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Modular Servo System

1. Introduction and general description

The Modular Servo System (MSS)consists of the Intecdigital servomechanism and
open-architecture software environment for reakticontrol experiments. The main concept
of the MSS is to create a rapid and direct patimftbe control system design to hardware
implementation. The MSS supports the real-timageand implementation of advanced
control methods using MATLAB and Simulink tools and extends the MATLAB
environment in the solution of digital servomeclsamicontrol problems.

The integrated software supports all phases oh&ralssystem development:

* on-line process identification,
» control system modelling, design and simulation,
* real-time implementation of control algorithms.

The Modular Servo System uses standard PC hargiatferms and Microsoft Windows
operating systems. Besides the hardware and tlt¢edekoftware you obtain thdser’s
Manual The manual:

» shows step-by-step how to design and generateoyauireal-time controller in
MATLAB/Simulink environment,

e contains the library of ready to use real-time oaligrs and

* includes the set of preprogrammed experiments.

1.1. Product overview

The MSSsetup (Fig. 1.1) consists of several modules mounted at the metiabna
coupled with small clutches. The modules are aedng the chain. The DC motor together
with tachogenerator opens the chain. The gearbtxtwe output disk closes the chain. The
potentiometer module is located outside the chain.

For example the DC motor can drive activates tHewing modules: inertia, backlash,
encoder module, magnetic brake and the gearboxthéloutput disk. The rotation angle of
the DC motor shaft is measured using an incrememtzdder. Anywhere the rotational angle
measurement is required we can place the encod&chdgenerator is connected directly to
the DC motor and generates a voltage signal prgpaitto the angular velocity.

Tachogenerator DC motor

Ej H

Inertia load Backlash
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Encoder Magnetic Gearbox with
brake  output disk

Fig. 1.1 The MSS setup

The servomechanism is connected to a computer wdearentrol algorithm is realized
based on measurements of angle and angular veldtigysystem has no inner feedback for
dead zone compensation. The accuracy of measurerhealocity is 5% while the accuracy
of angle measurement is 0.1%. The armature vobb&gfee DC motor is controlled by PWM
signal. For this reason the dimensionless contighas is the scaled input voltage,
u(t) = v(t)/v,,, The admissible controls satisfiy(t)|<1 andv,,, = 14V].

The measurement system is based on RTDAC/PCI atigni®oard equipped with A/D
converters.

The I/O board communicates with the power interfaci#. The whole logic necessary to
activate and read the encoder signals and to gerthaappropriate sequence of PWM pulses
to control the DC motor is configured in the Xilixchip of the RT-DAC/PCI board. All
functions of the board are accessed from the Modadavo Toolbox which operates directly
in the MATLAB"/Simulink” environment.

Features
« The set-up is fully integrated with MATLABSimulink” and operates in real-time in
MS Windows' 2000/XP.
* Real-time control algorithms can be rapidly propetg. No C code programming is
required.
* The software includes complete dynamic models.
* The User's Manualcontains a number of pre-programmed experimemislifaising
the user with the system in a fast way.

1.2. Equipment and requirements
The following minimum configuration is required:

Hardware:

e MSS including the following modules: Input Potemtieter, DC Motor with
Tachogenerator, Gearbox with output disk, Magn@&reke, Inertia Load, Digital
Encoder, Backlash module.

e Computer system based on INTEL or AMD processor.

e Specialised RT-DAC/PCI-D 1/O board.

« Power Interface unit.

Software:

Modular Servo System - User’s Manual 6



« MS Windows' 2000/XP, MATLAB" 7 (R14 SP2/SP3), R2006a/b, R2007a, R2008a/b
or R2009a appropriate Simulink Real Time Workshop and Real Time Windows
Target toolboxes, MSS Control/Simulation Toolbox.

The Modular Servo Toolbox supports Matlab 7 (R14 SP, SP3), MATLAB
|:> R2006a/b, R2007a and R2008a/b and R2009a.

Manuals:
* |nstallation Manual
* User's Manual

The experiments and corresponding to them measuremts have beer
conducted by the use of the standard INTECO systenEvery new system

|:> manufactured and developed by INTECO can be slighyl different to the
standard. It explains why a user can obtain resultghat are not identical to
these given in the manual.

