynamic
behaviour and creating challenging control problems. The system is controlled from a PC.
Therefore it is delivered with hardware and software which can be easily mounted and
installed in a laboratory. You obtain the mechanical unit with power supply and interface to a
PC and the dedicated A/D, D/A board configured in the Xilinx® technology. The software
operates under MS Windows® NT using MATLAB® and RTWT toolbox package.

Besides the hardware and the related software you obtain the User’s Manual. The manual
e shows step-by-step how to design and generate your own real-time controller in

MATLAB®/Simulink® environment,

e contains the library of ready-to use real-time controllers,
¢ includes the set of preprogrammed experiments.

The 3DCrane setup (Fig. 1.1) consists of a payload hanging on a pendulum-like lift-line
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 the z direction. Both the rail and the cart are capable
of horizontal motion in the x direction. The cart is capable of horizontal motion along the rail
in the y direction. Therefore the payload attached to the end of the lift-line can move freely in
3 dimentions. The 3DCrane is driven by three DC motors.

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

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

The PC equipped with the RT-DAC/PCI multipurpose digital /O board communicates
with the power interface board. The whole logic necessary to activate and read the encoder
signals and to generate the appropriate sequence of pulses of PWM to control the DC motors
is configured in the Xilinx® chip of the RT-DAC/PCI board. All functions of the board are
accessed from the 3DCrane Toolbox which operates directly in the MATLAB®/Simulink®
environment.
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KEY FEATURES

Three-dimensional laboratory model of industrial crane.

The model can be tailored according to user's size requirements.

A highly nonlinear MIMO system.

The system can be easily installed.

There are high-resolution sensors — unique 2D angle measuring unit.

The set-up is fully integrated with MATLAB®/Simulink® and operates in real-time in MS

Windows® 98/NT/2000/XP.

e Real-time control algorithms can be rapidly prototyped. No C code programming is
required.

e The software includes complete dynamic models.

e The User’s Manual, library of basic controllers and a number of pre-programmed
experiments familiarise the user with the system in a fast way.

¢ 3DCrane is ideal for illustrating complex nonlinear control algorithms.

1.1. Product overview

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

SETUP COMPONENTS
e hardware
¢ mechanical unit

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

e interface and Power Interface Unit
e [/O RT-DAC/PCI board (the PWM control logic is stored in a XILINX chip)

® software
e 3DCrane Control/Simulation Toolbox operating in MATLAB®/Simulink®
environment

®* manuals
e [nstallation and Commissioning
e User’s Manual

1.2. Requirements

PC 486 100MHz or higher, RAM 64M,

Video card resolution 1024 x 768 pixels

MATLAB® 6.5 or 7.0.4 (SP2) /Simulink® 5.x, 6.x

Real Time Workshop and Real Time Windows Target toolboxes
Optimisation Toolbox (needed only for one demo experiment),
The MS Visual C++ or Open Watcom 1.3 compiler

n@ The 3DCrane toolbox supports Matlab 6.5 and Matlab 7 (R14 SP2). MS
Visual C++ or Open Watcom 1.3 compiler can be used.
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2. Installation of the software

2.1. Installation for Windows 98/NT/2000/XP

The system administrator, who has full access to all drivers and system
[@D settings, must start the application.

To start the installation program insert the CD-ROM into the drive, and run manager.exe
placed in the main directory. From the INTECO Software Manager application window,
select 3DCrane Toolbox Installation. You will see the dialogue window (Fig. 2.1).

INTECO Software manager B 1‘

Select an appropriate item and click the Start button

e T oolbox | netallation

0= Start

fac| 30 Crane Installation b anual

cfuc] 30 Crane Getting Started

AN/
AA/

ILes |

WAL |- T =Co Products

Fig. 2.1
Click the SETUP button to start the installation program, or EXIT to quit.

During the installation process you can cancel the installation by clicking the Exit button.
In this case you will be asked to confirm your choice. If you select Yes the installation process
stops, otherwise the program will return to the previous step.

If you select the SETUP option (Fig. 2.1), you will see the licence information. Read the
licence agreement carefully. If you accept the licence terms click the Next button.

The window which follows asks you for your name and the name of your company (Fig.
2.2). If you want to install the software for your company you must check the My Company
radio button.
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Crane3D Installation Wizard i

Llser information

Thiz product iz purchased by:

Ilzer narme:

|Galswurth_l,l

Compary namme:;

IEDmpan_l,l

< Back Mewt » Canicel

Fig. 2.2

If you click the Next button the information you entered before will be displayed. Check it
- if there are any mistakes click the Back button to correct them, otherwise click Next to
continue. You will see an important dialogue window containing your current MATLAB
settings (Fig. 2.3). You will be informed about the version of your Windows system.

You must select the appropriate version of the MATLAB software installed. Next, point
out the location of the matlab.exe file that is located in the BIN/WIN32 directory (Matlab 6.x
of 7.0.4 version). For this purpose click the Browse button. You will see the dialogue box
with drives and directory list displayed (see Fig. 2.4).

Crane3D Installation Wizard i

Matlab location

Detected operating spstenm:
Microsoft Windows 2000

Choose Matlab version youwish o nstall for:

&

Choose Matlab executable file Iu:u:atiu:un Erowse |

< Back Mest > Cancel
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Fig. 2.3

Browse your system directories and select the appropriate directory. The program
automatically detects the presence of the matlab.exe file and closes the dialogue window. The
selected location will be displayed in the Installation setting window.

Seukajw [ 23 wina2 x| = & e B

acressible Elmutil.exe Eneatu.exe
mbuildopks {lM.ﬁ.TL.ﬁ.B.exe rﬂpkgdata.exe
mexopks ﬁmcc.exe EPrintImage.exe
cpucount, exe @ meditar, exe Etwapi.exe
dot.exe Emlint.exe Eunzipsfx.exe
genrb.exe Emwregsw.exe Ezip.exe

Mazwapliky  |NEREEE Otweirz I
Pl tupu; I Executables _TJ Anulu |

Fig. 2.4

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

For the Windows NT/2000/XP version the program will install the Windows NT kernel-
mode device driver. This action is performed only if the driver does not exist in the system.
The application will copy the driver to your system and modify system settings. Next you will
be asked to restart your system. Click the Yes button to restart your system.

2.2. Uninstallation for Windows 98/NT/2000/XP.

The system administrator, who has full access to all drivers and system
[@D settings, must start the application.

To start the uninstallation program insert the CD-ROM into the drive, and run manager.exe
placed in the main directory. From the INTECO Software Manager application window select
3DCrane Toolbox Uninstallation. In the opened window click the UNINSTALL button to start
the uninstallation program, or choose EXIT to quit.
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If you choose the UNINSTALL option you will see the dialogue window (see Fig. 2.5)
containing information about the installed components. If you want to remove an item select
it on the list and click the Uninstall button, otherwise click the Exit button. The list box
contains all 3DCrane Toolboxes installed on your computer. On the left side of the item the
check box is visible. To uninstall an item the check box must be selected.

Crane3D Uninstallation Wizard i

Software to uninstall ..

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

‘ | 2]

< Back | Mewt > | Cancel |

Fig. 2.5

Click the Next button.
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3. Starting, testing and stopping procedures

3.1. Starting procedure

Combine the acquisition board, Control Interface and 3DCrane together. In the MS-
WINDOWS environment invoke MATLAB by double clicking on the MATLAB icon. The
MATLAB command window opens. Then simply type:

cr

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

| [-'-: Crane3D_Main
File Edit View Simulation Format Tooks  Help

Fig. 3.1 The Main Control Window of the 3DCrane system

The Main Control Window contains testing tools, drivers, models and demo applications.
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. These tests allow checking if mechanical
assembling and wiring has been done correctly. The tests have to be performed obligatorily
after assembling the system. They are also necessary after an incorrect operation of the
system. The tests are helpful to look for causes of errors when the system fails. The tests have
been designed to validate the existence and sequence of measurements and controls. They do
not relate to accuracy of the signals.

In this manual some terms are used which describe the location 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 are transferred in a proper way. Eleven checking
steps are applied.

Before starting the test move the cart and the rail manually to an arbitrary
I]@ position different from the zero position (Fig. 3.2).

¢ Double click the Basic Tests button. The following window appears (Fig. 3.3):

Fig. 3.3 The Basic Tests window

The first step in testing the crane is to check the proper operation of the limit switches.
There are three switches applied to stop the moving parts of the system and to secure the
system against destruction if the cart or the rail approaches the limits.

e Double click the Test limit switches button. The window presented in Fig. 3.4 opens:
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4 | BasicTestFunction - Stepiey 4 | switch detected x|
Test limit switches
Press manually all the limit switches ¥ A¥IS SWITCH

Press QK button to stop
Ok, | oK |

Fig. 3.4 Test limit switches window Fig. 3.5 Switch detected window

Then close manually one by one all switches related to x, y and z-axes. After each closing
you hear a sound signal. If you switch on the x-axis limit switch then the window presented in
Fig. 3.5 appears. This means that the switch works properly. Close the window — click the OK
button. When a switch is not detected please check connection of the appropriate cables to the
undetected switch.

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

e Double click the Go Home X-axis (Y-axis and Z-axis) button and observe the behaviour
of the system. The window (Fig. 3.6) opens. You can interrupt the motion clicking the OK
button.