1.3. Hardware installation
Hardware installation is described in tnstallation Manual

1.4. Software installation

Insert the installation CD and proceed step by &ibpwing displayed commands.
Software installation is described in tmstallation Manual
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2. Starting, testing and stopping procedures

2.1. Starting procedure

Invoke MATLAB by double clicking on the MATLAB iconThe MATLAB command
window opens. Then simply type:
Servo
ServoControl Windowopens (see Fig. 2.1). The pushbuttons indicaterecthat execute
callback routines when the user selects a menu item

Elservo* o] x|

File Edit %iew Simulation Format Tools Help

Modular Servo
Device Driver

Fig. 2.1The Servo Control Window

The Servo Control Windowontains: testing tools, drivers, models and deyalications.
See section 3 for a detailed description.

2.2. Testing and troubleshooting

This section explains how to perform the tests.s€hiests allow checking if mechanical
assembling and wiring has been done correctly. t€hs have to be performed obligatorily
after assembling the system. They are also negesgsam incorrect operation of the system
takes place. The tests are helpful to look foraeasf errors when the system fails. The tests
have been designed to validate the existence aaesee of measurements and controls.
They do not relate to accuracy of the signals.

First, you have to be aware that all signals aaesfierred in a proper way. Five testing
steps are applied.

Modular Servo System - User’s Manual 8



» Double click theBasic Testbutton. The following window appears (Fig. 2.2):

IR

File Edit Wiew Simulation Format Tools Help

Fig. 2.2 TheBasic Testsvindow

The first step in testing of the MSS is to checkhé RT-DAC/PCI I/O board is installed
properly.

* Double click theDetect RTDAC/PCI boardutton. One of the messages shown in Fig. 2.3
opens. If the board has been correctly installed, dase address, and number of logic
version of the board are displayed.

J BasicTestFunction - Step 18 =10 | ) BasicTestFunction - Skep 1 - IEIIEI
Detected RT-DAC4/PCI board

Basze address: 54272 # D400 [Hex) 0 Can not detect any RT-DAC4/PC board |1
Wersion: 403 [Hex)]

Fig. 2.3 Result of the step 1

If the board is not detected check if the boardusinto the slot properly. The boards are
tested very precisely before sending to a custoamer only wrong assembly procedure
invokes errors.

In the next step one can reset encoders. Oneheritsitial position of the servo system.

* Double click theReset Angle Encodetsutton. When the window (Fig. 2.4) opens
click the Yesoption. The encoders are reset and zero posifitimecservo system are
stored.
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} BasicTestFunction - Step 2 x|

kove the Servo system to the onigin pozition
Do pou want ta zet the arigin andles of the load?;

Yes | Mo | Cancel |

Fig. 2.4 TheReset Encodensindow

The next step of the testing procedure referseatigle measurement.
* Double click theCheck Anglebutton, next click thé&esbutton and rotate the inertia
load by hand. The rotational angle of the inegianeasured and displayed (Fig. 2.5).

_ioix

File Edt Yiew Insert Tools Window Help
IDsEa hA A/ @20

Close this figurs to tarminate the test

Angles [rad]

Time [s]

Fig. 2.5 Angle measurement test

* To check whether the potentiometer works corredliyble click theCheck Reference
Pot button. Next click théresand turn the potentiometer right and left.

Fig. 2.6 shows an example of the proper measurenoéiihe potentiometer position.
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J Figure Mo, 1 1ol =|

File Edit View Insert Tools Mindow Help
Inesda "A A/ 8280

Close this figure to terminate the test

“oltage [V]

Time [s]

Fig. 2.6 Position of the reference potentiometer

In the next step of the basic tests one can chéskher the control and measurements of
the angle and velocity in MSS are correct. Thisegxpent is not performed in real-time
mode.

* Double click theControl Impulse Respongdmitton and start experiment clicking the
Yesbutton.

_} BasicTestFunction - Step x|

The maotor iz going bo operate

Do you want o start?

Yes | Ma | Cancel |

The results of experiments are shown in Fig. 2l¥e Gontrol impulse has a square wave
form. The first part of the control signal is post and the second one is negative. Note that
angle and velocity signals are positive at the fr@gg and next fall down to the negative
values. It means that the measurements are correct.
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.} Figure MNo. 1

File Edit Wew Insert Tools ‘indow Help

=101 ]

losaasyarsippn

Close this figure to terminate the test

Caontral
[ )
L
'
'
L
:
'
L
.

-200
-400

Angles [rad]

Tacho [¥]

Time [s]

Fig. 2.7 The response of the system
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3. Servo Control Window

The user has a quick access to all basic funcbbtise modular servo control system from
the Servo Control Windowlt includes tests, drivers, models and applicaégamples.