<} BasicTestFunction - Step 3 |

Spstem moves o the -axis horme position

Presz 0K button to stop immediately
o, |

Fig. 3.6 Go Home Y-axis window

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

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

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

e Double click the X-axis (Y-axis and Z-axis) Movement button. The window (Fig. 3.7)
opens where you can stop the motion clicking the OK button.
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+} BasicTestFunction - Step 5 I
System moves tothe #-ariz 0.3[m] position

Fresz OF buttor ba stop immediately
Ok |

Fig. 3.7 X-axis movement window

Click the OK button and the plot of the movements appears (Fig. 3.8).

T' Figure No. 1 .:.LE_||.>.<J

Fle Edit Tools Window Help
Ded&a hA 2/ [ppeo

H position movement
0B

A position [m]

035

03

a5 i i i i
] 05 1 1.8 2 25
Time [sec]

Fig. 3.8 Plot of the X-axis test movement

In the next step double click the Go To Center button. The system moves to position in the
center of the physical system workspace. Workspace boundaries are limited by sizes of
the laboratory set and fixed in the program. The window presented in Fig. 3.9 opens

<3 BasicTestFunction - Ste... |
System moves tothe center pozition

Presz OF button to stop immediately
Ok |

Fig. 3.9 Go to Center window

After clicking the OK button the plot of the movement is displayed (Fig. 3.10)
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T' Figure No. 1 .—__|.E|._|_>_<J
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Fig. 3.10 Plot of the movement to the center

Notice that the center point was not exactly reached. This is due to the open loop control
mode. The control signal is switched off when the system exceeds the center point.

Two next check steps are related to angle measurements.
e Double click the Reset Angle Encoders button. 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?

YES Mo

Cancel |

Fig. 3.11 Reset Angle Encoders window

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

e To check if angle measurements are correct double clicks the Check Angles button. The
window presented in Fig. 3.12 opens. Then manually move the load to a non-zero position
and push it. After that click OK button and observe the motion on the screen (Fig. 3.13)
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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

=1o] x|

T Figure No. 1
File Edit Tools Window Halp

IDesda NA2/ PP
Zlose this figure to terminate the test

05

Y Angle

0.5

Fig. 3.13 Plot of the angles trajectory

3.3. Stopping procedure
The system is equipped with the hardware stop pushbutton. It cuts off the transfer of
control signals to the crane. The pushbutton does not terminate the real-time process running
in the background. Therefore to stop the task you have to use Simulation/Stop from 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 functions of the 3DCrane control system from the
Main Control Window. It includes tests, drivers, models and application examples.

The Main Control Window presented in Fig. 3.1 contains four groups of the menu items:

Tools

Drivers

Demo Controllers
Experiments

4.1. Tools

The respective buttons in the TOOLS column perform the following tasks:
Basic Tests - checks the measurements and control.

Go Home — moves the crane to the zero position, resets the encoders and sets control
signals to zero. This button is frequently used before starting an experiment. When the Go
Home procedure is finished we can be sure that the values of all measured signals have been
set to zero.

Reset Angles — resets the angle measuring encoders in a fixed position. If you stop the
payload manually, perform the Reset Angles operation 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 workspace and switches off the
control. Remember that the zero position of the crane is in the corner of the XY plane. Most
experiments cannot be started from the zero point. Go to Center allows the crane quickly
move to the center.

Set Parameters - enables the user to change the default values of Rail limits, Base Address
and Z displacement. The default value of the Base Address may cause a conflict with other
devices installed in the computer. One has to be ensured that his computer configuration is
free from address conflicts.

The user can also need to adjust the crane workspace dimensions to his requirements. Fig.
4.1 presents the window where such changes can be done. The user has to type numerical
values into these editable text boxes.
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#|Crane 3D: Set Parameters = 3
X Y z
Rail limit [bit]: I 361 I 3581 I 81k
Rail limit [m]: | 04| 0.95 | 1
Z displacement [bit]: I 16689
Z displacement [m]: ! 0.3z
Base address: I Autodetect Ll
Update l Clase |

Fig. 4.1 Set Parameters window

All introduced modifications are written to the configuration file. Please be
careful with introducing them. Writing the rail limit values exceeding the real
rail limits may result in damage of the system elements.

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

Double click the Manual Setup button and the screen presented in Fig. 4.2 opens.

The application contains five frames:

The RT-DAC4/PCI board frame presents the main parameters of the PCI board.
The Control frame allows to change the control signals.

The X, Y and Z positions are given in the X, Y and Z positions frame.

The X and Y angles frame contains the angle measurements.

The Status and flags frame displays state of the status signals and flag values.

All the data presented by the 3D Crane Manual Setup program are updated 20 times per
second.
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l:' 3D Crane Manual Setup 1 = =

- RT-DAC4/PC] board — &, and Z positions
it Y il
Mo of detected boards: i 1 .
Scale coefficient: | 58059e-005 | 5809e-005 | 2.1859e-005
Board: [Boad1 =] Pasition [bit]: [ 224 | B53 | 11624
HEST e [0 Position [m]. [ oo | 004 | 0.25
Slat number: ! 3 Flesat [ r I
P | B4272 J OxDr400
Logic wersion: | 218 i i ngle ¥ dngle Y
- Scale cosfficient: 00071534 00071534
[A0 driver status: | Ok : I I
Angle [bit} | 1 | 3
= Bl Angle [rad) | -0.00 | 0.00
* controk: 0.0o0 Rezet: H |
i
— Statuz and flagz
' contral: I 0.00 # it Z
g Rail limit [64°bith | 17152 | 18830 | 36544
Fiail fimit [rn]: | 0996 | 1.097 | 0.799
£ control: 0.00
} bz rail linit flag: v Iv v
Home: rail lirnit switch: ] r 3
[ S Z v
Thermal state: I r I
Pt prezcaler: I g0
Thermmnal flag; | | [ | [
Help ak.

Fig. 4.2 The Manual Setup window

RT-DAC4/PCI board
The frame contains the parameters of the RT-DAC4/PCI boards detected by the computer.

No of detected boards

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

Board

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

3DCrane - User’s Manual 21



Bus number

The number of the PCI bus where the current RT-DAC4/PCI board is plugged-in. The
parameter may be useful to distinguish boards, when more 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-DAC4/PCI board is plugged-in. The
parameter may be useful to distinguish boards, when more then one board is used.

Base address

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

The base address is given in the decimal and hexadecimal forms.

Logic version

The number of the configuration logic of the on-board FPGA chip. A logic version
corresponds to the configuration of the RT-DAC4/PCI board defined by this logic and
depends on the version of the 3D crane model.

I/0 driver status

The status of the driver that allows the access to the I/O address space of the
microprocessor. The status has to be OK string. In other case the 3D crane software HAS
TO BE REINSTALLED.

Control
The frame allows to set the control signals of three DC drives.

X control, Y control, Z control

The control signals of the X, Y and Z DC drives may be set by entering a new value into
the corresponding edit field or by dragging the corresponding slider. The control values
may vary from -1.0 to +1.0. The value of —1, 0.0 and +1 mean respectively: the maximum
control in a given direction, zero control and the maximum control in the opposite
direction to that defined by —1. If a new control value is entered in an edit field the
corresponding slider changes respectively its position. If a slider is moved the value in the
corresponding edit field changes as well.

STOP
The pushbutton is applied to switch off all the control signals. When pressed all the control
values are set to zero.

PWM prescaler
The control signals are generated as PWM waves. The PWM prescaler sets the divider of
the PWM reference signal. The frequency of the PWM controls is equal to:

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

X, Y and Z positions

The frame presents data related to the X, Y and Z axis positions. The X position is the rail
position. The Y position is related to the position of the cart. The position of the load is
denoted as Z. All position measurements are performed by the incremental encoders. There
are the following four fields associated with each axis.

Scale coefficient

The value applied to calculate the position expressed in meters. The value read from the
encoder counter is multiplied by the corresponding scale coefficient to obtain the position
in meters.

Position [bit]
The value read from the corresponding encoder counter.

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

Reset

The checkbox applied to reset the corresponding encoder counter. If the box is checked the
related position is set to zero. The box has to be unchecked to allow position
measurements.

As the incremental encoders are not able to detect an origin position the origin of the
system has to be set by limit switches (see the description of the Home autoreset flag) or
has to be set in a programming manner by a user. The Reset checkboxes are applied to set
the origin position (zero position) in a programming way.

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

measurements are performed by the incremental encoders. There are the following four fields
associated with each angle.

Angle X and angle Y denote the angle deviations in X and Y direction,
respectively. They are denoted by o and  in the mathematical model (see

Fig. 8.1).

Scale coefficient

The value applied to calculate the angle expressed in radians. The value read from the
encoder counter is multiplied by the corresponding scale coefficient to obtain the angle
in radians.

Angle [bit]
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The value read from the corresponding encoder counter.

Angle [rad]
The angle expressed in radians. The value read from the encoder counter is multiplied
by the corresponding scale coefficient to obtain the position in radians.

Reset

The checkbox applied to reset the corresponding encoder counter. If the box is
checked the related angle is set to zero. The box has to be unchecked to allow angle
measurements.

As the incremental encoders are not able to detect an origin position the origin of the
system has to be set in programming manner by a user. The angle reset checkboxes
should be checked when the load remains motionless in the downright position.

Status and flags

The frame presents status data and flags related to the X, Y and Z axis. There are seven
fields associated with each axis.

Rail limit [64%*bit]

The RT-DAC4/PCI board is able to automatically turn off the control signal if the 3D
crane system is going outside the operating range. The field defines the maximum value of
the corresponding encoder determining the maximum accessible position. If the encoder
reaches this position the RT-DAC4/PCI board is able to stop the generation of the DC
control signals moving the system outside the operating range.