Type at the Matlab promervo command and&ervo Control Windowhown in Fig. 2.1
opens. Simultaneouslgtart.m m-file is executed which set the default values tioé
coefficients of the MSSK, = 186ad/s] andT, = 104s]. Also the sampling tim&, is set

equal to 0.002 [s].
The window contains four groups of the menu items:

* Tools - Basic Test, Manual Setup, Reset Encaal@isStop Experiment,

» Drivers - RTWT Device Driver,

* Simulation Models: linear and nonlinear,

* Identification - Basic Measurements, Steady-Stdtar@cteristics and Time Domain
Identification,

« Demo Controllers —PID Controller and State Feedb&dntroller applied to a
position control and PID controller applied to dooity control.

3.1. Basic test
TheBasic Testtool was described in the previous section.

3.2. Manual setup

The Servo Manual Setuprogram gives access to the basic parametersedfbioratory
modular servo setup. The most important data teared from the RT-DAC/PCI board and
the measurements of the servo may be visualisededer, the control signals can be set.
Double click theManual Setufputton and the screen shown in Fig. 3.1 opens.

The application contains four frames:
» RT-DAC/PCI board,
* Encoders,
» Control and
* Analog inputs.

All data presented by tHgervo Manual Setuprogram are updated 10 times per second.
* RT-DAC/PCI board frame

The RT-DAC/PCI boardframe presents the main parameters of the RT-DECIFO
board.

No of detected boards

Presents the number of detected RT-DAC/PCI bodfdbe number is equal to zero it
means that the software has not detect any RT-D&0#Bard. When more then one board is
detected théBoard list must be used to select the board that comoates with the MSS
control program.

Modular Servo System - User’s Manual 13



Board

Contains the list applied to select the board cilyeused by the program. The list
contains a single entry for each RT-DAC/PCI boandtalled in the computer. A new
selection at the list automatically changes vabfdbhe remaining parameters.

le Servo Manual Setup o ]
— RT-DACA/PCI board — Control
Mo of detected boards: I 1 g.zz
Board: Board 1 - o
T
Slot number: d
Base addiess 54272 / 0x0400 P prescaler: I 2
Logi o: 406
R Therrnal flag o status: T
Application: I SERY
1A00 driver status: I 0k,
— Encoders Analog inputs
Yalue  Angle [rad] Reset Woltage [4]
Charnrel 0: I 1] I 0.00 u Paotentiormeter: I 034
Channel 1: | 27914 I 4282 I Tachao: 060
Help | Cloze I

Fig. 3.1 View of theServo Manual Setwpindow

Bus number
Displays the number of the PCI bus where the cufRRDAC/PCI board is plugged-in.

The parameter may be useful to distinguish boavtlen more then one board is used.

Slot number
The number of the PCI slot where the current RT-IZAQ board is plugged-in. The

parameter may be useful to distinguish boards, where then one board is used.

Base address
The base address of the selected RT-DAC/PCI bddrd.RT-DAC/PCI board occupies

256 bytes of the I/O address space of the micr@ssmr. The base address is equal to the
beginning of the occupied I/O range. The I/O spaaessigned to the board by the computer
operating system and may differ from one compwemother.

The base address is given in the decimal and heiadkeforms.

Logic version
The number of the configuration logic of the on4ab&PGA chip. A logic version

corresponds to the configuration of the RT-DAC/BG4&rds defined by this logic.

Application

Modular Servo System - User’s Manual 14



The name of the application the board is dedickdedlhe name contains four characters.
In the case of the MSS it has toBERVstring.

I/O driver status

The status of the driver that allows the accessth® /O address space of the
microprocessor. The status displayed has t@HKestring. In other case the driver HAS TO
BE INSTALLED.

e Encoders frame
The state of the encoder channels is given ifeti@derframe.

Channel 0, Channel 1

The values of the encoder counters, the anglesssed in radians and the encoder reset
flags are displayed in th@éhannel 0GandChannel Irow. In this version MSS may use a single
encoder module. In such a case only one channgtmi®the current data.

Value

The values of the encoder counters are given imgfgective columns. The values are 24-
bit integer numbers. When an encoder remains irrdbet state the corresponding value is
equal to zero.

Angle [rad]
The angular positions of the encoders expressa@dians are given in the respective
columns. When the encoder remains in the reset statcorresponding angle is equal to zero.

Reset
When the checkbox is selected the correspondingdemaemains in the reset state. The
checkbox has to be unchecked to allow the encodasunt the position.

» Control frame
The Control frame allows to change the control signal.

Edit field, slider
The control edit box and the slider are appliedaba new control value. The control value
may vary from —-1.0 to 1.0.

STOP
The pushbutton is applied to switch off the consigihal. When pressed the control value
is set to zero.

PWM prescaler
The divider of the PWM reference signal. The fratpyeof the PWM control is equal to:

_ 40
o = [KHZ]

1+ PWMprescadr)

Thermal flag / status
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The thermal flag and the thermal status of the pameplifier. If the thermal status box is
checked the power interface is overheated. If hleental flag is set and the power interface is
overheated the RT-DAC/PCI board automatically swatcoff the PWM control signal.

* Analog inputs frame

The Analog inputdrame displays two measured analog signals.

Potentiometer
Presents the voltage at the output of the potertienblock.

Tacho
Presents the voltage at the output of the tachagtare

Modular Servo System - User’s Manual 16



3.3. RTWT Driver

The main driver is located in tHRTWT Device Drivecolumn. The driver is a software
“go-between” for the real-time MATLAB environmemdthe RT-DAC/PCI I/O board. This
driver serves the control and measurement sigdisk the Modular Servo Device Driver
button and the driver window opens (Fig. 3.2).

E! Servo_Devlriv

File Edit Wiew Simulation Format Tools Help

Dled& &t 2R | b % 999399 [Ewemal v

Modular Servo Device Driver

Fogle ) El

0 Eoamly |

Cantrol

\-tl-:-c'r_[ﬁ El

Fezet

o] ELEEN =)
Naormal Reset
Encoders
Semo
Ready 100%: jndes

Fig. 3.2 RTWT Device Driver

When one wants to build his own application he tbasopy this driver to a new Simulink
diagram.

Do not introduce changes inside the original driverThey can be done only
|:> inside its copy!

The device driver has two inputs: contnaft) (I [—1+1] and signalReset If the Reset
signal changes to one the encoders are reset andtdeork. If theResetsignal is equal to
zero encoders work in the standard way. It mearenvgwitching occurs, encoders reset and
start measure when the switch returns to the zsvar(al) position. It is important that the
Reseswitch works only when the real-time code is exedut

Modular Servo System - User’s Manual 17



Block Parameters: Servo x|

The mask of theServo block Subspster [mask)

(presented in Fig. 3.3) contains base( |
address of the RT-DAC/PCI board | Paramsters
(automatically detected with the help | BaseAddess
RTDACPCIBaseAddress function) [RTDACAPCIBaseddress
and the sampling period which default | ampling Ferad
value is set to 0.002 sec. If one wants | [0.002

to change the default sampling time

he must do it in this mask also. ok |

Cancel | Help | Apply |

Fig. 3.3 Mask of the device driver

The details of the device driver are depicted m Bi4. The driver uses functions which
communicates directly with a logic applied at tHECAC/PCI board. Notice, that the driver
is ready to use a second (optional) encoder, ds wel

Parameters Measurements

0
Reset Encoder Display Version

ResetEncoder ResetEncoderGain Bitstream Version

Display Reset

: >

0
PWMPrescalerSource PWMPrescaler PWMPrescalerGain Display Prescaler
Therm Status PWM Therm Status Display Status
1 0
ThemFlagSource ThermFlag ThermFlagGain Display Therm Flag
ContrOI Encoder Convert to rad
Encoder
1024 PPR
T
PWM Control - . -
Saturation PWM PWMGain Display PWM
Display Encoder
Convert to rad/s Tacho
1
RT-DAC > —— —»(3 )
Analog Inputsl 0.25s+1 Setup
Simple filter

Fig. 3.4 Interior of the RTWT device driver

3.4. Simulation Models

There are two simulation models available for taeve system. The first one is a linear
model and the second one is nonlinear. The lineademis used to design controllers. The
nonlinear model is used to check the quality ofdasigned control system.

Linear andNolinear Simulation Modet} the simulation models of the servo are located
under these buttons. The external view of the satral models is identical as the model
described in théModular Servo Device Driveexcept theReset Encodeinput and reference
Potentiometeoutput which are not used in the simulation mode.
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Linear Simulation Model X

’—Subsystem [maszk) ‘

Farameters
|7 Initial conditions [andle vel]

[m
Velocity QK. I Cancel Help Apply

Control

Linear Simulation Model

Fig. 3.5 Linear Simulation Model and its mask

The vector of the initial conditions of the statariables of the simulation model is the
parameter available in the mask.