Rail limit [m]

The field defines the maximum accessible position expressed in meters. If the system
reaches this position the RT-DAC4/PCI board is able to stop the generation of the DC
control signals moving the system outside the operating range. The maximum position
expressed in meters is obtained as the result of the multiplication of 64, maximum position
expressed in bits and the corresponding scale coefficient.

Max rail limit flag

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

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

Home autoreset flag

The flag that causes automatic reset of the encoder counter when the corresponding home
limit switch is pressed. If the checkbox is unchecked (the flag is inactive) the state of the
limit switch does not influence the state of the encoder counter.

Therm state

3DCrane - User’s Manual 24



The signal that presents the state of the thermal flag of the power interface. The system
contains three power amplifiers for the DC drives. If the power amplifier is overheated the
corresponding box is checked.

Therm flag

The flag that causes to turn off the control if the power amplifier is overheated. If the flag
is unchecked, the power amplifier is overheated and the temperature increases the
amplifier itself turns off the control signal. It is recommended to keep this checkboxes
selected all the time.

Click the Go to Center button and you can see the changes in the Manual Setup window
(see Fig. 4.3). Note that the X position, Y position and Z position have changed their values
and become the center positions in the crane workspace.

l:] 3D Crane Manual Setup 3 = ] |

- RT-DAC4/PCI board — ¥, and £ positions
bt Y £
Mo of detected boards: i 1 o
Scale coefficient: | 58092005 | 5.809e-005 | 2.1859=-005
Board: lBDartH '] Pasition [bit]; | 4552 | 9500 | 18618
Bus number: [ © Pasition [m} [ 0.2 | 056 | 0.41
Slot hurmber: ! 3 Feset: [ ' ||
T e Bd272 / 0xD400
Logic verzion: m &g Angle Angle 't
- Scale coefficient: 0001534 00071534
[0 driver status: | Ok : I I
Angle [bit} | 0| ¥
e #ingle [rad] | 0.0 | 0.00
# control: I 0.00 Reset: H I
i
— Status and flags
' control: I 0.00 & i+ £
£ Rail limit [64%bith | 8576 | 18830 | 36544
R ail limit [m]: 438 1.097 0739
Z contral: I_FEE clidl l I I
| hd & el linnit Flag: ¥ Iv v
Harne rail lirmik zwitch: ] r I5
Home- autareset flag: v I¥ v
Thermal state: [l r I
Fudtd prescaler: I g0
Thermal flag; | | [ | [ |
Help oK

Fig. 4.3 Manual Setup window after the Go to Center action
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4.2. Drivers

The main driver is located in the RTWT Device Driver column. The driver is a software go-
between for the real crane MATLAB environment and the RT-DAC/PCI acquisition board.
This driver serves to the control and measurement signals. Click the 3Dcrane Device Drivers

button and the driver window opens (Fig. 4.4)

ClCrane3D_DewDriv * M=l ES
File Edit “iew Simulation Format Tools
D sE& s=r|2cr = | B
it
HPosition =
KPWM — =
-u i W Position =
Constant %/ £ Position »=
¥ Angle
VR (L | AANTE )
o Ll T Angle
Constant # Switch M=
Y Switch
Z M g=]
u > Zowitth =
Caonstant2 : —
Crane 30 =]
= 1002 | | |odes i

Fig. 4.4 3DCrane Device Drivers

The driver has three PWM inputs (DC motor controls) for the X,Y and Z-axes. There are
10 outputs of the driver: X position, Y position, Z position, two angles (see section 8) and
additionally three safety switches. According to a pre-programmed logic the internal XILINX
program of the RT-DAC/PCI board can use the switches to stop the DC motors.

When one wants to build his own application one can copy this driver to a new model.

Do not make any changes inside the original driver. They can be made only

l]g: inside its copy!!!

Simulation Model — the simulation model of the crane is located under this button. Its
external is identical as the model given in the 3Dcrane Device Drivers except the lack of the
safety switches (see Fig. 4.5). These switches are not used in the simulation mode. The
simulation model is used for many purposes: identification, controllers design, etc.
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iZ1Crane_model * [_ O] x]

File Edit “iew Simulation Format Tools
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Crane 3D Simulation Model
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Fig. 4.5 3DCrane Simulation Model

In the mask presented in Fig. 4.6 you can introduce initial conditions for the model state
variables. Additionally, by marking the checkbox you can use the model with constant length
(see section 8 for details).

Block Parameters: Cranedd model l

= Subsyztemn [maszk] 1

— Parameters
v iModel with canstant length

Initial conditionz:[x, &' v, ' alfa. alfa’, beta, beta', 2. 2. 1]
(050000000050

ok I Cancel Help Sl

Fig. 4.6 Mask of the simulation model

The simulation model is running in the normal simulation mode.

Set solver options to: Fixed step and Fixed-step size equal to 0.001 at least.
I]@D A greater value could result in the errors of solution.

The C source code of the model3ddm.c file is attached to the DevDriv directory.
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4.3. Demo Controllers

In this column some examples of control systems are given. These demos can be used to
familiarise the user with the crane system operation and allow creating the user-defined
control systems. The examples must be rebuilt before using.

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

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

_loix|

File Edit View Eimulatinn Format  Toaols Help

D|@E@|-%%E||:EEQE|H‘_:o-f%’c|i_$'_|E:-:temal 'g

3DOF Relay Controller

YYYYYY

Soope

> Position =
X Pl =

> > 1 > i
¥ Position =]
=
Felay Fiate Limniter = Eaini ZPosition =
: A
 Angle T
il R ) 2 S
L 1 L ¥ Angle aii
g
Relzyi Fate Limniter ' Gain'y _ i Switch w=
=
¥ Switsh o
TRV i » =
L g Ll L ZSwiteh e
»=]

Felayz Fate Liriter £ Gaind
Crane 20
Read 1100% {odes
I i

%

Fig. 4.7 Control system with the relay controllers

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

The goal of the model is the relay control in the X-axis only. Therefore GainY and GainZ
are set to zero.

e Look at the mask of the Relay block connected to the X PWM input (Fig. 4.8).

Note that the control generated by the controller has two values: +0.5 and —0.5. The
On/Off limits are 0.2 and 0.6. This means that the crane will move between these limits with
the speed corresponding to the control value equal to 0.5.

e To choose the starting point inside the [—0.5, 0.5] range go to Main Control Window and
click the Go to Center button.
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Block Parameters: Relay

i~ Relay
Outputthe speciiied 'on' or 'off' walue by comparng the inputto 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:
[0

Switch off point:
Iu.z

Oulputwhen on
|—n B

Outputwhen off
[0

0K I Cancel I Help | Ay I

Fig. 4.8 X-PWM controller parameters

e Then, choose the Tools pull-down menus in the Simulink model window. The pop-up
menus provide a choice between predefined items. Choose the RTW Build item. A
successful compilation and linking process is finished with the following message:

Model Crane3D_Relay.rtd successfully created
### Successful completion of Real-Time Workshop build procedure for model:
Crane3D_Relay

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

e Next, click the Tools/External Mode Control Panel item and next click the Signal
Triggering button. The window presented in Fig. 4.9 opens.

e Select XT Scope , set Source as the manual option, mark Arm when connect to Target
option and close the window.

e Return to the model window and click the Simulation/Connect to Target option. Next,
click the Simulation/Start real-time code item.
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Signal selection
Block Path
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Fig. 4.9 External Signal & Triggering window
Observe the plots in the scope and click Stop Simulation after some time.

Results of the example are presented in Fig. 4.10.

_lolx|

Fig. 4.10 Results of the relay controller demo experiment
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The X position starts from 0.54 and changes between 0.2 and 0.6. The control (red line) is
a square wave in the range [-0.5, 0.5]. The control switches when the X position reaches one
of the limit values. Note that the X angle in the form 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 experiment only one control loop in the x
direction is defined. In this case stabilisation of the angle of the payload is neglected. In the
second experiment the stabilisation of the payload angle is added.

We begin from a simple real-time control experiment. A PID controller for the x position
of the cart is built. The Crane3D_first model is illustrated in Fig. 5.1. To invoke it, click
Model for control experiment button in the Main Control Window. In this case, the active
control corresponding to the x cart position is all you need. The Simulink blocks included in
the control are drawn with dropped shadows to distinguish active control loops from disabled
loops. In our first experiment we use the X position of the cart PID controller activating only
its P control part.

E_I Crane3D_first
File Edit ‘iew Eimulation Format  Tools Help

DeEd& +28 |2 2| mmEs & r § [ttera -]

X axis PID Controller

#referance

* position

¥ control

¥Y¥YY

= Angle I_E
Scope

middle of
¥ position

= = |—|—' » Position
P
ey H + 1 - W Pogition
L |_‘I I
Enable »
ZPosition

¥ referance b lE J)
+ w5 ¥ Angle
+ ‘l 5 Hangle
i & Enable w-,a of the payload
middle of e
2 oooo ' position i

¥:pasition of?he wart b T S =

=

ZEwitch
Signal ==

' reference

h 4

¥ position
Signal of the cart

' angle
Crane 30 of the paoad

Z position

of the payload
middle of
Z position

Signal
Z reference

Ready l100% | | jodes

Fig. 5.1 Two PID controllers applied in a real time experiment. The first step — PID of X
position of the cart is active. The second step — both controllers are active

We define a source of a desired x position signal as the X reference/Generator from the
Simulink library (see Fig. 5.2)
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Fig. 5.2 Signal Generator set to become the square wave signal source

As usual, after performing the GO HOME and GO TO CENTER actions, we start an
experiment from the middle of the x, y rails. Therefore the constant block shift is required.