The model has no constrained control (as in the ca®f the real servo system).
|:> If you use the linear simulation model in a closedbop remember that control

should satisfy|u| <1. You can include theSaturation block to limit the control.

In the case of the nonlinear simulation model tadigonal parameters appear. The gain
of the model and the vector which contains thacstdtaracteristics of the servo system. Refer
to section 4 for the details.

Block Parameters: Simulation Model X

Nonlinear Simulation Model (Subsvstemlmaskl ‘

r— Parameter
Initial conditions [angle velocity]

i

Gain ¢
208

Control
Static characteristic [velocity contral]

I[vam prm]

Nonlinear Simulation Model
0K I Cancel | Help | Apply

Fig. 3.6 Nonlinear Simulation Model and its mask

The simulation models are running in the normalusation mode.

ChooseFixed step solver options and sefFixed-step size equal to 0.002. It ig
|:> necessary because the default value of the samplingne of all real-time
models is equal to 0.002 [s].
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3.5. Identification

The consecutive buttons in the groigentificationof the Servo Control Windowygerform
the following tasks:

Basic Measurements eontains a real-time Simulink model where a saapshcontrol
signal is given as the input of the servo systethfaar velocities are plotted in a scope:

* measurements reconstructed from encoder,

* measurement directly from tachogenerator,

« filtered tachogenerator voltage using low passdutbrth filter,
« filtered tachogenerator voltage using simple finster filter.

The experiment allows to decide which kind of vé@peneasurements can be used in
following experiments.

Plot basic measurementpush button- activates theplot_basic.m file to plot
measurements visible in the scope in the previgperénent.

Static Characteristics performs experiment aimed to measure of the statcacteristics
of the loaded DC motor (angular velocity [rad/s] usput voltage [dimensionless] in the
steady state). The characteristics can be meadarethe servo system with or without
magnetic brake module. The measurements are stotkdChStat.mafile.

Plot & Save Characteristicsusesplot_stat.nfile which plots measured characteristics,
performs some normalisations of the data, and savascteristics iservo chstat.maffile.

Time Domain Identification— opens the real-time Simulink model which starts
identification based on a step system response.

The button Identify Model -takes advantage of identification data and calesla

coefficients of a linear model of the servo syst@he surface method is applied by the
identification procedure.

3.6. Demo Controllers

The respective buttons in the colubemo Controllergperform the following tasks:
Position control

PID Control Continous -contains the Simulink model for real-time expenmsein closed-
loop with PID position controller, and simulatiorodel of the PID controlled servo system.

State Feedback Control epens the Simulink model to start real-time experita for
closed-loop system with state feedback. This modalbe used for experiments with LQ or
deadbeat controllers. Also simulation model of ¢chesed-loop system is included under this
button.
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All the Simulink models mentioned above are exampleposition control problems.

Calculate LQ controller -usesServo_calc_lg.nfile to obtain state feedback controller
coefficients by solving the appropriate LQ probldmthe Servo_calc_lg.nfile one can set
matrices of the objective function to obtain appiaie behaviour of the system.

Velocity control

PID Controller -opens the Simulink model to start-real time expernts for the closed-
loop system with velocity PID controller.
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4. Mathematical model of the servo system

4.1. Linear Model

A DC motor with a negligible armature inductanceg(R&.1)

—{ ]

v(H K. w T

Fig. 4.1 Diagram of the DC motor

is described by two classical equations: electrical
v(t) = Ri(t) + K aAt)

and mechanical
Jaxt) = Kpi(t) - Bat)

where:
v(t) is the input voltage,
i(t) is the armature current,
«(t) is the angular velocity of the rotor,

R is the resistance of the armature winding,
J is the inertia moment of the moving parts,
B is the damping coefficient due to the viscoustiion,

K. w(t) is the back EMF,
and7 =K i(t) is the electromechanical torque.

This model is linear because the static and dretlarfriction, as well as the saturation are
neglected. By combining the electrical and mecharéquations we obtain the equation of a
first order inertial system

Toaxt) = —at) + Kgv(t)

where the motor time constant and motor gairk, are given by

TS = RJ 1 Ksm = Km "
BR+K.K, SR+ KK,

The transfer function has the form
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G(s) =S = Kan
v(s) Tss+1

The transfer function for the motor position hae fibrm:

_a(s) - K
v(s) s(T,s+1)

G(s)

The control applied in the system is a PWM signaat's way we assume the
dimensionless control signal as the scaled inpdtage u(t) =v(t)/v, .. The admissible

controls satisfy
lut)|<1.

Defining alsoK, = K V..., we obtain transfer functions in the forms:

Velocity transfer function Angle transfer function
Gl =@ - _Ks Gl =20 K
u(s) Tss+1 u(s) s(T,s+1

The model can be written using a state space patatet x = col(x;, x,) be the state vector
where x, is the anglea (in [rad]) determining the position of the motoraffhand x, = w is
the respective angular velocity (in [rad/s]). Titrie measured in [s].

There are the following state equations

X =%
X, = ax, +bu
where
a:—i<0, b= K, >0
T T

The equivalent classical matrix state space notdtas the form

where:

Xfé’(*B“ 0o 1 0
y=0CX A= i , B= & , cC=1.
TS TS

The system can be classified as a multivariabl®!(3 because it has two measurable state
variables and one control variable. The paramefigandK . must be identified by a user.
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The default values assumed for identification expents are as followsyv, = 1¥],
T, =104 [s], K, =186[rad/s],which givesa=-0.961[s™ } andb=1788 [rad/¢].

These values have been identified by the manufactar the DC motor with the
tachogenerator loaded by the inertia module andected to the gearbox module equipped
with the output disk.

4.2. Nonlinear model

Very often small changes of the state variablesaaseimed. Therefore, the control system
can be considered as a linear one. However, in sgpkcations nonlinearities in the control
loop have to be taken into account. This includes-limear static characteristics such as
hysteresis and saturation, which may occur iffdllewing devices are applied: operational
amplifiers, actuators, finite word length in A/D darD/A converters. Often the signal
constraint first appears for the control variaée will assume a nonlinear model of the DC
motor in the form

X, =X,
X, =c(u—g(x,))

where the state variablesg, x, and control are defined as in the linear model.

The functiong is the inverted steady state characteristics ef df5sstem, which can be
determined experimentally (see section 6.2). Tigiral steady state characteristics (see Fig.
6.8) is obtained from measurements. The resultsmefsurements undergo a preliminary
treatment consisting of scaling (to express therappropriate units) and a shift (to remove
the bias). The functiog is presented in Fig. 4.2. An interesting prop@tyhe g function is
that it is discontinuous at zero and shows disteftscts of dry friction in a vicinity of the
origin.

The static characteristics was obtained for the sysm consisting of DC motor
inertia load, encoder and gearbox modules. If a mamgtic break module is
added to the system a measured characteristics ageite different.

Thec coefficient was identified and= 20@ad/s].
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J Figure No. 1 o (] 4
File Edit Yiew Insert Tools ‘Window Help

lps@a/ra s ®2o0

q{x2) - inverted static characteristic

cantrol

wvelozity [rRdis)

Fig. 4.2 Functiong(Xx,) is the inverted static characteristics of the servo
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5. RTWT model

In this section the process of building your owntcol system is described. TReal Time
Windows TargetRTWT) toolbox is used. An example how to use th&3vsoftware will be
shown in section .@n this section some hints how to proceed in tAi&\R environment are
given.

Before start, test your MATLAB configuration by building and running an
example of real-time application. Real-time WindowsTarget Toolbox includes
the rtvdp.mdl model. Running this model will test te installation by running
Real-Time Workshop, Real-Time Windows Target, andle Real-Time Windows
I:> Target kernel.
In the MATLAB window, type
rtvdp
Next, build and run the real-time model.

To build the control application that operatesha teal-time mode the user has to:

e create a Simulink model of the control system whionsists of thevMlodular Servo
Device Driverand other blocks selected from the Simulink lilprar

* build the executable file under RTWT,

» start the real-time code to run from t&émulation/Start real-time codpull-down
menus.

5.1. Creating a model

The simplest way to create a Simulink model of ¢batrol system is to use one of the
models available from th8ervo Control Windovas a template. For example, click on the
Basic Measurementsutton and save it aBlySystem.mdhame. TheMySystemSimulink
model is shown in Fig. 5.1.

Now, you can modify the model. You have absoluéediom to modify the model and to
develop your own control system. Remember to leae&ervo driverblock in the window.
This is necessary to work in RTWT environment.

Though it is not obligatory, we recommend you tavie the scope. You need a scope to
watch how the system runs. The saturation bloc&sbailt in theServodriver block. They
limit currents to DC motor for safety reasons. Hoerethey are not visible for the user who
may amaze at the saturation of controls. OtherKslaemaining in the window are not
necessary for our new project.