Next, we define the signals to be used. These are X-reference — the desired x position
value, X-position, X-control and X-angle. These signals, among others, are connected to the
Scope block.

The properties of this block are defined below (see Fig. 5.3). This window opens after the
selection of the Scope/Properties tab. Mark the Save data to workspace checkbox, define the
Variable name as EXI and the data format as structure. This means the collected data within
30 seconds time range are saved to the workspace in the structure EX/. The sampling period
set in the Simulation Parameters window (see Fig. 5.3) is equal to 0.01, Sampling Decimation
is set to 10. Therefore, the size of EX/ is equal to

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

<3 "Scope’ properties !E <3 "Scope' properties !E

General | [lata histur_l,ll Tip: -ty right clicking on axes Generall [rata hiztary

Tip: -ty night clicking on axes

By

Murnber of axes: ! 1 I floating scope
Tirne range: I 30 ¥ Save data to workspace
Tick labels: Ihottum awiz anly "i Y ariable name: | Ex1

Sampling Farmat: !Structure with tirme: _v_l
IDecimatiu:un j |1D

v Limit data poirts to last: i 5000

] I I:anc:ell Help | .-’-'«pplyl Ok I I:anu:ell Help | Apply I

Fig. 5.3 Setting of the Scope block

Next, return to the Main Control Window and select the Simulation/Parameters item. In
the Solver tab select Fixed Step and set Stop time equal to 30. The Real-time Workshop tab
must be defined as in Fig. 5.4.
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Fig. 5.4 The Simulation Parameters window

The next step is to set the PID controllers. We set the Proportional part of the X position of
the cart PID controller as indicated by the arrow in Fig. 5.5. The X angle of the payload PID
controller remains inactive. The other controlling loops are disabled due to the Gain blocks

set to zero (see Fig. 5.1).

Block Parameters: X position of the cart Block Parameters: X angle of the payload

~ FID Controller [maskj

— PID Contraller [ma&ki

Enter expressions for proportional, infegral, and derivative terms. Enter expressions for proportional, integral, and derivative terms.
P+l/s+Ds P+lfs+Dis
~ Parameters ~ Parameters
Prapartioriak / Proportiotial
:
Inteqral: Integral;
o [0
Dierivative: Drerivative:
o [0

Help | Al |

]

Cancel |

0k I Cancel Help

gl

Fig. 5.5 Setting of the PID controllers

Mark Simulation/External item in the Crane3D_first model window (see Fig. 5.6).
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Fig. 5.6 External control mode

Next, invoke the Tools/External mode control panel item. The External Mode Control Panel
window opens (see Fig. 5.7).

+3 Crane3D_pid_all: External Mode Control Panel = E3 I

Connect | Shartrealtme eode e EiEEEr |

Farameter tuning
v | Batch download

[loinload I

Configuration i

Target interface ... | Signal&triggering...l Diata archiving ... |

Cloze i

Fig. 5.7 Setting data acquisition in RTWT

By clicking on the Signal & Triggering button invoke the window shown in Fig. 5.8. In
this window we define a triggering mode for marked blocks. In our case only one block exists
— XT Scope. We mark XT Scope , set Source as the manual option, mark Arm when connect to
target and close the window.

Now we can build the real-time model. To do it select the Simulation /Parameters item and
then the Real-Time Workshop tab in the model window, and click the Build item. Successful

compilation and linking process should be finished with the following message:

Model Crane3D_first.rtd successfully created
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### Successful completion of Real-Time Workshop build procedure for model:
Crane3D_first
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Fig. 5.8 Setting triggering of signals

5.1. Real-time experiment

Having prepared the controller model you can start the real-time experiment.
Two actions GO HOME and GO TO CENTER must be performed in the Main Control
Window first. The crane is ready for the experiment. The cart is in the middle of the x,y

plane, the payload is hanging down in its rest position. Open the Scope figure clicking on the
Scope block.

Now return to the model window and click the Simulation/Connect to Target item. Next,
click the Simulation/Start real-time code item. It activates the experiment lasting 30 seconds.
Observe the cart motion in the x direction. The cart follows the desired square wave signal
controlled by the P regulator. The payload oscillates freely, being uncontrolled. After 30
seconds the experiment stops. The history of the EX/ variable is visible in the Scope (see Fig.
5.9). Notice the harmonic (uncontrolled) angle signal of the payload, the square wave
generated by Signal Generator followed by the cart x position signal. The static error is due to
the inadequate P control action. The control has the highest magnitude among other signals
visible in the figure. When an abrupt change in the wave signal occurs then it results in the
saturation of the control signal.
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Fig. 5.9 Data visible in the scope during the experiment

5.1.1. Data processing

The results are saved to the workspace as a structure variable EX/. If you write the variable
name in the MATLAB command window then you obtain the answer

EX1 =
time: [301x1 double]
signals: [1x1 struct]
blockName: 'Crane3D_pid_all/Scope'

This data can be plotted in many ways. For example use the following command
>> plot(EX1.time,EX1.signals.values(:,1:4))
You can repeat the experiment several times using different P parameter settings and

including another P controller for the x angle. The parameters of the controllers for successive
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. 5.10
2 5 — Fig. 5.10
3 2.5 1 Fig. 5.11
4 5 2 Fig. 5.11
5 5 4 Fig. 5.11

Table 5-1 Parameters for the experiments
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The results of five experiments are presented in Fig. 5.10 and Fig. 5.11.
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Fig. 5.10 Only one controller is active — desired x position of the cart is tracked

esired x posi io\ 1
N = i = E
N \A X 'pasitio }/\/\l N 05 N X\positio N\
N A /\\/ /\\//\

0 N A~ K\\_EI]R JAWANS N AWA 0 e NAN N p A

SAAAPFIRAAANA /\/\JV“’\NVV'\/ﬁ
-0.5/ / 05 /
contrglj /’, 1 contru

desired x position\l

0 5 10 15 20 25 3l 0 5 10 15 20 25 3(
P of the cart position set to 2.5 P of the cart position set to §
P of the payload angle set to 1 P of the payload angle set to 2

3DCrane - User’s Manual 38



]
V\d 2sired x positign
—
05 \/ X\positio ]
A Vivs ~ \Y/
-0.5y
P of the cart position set to 5§
1 contr P of the payload angle set to 4

Fig. 5.11 Two controllers — desired x position of the cart and x angle of the payload are
tracked

The left-hand side of Fig. 5.10 shows that the P value set to 2.5 is too small for a proper x
position tracking. The static error of x position is large. A higher gain P equal to 5 (the right-
hand side of Fig. 5.10) reduces the static error but results in the saturation of control.

In Fig. 5.11 one can see similar results obtained for two active controllers. We focus our
attention on the x angle control. The trade-off between two acting controllers is well visible in
the upper left-hand picture of Fig. 5.11. One control signal serves for two control purposes:
follow the desired value of the cart x position and simultaneously stabilises the payload in its
hanging down position.

5.2. Simulation

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

We invoke the Crane3D_first_model window. Notice two differences. The Crane3D real-
time driver block has been replaced by the Crane3D_model simulation model block. The
External mode of operation has been replaced by the Normal mode of operation (see Fig.
5.12). All other parts remain as in the real-time experiment.
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Fig. 5.12 Two PID controllers applied in a simulated experiment. The first step — PID of X
position of the cart is active. The second step — both controllers are active

The interior of Crane3D_model includes the complete nonlinear model described in
section 6.4. After clicking on Crane3D_model the mask given in Fig. 5.13 opens. You can set
the initial values of 10 variables. You can mark the constant or varying pendulum length. In
our example all initial conditions are set to zero except the X position set to 0.55 and Z
position set to 0.5 and the last variable ¢ set to -1. Setting ¢ to —1 denotes that the source of
time is the RTWT clock.

Block Parameters: Cranedd model I

= Subsyztemn [maszk]

— Parameters
[V #Madel with constarit length

Initial conditionz:[x, &' v, ' alfa. alfa’, beta, beta', 2. 2. 1]
(050000000050

ok I Cancel Help Sl

Fig. 5.13 Mask of Crane3D_model
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If you look under the Crane3D_model mask you can see its interior (Fig. 5.14).
model3dddm is the executable dll file. The scale factors are set to 34. These parameters relate
to friction and tension of the belts.

?

x
T
=
<

model3dddm

model inteco

?

<
T
3
<

scale2

:

N

PWM

scale3

Z Position

Fig. 5.14 The interior of Crane3D_model

In opposite to the real-time model it is not necessary to rebuild the model before running.
Open Simulation parameters from the menu bar. Notice the solver options: Fixed step and
Fixed-step size set to 0.001 in the editable text box. You can start a simulation from the menu
bar. When the simulation is running you can watch the results in the scope (see Fig. 5.15).
Similarly as in the real time experiment, the data are saved in the scope in the EX/ structural
variable.