Creating your own model on the basis of an old gdaransures that all-internal options of
the model are set properly. These options are medj@o proceed with compiling and linking
in a proper way. To put theervoDevice Driverinto the real-time code a special make-file is
required. This file is included in the MSS software
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i1 MySystem

Eile Edit Wiew Simulation Format  Tools  Help

S " - h =
OledEs =28l P H s jemd ~|| HERBED REE
[
Angle
r d-to-rads fige
nooo o Engle (encoder) L ragte-ranes calculated
o9 Cortrol welocity
Signal Calculate
Generator Velocity o
welocity (tacho) b
Reset
11—
o Res o l:l numiz) L -
¥ | den(z) filter |
Eal Fat Butterwort filter
Servo
1
| .
onzetq | fiter 1l =
Simple filter
Welooity
Scope
Ready 1100% | | lodss

Fig. 5.1 TheMySystenSimulink model

You can apply most of the blocks from the Simulifikary. However, some of them
cannot be used (see RTW or RTWT references manual).

The scope block properties are important for appatg data acquisition and supervising
how the system runs.

The Scopeblock properties are defined in the Scope properhdow (see Fig. 5.2). This
window opens after the selection of tBeope/Propertiesab. You can gather measurement
data to theMatlab Workspaceanarking theSave data to workspaasheckbox. The data is
placed undeNariable name The variable format can be set stsucture or matrix. The
defaultSampling Decimatioparameter values set to 1. This means that each measured point
is plotted and saved. Often we chooseeeimationparameter value equal to 5. This is a
good choice to get enough points to describe thieasibehaviour and to save the computer
memory. In this case the time space of the plegisal to 0.01 [s].

J} 'velocity Scope’ parameters - IEI Iil J} "Yelocity Scope’ parameters - IEI ILI
General | Data higturyl Tip: by right clicking on axes Generall [rata higkary | Tip: by right clicking on awes
fnes [ Limit data paints bo last: I 12000
Mumber of axes: I 3 [~ floating scope
Time range: I 30 v Save data to workspace
Tick labels: Il:u:uth:um avis only VI Wariable name: I 5D
5 ampling Format: IStructure with bime j
Decimation j |1

1] | Cancell Help | Apply | ak. | Eancell Help | Apply |

Fig. 5.2 Setting the parameters of 8wopeblock
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When the Simulink model is ready, click theols/External Mode Control Paneption
and next click thesignal Triggeringbutton. The window presented in Fig. 5.3 opentee
Select Allcheck button, seBourceas manual, sdburation equal to the number of samples

you intend to collect and close the window.

i
Signal zelection
Elock Fath
X Angle MySystensdngle o] V¥ Select all
X Displav Encoder HySy=temn-Servo-Display Encoder Bl |
X Di=splay FUH HySvstem-Servo-Display PUH
X Di=play Frescaler HySy=tem-Servo-Display Prescaler = on
X Di=splav Reset HySy=temn-Servo-Display Reset
X Display Status= HySystemn-Servo-Display Status ™ off
X Display Therm Flag HySy=tem-Servo-Display Therm Flag
X Display Version HySy=temn-Servo-Display Version
I Pot HySy=tem-Fot
T Velocity Scope HySy=temn-Velocity Scope
Trrigger, sianal |
;I 5 b black |
Trigger
Source: Imanual j Made: Inormal j Trigger signal Fart: |1 Element:l any
. calculated Jvelocity ;I
Duration: | 300000 Delay: | 0 LI
' m when connect to taget [Mirectior: I[ising vl Lesvel: I 0.4 Flald-aff: I 0
Resvert | Help | Apply | Cloze |

Fig. 5.3External Signal & Triggeringvindow

5.2. Code generation and the build process

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

generated, compiled, linked and downloaded intactimputer.

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

the target hardware automatically.

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

process of the executable file.
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) simulation Parameters: MySystem - |EI ILI

Solverl Wurk&pacel.-’[ll Diagnusticsl Advancedl Real-Time ' orkshop

Categary: I Target configuration j Build |
Configuration

Syztem target file: I thin Hic Browse. .. |

Template maketile: Isewu:u Wit o bmf

tdake command: I make rhw

[T Generate code anly Stateflaw options. .. |

Ok | Eancell Help | Amply |

Fig. 5.4 RTW page of th8imulation parametergialog box (MATLAB 6.5)

The system target file name itwin.tlc. It manages the code generation process. The
servo_win_vc.tmfemplate make-file is devoted to C code generatisimg the Microsoft
Visual C++ compiler. Theservo_win_watc.tmfemplate file has to be applied if the Open
Watcom 1.3 compiler is used.