Plotting four curves as functions of time (Fig. 5.15) is produced by:

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

We perform simulations related to the experiments 2 and 5 from Table 5-1. The results are
visible in Fig. 5.16. They are similar to the results of the real-time experiments. The model
reflects characteristic features of the laboratory crane. The model compatibility to the real
crane strongly depends on such parameters as the payload lift-line length, the static cart
friction, the belt tension, etc. These and other parameters are written into the C source code of
the model3ddm.c file attached in the DevDriv directory. If you wish to modify this file please
make a copy and introduce the new parameters in the copy. Remember to produce an
executable .dll file afterwards.
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4 Scope
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Fig. 5.15 Simulation data visible in the scope
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P of the cart position set to 5 P of the cart position set to 5
P of the payload angle set to 0 P of the payload angle set to 4

Only one controller is active — the desired x Two controllers — the desired x position of
position of the cart is tracked the cart is tracked and the x angle of the

payload is stabilised

Fig. 5.16 Simulation results
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5.3. PID control of load position

In our experiment the cart is following a Lissajous curve. We invoke the Crane3D_impres
model from the MATLAB command window (see Fig. 5.17).We put the cart into motion in
two directions. The desired cart positions are generated as two sinusoidal signals. There are
two generators identical in amplitudes equal to 0.2 m and different in frequencies. The X
motion frequency is 0.4 rad/s (Fig. 5.18) and the Y motion frequency is 0.8 rad/s.

_iox|

File Edit View Simulation Format Tools Help

D‘@né‘.ﬁ'——‘;le|‘iJfla3_;—'\%-?|>_$‘_Extemal '!

Crane3D 5DOF PI Controller
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M
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hod

¥

I s
> ¥ Angle
xswiten [
¥ Switn
| - = Switch
: -
v L] Crane 20
ooon
o0 Sum? . l:l
Gontrols
Ready {100% | | l0deS

Fig. 5.17 The controller built for the cart to follow a Lissajous curve

We perform the experiment twice, first time without the P angle controllers and second
time, with the P angle controllers set to 20 (see Fig. 5.19).

Block Parameters: Signal Generatorb Block Parameters: X Angle PID
- Signal Generatar ~ PID Controller [mask)
Olutput varous wave fams Enter expressians for proportional. integral, and derivative terms.
: P+l /s+Dz
i F'aranjeter - Parameter
Y gve farm: Proportional:
Amplituide: iﬁ
|D.2 Integral:
Freguency: !D
iD 4 Dierivative:
i
il |rad;"sec j Sarnple Perind:
¥ Interpret vector parameters az 1-0 Ig_m
0K I Cancel Help | el | 0K I Cancel Help Ay
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Fig. 5.18 Generator of the desired X Fig. 5.19 X angle PID controller
position signal

The cart motion is shown in Fig. 5.20. The thick line represents the cart position in the X Y
plane (there is no movement in the Z direction). The respective controls and the payload

angles are shown in Fig. 5.21 and Fig. 5.22.
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Fig. 5.20 The desired cart positions — thin line and the cart positions — thick line (in meters)

0.8 . 0.8 % T T ; /jﬂ
08y .'\ $ Ycontrol vs. X cantrol ‘{ i 06 (: Y control vs. X contrpl :i
g ! § .
04t % I3 E 1 0.4} . :’ :}
% I ’f s
02f o Ya‘@e v, ng;gle E 1 0.2} /}\ Yang?s. X angle «. I
5 e PR [ ]
0 \.\& o o ;/ 0 : L g r /,
0.2} %X ; :’ 1 02} \ : '
P X /
0.4 h :’,f : 0.4 K § 1
067 e — 1 -0.6 '.%‘ ([f’
.\Logif"""'ﬂfx iﬁ;‘:{,,, g‘z;"
_08 L -08 L :/L Ny - /"' ’
03 0 0.5 04 02 0. 02 0.4
Fig. 5.21 The controls (normalised units) Fig. 5.22 The controls (normalised units)
and the payload angles [rad] on the X Y plane; and the payload angles [rad] on the X Y plane;
the angles without control the angles with control
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Notice that the control curve in the X Y plane for the case of uncontrolled deviations of the
payload is smoother than that for the controlled deviations case. The payload deviations are
zoomed in Fig. 5.23 and Fig. 5.24 (please notice the scales of deviations).
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0.015F
0.06| M
001, [
0.04] —
0.005
0.02| —_
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0 L

0.02 0.005 | Y angle vs. X angle
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006 -004 002 0 002 004 006 001 -0.005 0 0005 001

Fig. 5.23 Unstabilised deviations of Fig. 5.24 Stabilised deviations of the payload
the payload in the X Y plane (in meters) in the X Y plane (in meters)

The controls in the X and Y directions are shown in
Fig. 5.25 and Fig. 5.26. Two cases of control: with and without stabilisation of angles are
compared.

0.8

Y controls

X controls

0.5

0.4 ‘\
0.3
02}

0.1

01} with stabilisgtion of X angle
-0.2+
-0.3+

04}

Fig. 5.25 The controls (normalised units) Fig. 5.26 The controls (normalised units)
in the X direction vs. time (seconds) in the Y direction vs. time (seconds)
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Notice that the controls related to the case of angles stabilisation (thick lines in the figures)
share their actions between two tasks: tracking a desired position of the cart and stabilising
the payload in its down position.
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6. CASE STUDY

This section describes nine steps to be performed by the user for collecting data from the
real 3DCrane system, identifying a simple crane model and identifying the z displacement.
Finally, the optimisation of the 5 DOF PID controller based on the collected data yields an
appropriate set of the PID controller’s parameters.

All steps are described in detail below. After clicking on the Simple Model button the

following window opens (see Fig. 6.1).

. Crane3D_SimpleModel - |EJ |i[

Ble Edit Miew Simulaion Format Tools

Fig. 6.1 Case study window

Step 1 and Step 2 have been described in
section 4.1. After performing these steps the
crane is ready to start an experiment.

Step 3

This step collects the X Y Z data. The cart is
steered forth and back in the X 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 identical Relay blocks
used as controllers. You can see the control
ranges by clicking on a block — see Fig. 6.3.
The control values change from 0.5 to —0.5 (a
half of the maximal excitations). The motion
ranges are between 0.3 and 0.5 m.

Before starting the motion set the Base
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 the Real_Time Workshop
menu and the Build Model submenu. The
model is rebuilt. Finally, choose Simulation
from the window menu bar and click the
Connect to target pull-down menu.

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

The cart velocities in X and Y directions are much alike. The payload moves slower down
and up. The angles of the payload are not closed-loop controlled and in consequence the

payload oscillates freely.

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

Click the Identify XYZ Model button. The optimisation procedure starts. The plot illustrated
in Fig. 6.5 appears.

The following simple linear model of the crane dynamics in the X-axis is assumed

G, (s)= K .
s(T.s+1)

The Identify XYZ Model button calls the CaseStudy_XYZldent m-file. This routine calls
the Crane3D_CSPenaltyXY function. The function invokes simulation of the
Crane3D_CSModelXY Simulink model (see Fig. 6.6). If you wish to build your own
optimisation procedure all source codes are available. The optimisation procedure (called
inside CaseStudy_XYZldent) uses the fmincon procedure from the MATLAB optimisation
library, which finds the constrained minimum of the Crane3D_CSPenaltyXY function.

The iterative procedure based on fiminunc results in matching real system time responses
to the simple model responses.

BElET

Eile- Edit ‘iew ﬁimulation Format Tools Help
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> Aangl
v P | o Jj A2 FEl
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Felay Gain' W Switeh :El
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ZRun | 2% | “ =E|
= Z5witch :El
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Fig. 6.2 Motion controllers in the X, Y, Z directions
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Block Parameters: R

—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:

05

Switch off point:
€

Dutputwhen an:
|05

Cutput when off:
5

(0] I Cancel Help Al

Fig. 6.3 Parameters of the Relay block

P olp AlE - sl

Fig. 6.4 Collected data visible in the scope figure
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4 |Figure No. 1 = o] x]
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Fig. 6.5 The first plot of the collected data (measurements in the X axis)

5] Crane3D_CSModel<Y H=l
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Fig. 6.6 Simple Dynamics in the X or Y directions

Finally, we obtain K, and 7, parameters of the simple model. In this example they have
the following numerical values

K. =0.173511, T,=0.074388.
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The final plots after optimisation (shown in Fig. 6.7) indicate 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 data (measurements in the X axis)

After pressing a key again the program starts. The same procedure is repeated in the Y axis.
A similar simple linear model of the crane dynamics in Y- axis is assumed

K
Gy (S) = — .
: s(Tys +1)
Results obtained for the unmatched model (before optimisation) and the matched model
(after optimisation) are visible in Fig. 6.8 and Fig. 6.9.

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

Fle Edit Tools Window Help
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Fig. 6.8 The model results unmatched to the real data (measurements in the Y axis)
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,T Figure No. 1 !ﬂm

Fle Edit Tools Window Help
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Fig. 6.9 The model results matched to the real data (measurements in the Y axis)

The following numerical values of K, and 7', were obtains:
K,=0.172034, T,=0.129360.

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

<} Figure No_ 1 _ O] x|
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Fig. 6.10 The model results unmatched to the real data (measurements in the Z axis)
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After optimisation the following picture is obtained (see Fig. 6.11)

,T Figure No. 1 M=K
Fle Edit Tools Window Help
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Kp= 0103062, Tsp= 0.019721, Kim= 0.0916099, Tsm= 0.012847

Fig. 6.11 The model results matched to the real data (measurements in the Z axis)

The model matching in the Z direction results in two models identical in form and
different in parameters. We have Kp= 0.103062 and Tsp= 0.019731 when the payload is lifted
and Km= 0.091699 and Tsm= 0.012947 when the payload is lowered. The model shown in
Fig. 6.12, different from that presented in Fig. 6.6, is used.

Z] Crane3D_CSModelZ =l E3
File Edit “ew Simulation Format Tool: Help
NEEHE $28 - | BRE-®| > = [omad ]
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Ready 11002 | | {nde23th A

Fig. 6.12 Simple Dynamics in the Z direction

Step 5
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Perform the Go To Center action. Set the payload motionless. After that it is necessary

Step 6

to reset the angle encoders. Go to the Main Control Window and reset the angle encoders.

Click on the Collect X Y Data button. The corresponding controller denoted by 3DCrane

E._! Crane3D_CSAngleExc !

File Edit Wiew Eimulation Format  Tools Help

Angle Excitation opens — see Fig. 6.13. Click Set Address button and rebuild the model. Next
choose successively Connect to Target and Start real-time simulation from the pull-down
menu. The cart and the rail start to move and stop afterwards. This short (in time) motion
gives an impulse to the payload to swing. The system collects angles data.
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Fig. 6.13 3DCrane Angle Excitation window

The results of the experiment are presented in Fig. 6.14.
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Fig. 6.14 Collected data visible in the scope figure

Step 7
Having collected data of angles trajectories you can start the identification of Z

displacement. Click on the Identify Z Displacement button. The angle data are displayed (see
Fig. 6.15)
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Fig. 6.15 The real data (measurements of X Y angles)
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Fig. 6.16 The calculated period and length of the pendulum

The mathematical pendulum model is assumed. The period of oscillations 7 is calculated
from the formula

T=275\F
4

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

Step 8

We click on the PID Optimisation button to invoke the iterative procedure. This procedure
tunes the parameters of the PI controller for each axis using the model given in Fig. 6.17. The
performance index is equal to the sum of squares of the differences between the reference
signal and the response of the system. The penalty function is also used (see
CaseStudy_penaltyPID.m file for details).
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Fig. 6.17 Model for optimisation of the PID parameters

The optimisation runs. The temporary system responses to the iterative parameters K, and

K. values are displayed in the consecutive three figures. The final results are visible in Fig.
6.18, Fig. 6.19 and Fig. 6.20, and displayed in the MATLAB command window.

In the presented example the PI optimisation results in:

[ 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 from the fact that the time constants in the
previously identified models are very small. The models are thus close to non-dynamical

systems. In such a case the closed-loop system requires very large K parameters for PI
controllers to track the step reference signals.

Remember that the parameters tuned above relate only to the PI controllers of the desired
X, Y and Z cart positions. They do not relate to the PID controllers of the X and Y angles.
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Fig. 6.18 The optimisation run window — the final result for the X direction
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Fig. 6.19 The optimisation run window — the final result for the Y direction
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Fig. 6.20 The optimisation run window — the final result for the Z direction

When the optimisation is finished click 5DOF Experiment button, invoke the
Crane3D_CSPID model (see Fig. 6.21 ) and manually introduce the set of new parameters for
the X PID and Y PID controllers.

The PID controllers of the X an Y angles have the default K, values equal to 20. You

may change and enlarge these values up to your requirements. However, do remember that
this is a trade-off between tracking the desired cart trajectory and the payload stabilisation.

Too high K, values may result in an unstable behaviour of the crane.
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Fig. 6.21 The Case Study 5SDOF PID controller window

Rebuild the model, then open two scopes and start the real-time experiment. The results of
the experiment are visible in the scopes (see Fig. 6.22 and Fig. 6.23).

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

4 |Controls

R EEE

Fig. 6.22 The X, Y and Z controls visible in the Controls scope
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Fig. 6.23 The X, Y, Z positions and X, Y angles visible in the States scope
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7. Prototyping your own controller in RTWT environment

In this section the process of building your own control system is described. The Real Time
Windows Target (RTWT) toolbox is used. An example how to use the Crane3D software is
shown later in section 5.3. In this section we give indications how to proceed in the RTWT
environment.

Before start, test your MATLAB configuration and compiler installation
l]gz‘ by building and running an example of real-time application. Real-time

Windows Target includes the model rtvdp.mdl. Running this model will test
the installation by running Real-Time Workshop, your third-party
C compiler, Real-Time Windows Target, and the Real-Time 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 help, section
Installation and Configuration.

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

e create a Simulink model of the control system which consists of the 3DCrane Device
Driver and other blocks chosen from the Simulink library,

¢ build the executable file under RTWT (see the pop-up menus in Fig. 5.1)
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Fig. 7.1 Creating the executable file under RTWT
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e start the real-time code to run from the Simulation/Start real-time code pull-down
menus.

7.1. Creating a model

The simplest way to create a Simulink model of the control system is to use one of the
models included in the Main Control Window as a template. For example, click on the Pxyz

button and save it as MySystem.mdl name. The MySystem Simulink model is shown in Fig.
7.2.

J-TE]

Fle Edit Yiew Smulstion Format Todls Help

DEE& %2R0 REY %> 5 [ten -]

3DOF P Controller

* Position

¥ Pasition

ZPosition

YYYYYY

Z Position

¥ Position
. Position
|—F| * Position » @
L L i Position =i
= »=
Z Position » @
|—F| = Angle - @
- - =
: W Angle _"El
o Switch » El
|—F| ¥ Swdtch » @
L : L Z Switch » El
ol

Crane 20

Ready 1100%% | | lodes o

Fig. 7.2 The MySystem Simulink model

Now, you can modify the model. You have absolute freedom to develop your own
controller. Remember to leave the 3DCrane driver model and the Set Base Address button in
the window. This is necessary to activate transferring the base address of the I/O card to the
model as a MATLAB workspace variable.

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

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

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

The Scope block properties are defined in the Scope property window (see Fig. 7.3). This
window opens after the selection of the Scope/Properties tab. You can gather measurement
data to the Matlab Workspace marking the Save data to workspace checkbox. The data is
placed under Variable name. The variable format can be set as structure or matrix. The
default Sampling Decimation parameter value is set to 1. This means that each measured point
is plotted and saved. Often we choose the Decimation parameter value equal to 5 or 10. This
is a good choice to get enough points to describe the signal behaviour and to save the
computer memory.

<3 "Scope’ properties !E <3 "Scope' properties !E

General | [lata histur_l,ll Tip: -ty right clicking on axes Generall [rata hiztary

Tip: -ty night clicking on axes

By

Murnber of axes: ! 1 I floating scope
Tirne range: I 30 ¥ Save data to workspace
Tick labels: Ihottum awiz anly "i Y ariable name: | Ex1

Sampling Farmat: |Structure with tirme: :]
IDecimatiu:un j |1D

v Limit data poirts to last: I 5000

] I I:anc:ell Help | .-’-'«pplyl Ok I I:anu:ell Help | Apply I

Fig. 7.3 Setting the parameters of the Scope block

When the Simulink model is ready, click the Tools/External Mode Control Panel option
and next click the Signal Triggering button. The window presented in Fig. 7.4 opens. Select
XT Scope, set Source as manual, set Duration equal to the number of samples you intend to
collect and close the window.
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¢ Crane3D_Pxyz: External Signal & Triggering
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Fig. 7.4 External Signal & Triggering window

7.2. Code generation and the build process

Once a model of the system has been designed the code for real-time mode can be

generated, compiled, linked and downloaded into the processor.

The code is generated by the use of Target Language Compiler (TLC) (see description of

the Simulink Target Language). The make-file is used to build and download object files to

the target hardware automatically.

First, you have to specify the simulation parameters of your Simulink model in the
Simulation parameters dialog box. The RTW page appears when you select the RTW tab (Fig.

7.5). The RTW page allows you to set the real-time build options and then to start the building

process of the RTW.DLL executable file.
+) Simulation Parameters: Crane3D_Re f:{.,’ = ll:i Ii‘

Solverl Wnrkspacela’ﬂi Diagnosticsl Advancedl Real-Time Warkshop

Categom: i Target configuration j Build |
Configuration

System target file: I thisir i Browse...l

Template makefile; I crane3d_win_ve. tmf

take command: I Fraleae i

[~ Generate code only Stateflow options... I

0Ok | Cancell Help | Lpply |

Fig. 7.5 RTW page of the Simulation parameters dialog box
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The system target file name is rtwin.tlc. It manages the code generation process. The
crane3d_win_vc.tmf template makefile is responsible for C code generation using the Visual
C/C++ compiler.

There are three options which have to be properly marked as shown in Fig. 7.5:
® [nline parameters - not used when building a real-time program,
® Retain.rtw file - if marked, auxiliary information is stored in the file (with .rtw
extension),
® Generate code only - if marked, a code is generated but compilation is not performed.

The Solver page appears when you select the Solver tab (Fig. 7.7). The Solver page allows
you to set the simulation parameters. Several parameters and options are available in the
window. The Fixed-step size editable text box is set to 0.01 (this is the sampling period in
seconds).

The Fixed-step solver 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 7.0.4 version is used a third party compiler is not requested. The built-in
Open Watcom compiler is used to creating real-time executable code for RTWT.

The Configuration parameters page for MATLAB 7.04 is shown in Fig. 7.6. Notice that
rtwin.tmf template makefile is used. This file is default one for RTWT building process.

El Configuration Parameters: Tank3. Relay/Configuration _X_!
Select: — Target selection
- Solver Suatern tanget file: RN Browse. ., l
- [ ata Import/E sport
- 0 ptimization Language: ;I
&~ Diagnostics Description; Real-Time ‘Windows Target
- Sample Time
i [ ata I ntegrity — D ocumentation
& Ehnersion [~ Generate HTML report
- Connectivity _
Compatibility [~ Launchirepart after cods aeneration completes
‘- Model Referencing -
- Hardware Implementation [ B4l process
- Model Referencing TLE optiohs: |
=-Real-Time Warkshoj
: E Make command: Imake_ltw
i~ Comments
Syrbals Template makefile; |rtwin. tmf
- Custom Code
i Diebug B 2 4‘
Generate code onl Build
----- Real-Time ‘window. .. : -
Help | Apply

Fig. 7.6 Configuration parameters page for MATLAB ver. 7.04
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The Start time has to be set to 0. The solver has to be selected. In our example the fifth-
order integration method — ode5 is chosen.

4 Simulation Parameters: Crane3D_ident]

SDIverl Workspace UO' Diagnustical Real-Time Wurkshopl

Simulation time
Starttime: [ 0.0 Stop time: | 999995

Solver options
Type: !Fixed—step LI |Dd85 (Dormand-Prince) ;!

Fixed step size: | 0.0 Mode; ISingIeTasKing 'I

Cutput options

Fefine output ;I EefiredariEt ] 1

QK | Ca.ncell Help | Applyl

Fig. 7.7 Simulation parameters

If all parameters are set properly you can start the DLL executable building process. For
this purpose press the Build push button on the RTW page (Fig. 7.5).
Successful compilation and linking processes generate the following message:

Model MyModel.rtd successfully created
### Successful completion of Real-Time Workshop build procedure for model: MyModel

Otherwise, an error massage is displayed in the MATLAB command window.

Before starting the experiment set the initial position of the cart, the rail
and the payload in a safe zone. The Go Home and Go To Center buttons 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 Fig. 8.1.

Fig. 8.1 3DCrane system: coordinates and forces

There are five measured quantities:

e x, (not marked in Fig. 8.1) denotes the distance of the rail with the cart from the
center of the construction frame;

e vy, (not marked in Fig. 8.1) denotes the distance of the cart from the center of the rail;

® Rdenotes the length of the lift-line;

e « denotes the angle between the y axis and the lift-line;

e [ denotes the angle between the negative direction on the z axis and the projection of
the lift-line onto the xz plane.

Denote also:

m, - mass of the payload

m,, - mass of the cart

My - mass of the moving rail

Xe» Yo Ze - coordinates of the payload

S - reaction force in the lift-line acting on the cart
F, - force driving the rail with cart

F, - force driving the cart along the rail

Fr - force controlling the length of the lift-line

T, Ty, T - friction forces.
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8.1. Basic relationships

An important element in the construction of mathematical model is the appropriate choice
of the system of coordinates. The Cartesian system, although simple in interpretation and
determining the position in space in a unique way in both directions, is not convenient for the
description of the dynamics of rotational motion. The spherical system has therefore been
adopted. The position of the payload is described by two angles, & and £, shown in Fig. 8.1.
A drawback of the spherical system of coordinates is that for every point on the y-axis, the
corresponding value of £ is not uniquely determined. However, the points on the y-axis are
not attainable in real crane systems.

The following symbols are used in the sequel

m m
— c _ C
M= , Hy =
m, m,, +m
Fy Fx F
u =—, U, = . uy=-Ff
m,, m,, +m, m,
T T T
T,=—", T, = r T,=-f
m, m,, +m, m,
Ny=u -T,, N,=u,-T,, N;y=u; —-T;
S
§=—
m

The position of the payload is described by the equalities

X, =x,+ Rsinasin (1)
y. =Yy, +Rcosax 2)
7, =—Rsinacos f. 3)

The dynamics of the crane is given by the equations (Fig. 8.1)

m.x,=-S, “4)
m.y. =-S5, (5)
mz. ==S,~m.g (6)
(m, +m)x,=F —T,+S, (7
m,y, =F, =T, +8S, 8)

where S, S, and S; are the components of the vector S

S, =Ssinasin 9)
Sy =Scosa (10)
S, =—=Ssinacos f. (11)

It is assumed that the lift-line is always stretched, that is,
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Se(x,—x,)+S,(y.—y,)+S,2.>0. (12)

In the case where the payload is lifted and lowered with the use of the control force Fg, S
(4) - (12) should be replaced as follows

8.2. Simplified model with three control forces

Assume that the deviation of the payload from the z-axis is small. Then

cosa = cos(;[ +Aa)=-Ax (14)
sina:sin(’z’+Aa) =1 (15)
cos =1 (16)
sinf=Af. (17)

Equations (9) - (11) take the form

S. =SAB (18)
S, =-SAa (19)
S, =-S. (20)

Substituting (18) - (20) and (13) in (4) - (8) we obtain

X, =~(u; = T,)AB 1)
Yo =y =~ Ty)Aa (22)
ze=uy =Ty~ g (23)
X, =ty =T + (uy —T3) l,AB. (24)
y, =i, =T, —(uy; =Ty A (25)

With the simplification (14) — (17), the position of the payload satisfies

x.=x,+RAS (26)
y. =Yy, —RAx (27)
z. =—R. (28)

The acceleration of the payload is given by

¥ =X, +RAB+2RAB+RAB (29)
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Y, =75, — RAa—2RAG — RAG (30)
7 =-R. 31)

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

unknowns Aa, Af, x,,y, and R are obtained. The solution of this set of equations with
respect to the second derivatives and the introduction of new variables

X, =y, Xg = X5 = A
'x2:'X‘:1:)'}w X, =AfB

X3 =X, x8=)'c7=A,3.
X=Xy =X, X9 =R

x5 =Aa xm:)'c9:I.€

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

X =X, (32)
Xy =N, — f;x5N; (33)
Xy =2x, (34)
Xy =Ny + X7 Ny (35)
X5 = Xg (36)
xo = (Ny = iy x5N 5 — gx5 = 2x6 1)) X (37)
X, = Xg (38)
xg = — (N, + t1y ;N5 + gx7 +2x5 X, )/ %o (39)
Xy = Xy (40)
Xg=-N;+g. (41)

The proposed simplification results in a partial separation of the equations of the crane.
The equations which describe the motion of the crane along the y-axis, that is, the equations
for xi, x», Xs, X6, are not connected with the equations for the variables x3, x4, x7, X3, describing
the motion along the x-axis. The crane can be thus treated as two independent subsystems.
This separation is partial, as both these subsystems depend on x9 — the length of the lift-line R.
A complete separation takes place if x, = R =const and T, 7} are separated. Note that cranes

are always controlled in such a way that the swinging of the payload is suppressed, and so the
deviation angles are small. The simplified model is then 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 the simplifications of equations (14) -

(17), but assuming that the length of the lift-line R is constant and there is no control force Fk.
Putting formulas (9) - (11) into (4) - (8), we obtain

X, =—ssinasin (42)

Y, = —scos@=> s=— ¢ (43)
cosx

z, =ssinacos f—g (44)

X, =u, =T, + s, sinasin . (45)

y,, =u, —T, +su, cosax (46)

The position of the payload is given by (1) — (3). Its acceleration satisfies

X, =X, + R(acosasin B+ Bsinacos B -

: ; (47)
—(@* + B%)sinasin B +2af cosacos B)
y, =y, — R(asina+a’* cosa) 48)
z, =—R(acosacos f— ,ésin asin f—
(49)

—(a? +,5’2)sin acos,b’—Zd,Bcos asin ).

After the elimination of s, that is, the substitution of (32) into equations (33) — (36) we
get a set of four equations

X, =y, tgasin f (50)
7, =-y.tgacos f—g (51)
X, =u,—T, — i,y tgarsin . (52)
Yo =t =Ty =14y, (53)

Using equations (47) - (49) in (50) - (53) we arrive at a system of four equations with

four unknowns x,,,y,.a and B. The solution of this system with respect to the second

derivatives and the introduction of new variables gives the final description in the form of
nonlinear state equations. We introduce the notations

X =Y, X; =
x2:).51:).)w x6=)'c5=0't
X3 =X, X7=,3
Xy=X; =X, x8:3.‘7:,3'
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s, =sinx,
¢, =COSX,
A=+ 63 + 5357
B=1+u,

_ 2, 2.2
Vi = i Res(xg + 5525 ) + 14, 8C5S5C

3.2 2 2
Vay = iy Rs7 (555 +55X6) + 1,855C787
2 2 2

V3 = Bgcsc; + BResssxg + (U — M85 )Resssxg

V, = 1, Rs5c55, (xg + sszxé) + (B + (U, — ,ul)s52 )gs7 + 2RAcsx4xg.

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

X =X, (54)
X, :((1"‘#2552572)]\’1 _/11C55557N2+V1)/A (55)
X3 =X, (56)
%y = (= tyessssy Ny +(1+ ,eD)N, +V, ) A (57)
X5 =Xg (58)
56 = (14 12,5255 N, = Bess, N, +V, )I(RA) (59)
X; = Xg (60)
)‘CS :(/‘20555C757N1 _(B_ﬂlssz)C7N2 _V4)/(RA55) (61)

The expressions: A, R and sin xs are greater than zero. Therefore the model is free from
singularities.

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

In order to derive the crane equations without the simplifications given in equations (14) -
(17), formulas (9) - (11) and (13) are substituted into (4) - (8) which gives

X, =—(uy —Ty)sinasin f (62)
y, =—(uy —Ty) cosa (63)
z.=(uy —Ty)sinacos f— g (64)
X, =ty =Ty + i, (us — Ty) sin arsin 3 . (65)
y, =i, =T, + i, (uy —T;) cosa (66)

The equations (1) - (3) are differentiated twice with taking into account that the length of
the lift-line R(#) varies in time due to the action of the control force Fg. Proceeding as in
section 6.2, the complete system of nonlinear state equations for the crane controlled by
means of three forces is obtained
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X, =X, + (ji;—Rdz—R/'fz) sinarsin S + 2Rd/3cos ocos B+
+ (2Rd+ Ra)cosasin S+ (2R,B+ R,é) sincos B
.=y, +(R-Ra*)cosa—(2Ra+R&)sina

7 =(-R+Rd*+ RB%)sinacos B+ 2RafBcos arsin B —

+ (2Rd+ Rar)cosacos B+ (ZR,B + R,é) sin arsin f.

We denote

R X = is =61
Xy = 3.51 = ).)w =4

Xy =X, Xg =X, =f3
xX,= )'c3 =X, X9 =R

X5 =0 X0 =X =R
s, =sinx,

¢, =C0SX,

_ 2
Vs = C585X5 Xg — 2X0 X + §C5C7
Vo =2xg(CsxgXg +855X10) + 857
V) =s2x2xo + +x2

7 = S5XgXg T 8855C7 T Xg Xy .

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

X =X, (67)
Xy =Ny + phesNs (68)
Xy =2x, (69)
x, =N, + 1,555, N5 (70)
X5 = Xg (71)
)'c6 = (sle — 587N, + (1 —,L12572)0555N3 + Vs )/x9 (72)
Xy = Xg (73)
Xg =—(C7 Ny + fy$5C757 N5 +Ve)/(55X9) (74)
Xy = Xy (75)
Xo =—CsN| —558;Ny —(1+ py2 + p1,5353)N3 + V. (76)

The denominator in equation (74) includes sin x5. When the crane operates in its real range
then sinx5 #0.
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9. Description of the Crane3D class properties

The Crane3D is a MATLAB class, which gives the access to all the features of the RT-
DAC/PCI board equipped with the logic for the 3DCrane model. The RT-DAC/PCI board is
an interface between the control software executed by a PC computer and the power-interface
electronic of the 3DCrane model. The logic on the board contains the following blocks:

¢ incremental encoder registers — five 16-bit registers to measure the position of the
incremental encoders. There are five identical encoders measuring five state quantities:
two cart positions at the horizontal plane, the lift-line-length and two deviation angles
of the payload;

¢ incremental encoder resets logic. The incremental encoders are able to generate
different output waves when the encoder rotates clockwise and the counter clockwise.
The encoders are not able to detect the reference (“zero”) position. To determine the
“zero” position the incremental encoder registers can be set to zero from the computer
program or an encoder register is reset when the corresponding limit switch to the
encoder is reached;

e PWM generation block — generates three sets of signals. Each set contains the PWM
output signal, the direction signal and the brake signal. The PWM prescaler determines
the frequency of all the PWM waves. The PWM block logic can prevent the cart from
motion outside the rail limits and the lift-line angles from lying outside the operating
range. The operating ranges are detected twofold — by the limit switches and by three
limit registers;

e power interface thermal flags — when the temperature of the power interface for the DC
motors is too high the thermal flags can be used to disable the operation of the
corresponding overheated DC motor.

All the parameters and measured variables from the RT-DAC/PCI board are accessible by
appropriate methods of the Crane3D class.

The object of the Crane3D class is created by the command:

object_name = crane3d;

The get method is called to read a value of the property of the object:

property_value = get( object_name, ‘property_name’ );

The set method is called to set new value of the given property:

set( object_name, ‘property_name’, new_property_value );

The display method is applied to display the property values when the object_name is
entered in the MATLAB command window.

This section describes all the properties of the Crane3D class. The description consists of
the following fields:

Purpose Provides short description of the property

Synopsis Shows the format of the method calls

Description Describes what the property does and the restrictions of is
subjected to

Arguments Describes arguments of the set method

See Refers to other related properties

Examples Provides examples how the property can be used
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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 determined by OS. Each Crane3D
object has to know the base address of the board. When a Crane3D object is
created the base address is detected automatically. The detection procedure
detects the base address of the first RT-DAC/PCI board plugged 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 65534 |[bit]

>> [ -0.0022207[m] 0.29847[m] 0.38411[m] -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 095 1.0002 J[m]

>>RailLimitFlag: [1 1 1]

>>RailLimitSwitch: [0 1 1 ]

>>ResetSwitchFlag: [0 0 0]

>>Therm: [T 11]
>>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 RT-DAC/PCI board.

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

Description: This property determines the version of the logic design of the RT-
DAC/PCI board. The 3DCrane models may vary and the detection of the
logic design version makes it possible to check if the logic design is
compatible with the physical model.
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9.3. Encoder

Purpose:

Synopsis:

Read the incremental encoder registers.

enc = get( cr3, ‘Encoder’ );

Description: The property returns five digits. The first two measure the position of the

See:

9.4. PWM

Purpose:

Synopsis:

cart. The third digit is used to measure the length of the lift-line and the last
two measure the angles of the lift-line. The returned values can vary from O to
65535 (16-bit counters). When a register is reset the value is set to zero.
When a rail limit flag is set it disables the movement outside the defined
working range (rail limit). When a reset switch flag is set the encoder register
is reset automatically when the appropriate switch is pressed.

The incremental encoders generate 4096 or 2048 pulses per rotation. The
values of the Encoder property should be converted into physical units.

ResetEncoder, RailLimit, RailLimitFlag, ResetSwitchFlag

Set the parameters of the PWM waves.

PWM = get( cr3, ‘PWM’ );

set( cr3, ‘PWM’, NewPWM );

Description: The property determines the duty cycle and direction of the PWM waves for

three DC motors. The first two DC motors control the position of the cart and
the last motor controls the length of the lift-line. The PWM and NewPWM
variables are 1x3 vectors. Each element of these vectors determines the
parameters of the PWM wave for one DC motor. The values of the elements
of these vectors can vary from —1.0 to 1.0. The value —1.0 means the
maximum control in one direction, the value 0.0 means zero control and the
value 1.0 means the maximum control in the opposite direction.

The PWM wave is not generated if:
e arail limit flag is set and the cart or lift-line are going to operate outside the working

range,

e atherm flag is set and the power amplifier is overheated.

See:

RailLimit, RailLimitFlag, Therm, ThermFlag

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

9.5. PWMPrescaler

Purpose:

Synopsis:

Determine the frequency of the PWM waves.

Prescaler = get( cr3, ‘PWMPrescaler’ );
set( cr3, ‘PWMPrescaler’, NewPrescaler );
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Description: The prescaler value can vary from O to 63. The O value generates the
maximum PWM frequency. The value 63 generates the minimum 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 registers. The ResetFlags is a 1x5
vector. Each element of this vector is responsible for one encoder register. If
the element is equal to 1 the appropriate register is set to zero. If the element
is equal to O the appropriate register remains unchanged.

See: Encoder

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

9.7. RailLimit

Purpose: Control the operating range of the 3D-crane system.

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 cart and the maximum length of the
lift-line. If a flag defined by the RailLimitFlag property is set the
corresponding to it PWM wave stops when the corresponding 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 control the
operating range of the cart. The last element controls the maximum length of
the lift-line. If the flag is set to 1 and the encoder register exceeds the range
the DC motor corresponding to it stops. If the flag is set to 0 the motion
continues in spite of the range limit exceeded in the encoder 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. Returns a 1x3 vector. If an element of
this vector is equal to 0 it means that the switch has 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 ResetSwitchFlag and NewResetSwitchFlag are 1x3 vectors. If an
element of these vectors is equal to 1 the corresponding to it encoder register
is automatically reset in the case when the corresponding 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 amplifiers. When the temperature
of a power amplifier is too high the appropriate flag is set to x.

See: ThermFlag

9.12. ThermFlag

Purpose: Control an automatic power down of the power amplifiers.

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

Description: The ThermFlag and NewThermFlag are 1x3 vectors. If an element of these
vectors is equal to 1 the DC motor corresponding to it is 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: The Crane3D object contains the time counter. When a Crane3D object is
created the time counter is set to zero. Each reference to the Time property
updates its value. The value is equal to the number of milliseconds 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-DAC/PCI
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 amplifiers

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 different Simulation Parameters pages are shown. Having
the MATLAB version and the compiler version the user has to choose the appropriate

Simulation Parameters page version.

<} Simulation Parameters: Crane3D_PID_all

Solverl Workspace |,ﬁO| Diagnc:stiu:sl Advancedl Real-Time Workshog

Categony: lTarget configuration

Configuration

System targstfile: | rhwin.tc Eirc:wse...l

Template makefile: | crane3d_win_voimf

hake command: |make i

[T Generate cade only Stateflow Dptians.._l

(8]:8 | Canc:ell Help | Ay

Fig. 10.1 Simulation parameters page for the MATLAB ver. 6.x and Visual C++ 6.0
compiler

In the case when Matlab version 7.0.4 is used the Open Watcom compiler is applied. This
compiler is placed on Matlab installation CD and is installed automatically.
The appropriate Configuration Parameters page is shown in Fig. 10.2.
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E.! Configuration Parameters: Crane3D_PID_all/Configuration

x|

Select: —Target selectian

e Systermn target file:lm

- [Dlata lmport/Esport

- [ ptirmization Language: I C ;I
&) Diagnostics Description: Freal-Time Windows Target
= Sample Time

Browse.., . |

-Data Inbegrity —Diocumentation
-c.:.nverm_op [~ Generate HTML report:
-Connectivity :
- Compatibility

= hodel Referancing

[T Lautich report after code generation completes

- Hardware |mplementation ~Build process
- Model FReferencing TLE optiohs: |
[=)-Real-Time Warkshoy
= ; 1 P take command: Imake_ltw
-Comments

-Sumbolz Template makefile:lrtwin.tmf
-Custom Code

-Debug

: G e code orl
= Real-Time Window... |_i5ae code

Help

Bruild |

| 2pply

Fig. 10.2 Configuration Parameters page for the MATLAB ver. 7.0.4
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