If the Matlab 7.0.4 or higher version is used dtlparty compiler is not required. The
built-in Open Watcom compiler is used to creatieglitime executable code for RTWT.

The Configuration parameterpage for MATLAB 7.04 is shown in Fig. 5.5. Notiteat
rtwin.tmftemplate makefile is used. This file is defaultedar RTWT building process.

E! Configuration Parameters: Tank3_Relay/Configuration ll
Select: —Target selection
- Salver . l_ |
System target file: ﬂmﬁﬂ Browse
- [ ata Import/E sport
- O ptirization Language: I C LI
[~ Diaghostics Description: Real-Time Wwindows Target
- Sample Time
- Data Integrity —Documentation
EDnVE[SI.DIj] [~ Generate HTML report
- Connectiviy )
- Compatibilty [~ Launch report after code generation completes
- Model Referencing -
- Hardware Implementation - Build proc
- Model Reterencing TLE options: I
= Real-Time 'warkshoy
B Make command: Imake_rlw
- Comments
- Symbiols Template makefile: Irtwwn.tmf
-+ Custom Code
- Debug ;
Generate code onl Build |
- Real-Time Window... u Y

oK I Lancel Help Apply

Fig. 5.5.Configuration parameterpage for MATLAB 7.04 and higher versions
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The Solverpage appears when you select 8udvertab (Fig. 5.6). Th&olverpage allows
you to set the simulation parameters. Several patenrs and options are available in the
window. TheFixed-step sizeditable text box is set to 0.002 (this is the giamg 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.

The Start timehas to be set to 0. The solver has to be seletemlir example the fifth-
order integration method ode5is chosen.

Ll Configuration Parameters: MySystem/Configuration

Select: Sirnulation tirme: A
Solver Start time: | 0.0 Stop time: |55
Drata Impart/E =part
Dptln‘nzat.lnn Solver options
= Diagnostics
Sample Time Type: | Fixed-step * | Solver: | odef [Dormand-Frince)
Data Inh_agnty Periodic zample time constraint; Uncongtrained
Corversion . . ;
Conrechivity Fined-step size [fundamental sample time); | 0.002
Cormpatibility Tasking mode for periodic sample times: | SingleT asking v
Madel Referencing [] Higher priority walue indicates higher task priarity

Hardware Implementation
todel Referencing
= Real-Time Warkshop
Cormments
Surnhnle b

[ oK H Cancel “ Help “ Apply

i Automaticaly handle data transfers betwesn tasksi

Fig. 5.6 Simulation parameters

If all parameters are set properly you can staetdkecutable building process. For this
purpose press tHauild push button on the RTW page (Fig. 5.4).
Successful compilation and linking processes geéae¢ha following message:

### Created Real-Time Windows Target module MySystel.
### Successful completion of Real-Time Workshdd ptocedure for model: MySystem

Otherwise, an error massage is displayed in the M¥8 command window.
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6. Basic Assignments

All experiments described in this manual are pentxat with servo system consisting of
the following modules: DC motor with tachogeneratoertia load, encoder and gearbox with
the output disk. In one experiment additionally bizeklash module is applied.

6.1. Basic measurements

In this section quality of measurements in the saystem is concerned. The shaft angle is
measured with high accuracy by an incremental egrcdfithe tachogenerator is not used the
shaft angular velocity must be reconstructed frone tangle measurements. If the
tachogenerator is used as a velocity sensor trewadltage signal comes together with
disturbances, therefore it must be filtered.

E Servo_Basic_Measurement

File Edit Wiew Simulation Format  Tools Help

ODesdEE| & BE ) ?]55 iE:-:lemaI | TR =B

Measurements

i

Angle

rad-to-radiz

¥

| .
oooo o Pogle (encoder) calculated”
R e velocity
Calculate
Welocity

Signal
Genaratar

¥

welocity (tacho)
Razat

1 o
o Res l:l namizy
denz) filter |

Hormal

¥

¥

Faot Buttenwort filter

Senm
1

002541 filter 11
Simple filter

¥

Welacity
Scope

Ready o0%s lodes

Fig. 6.1 Simulink model dBasic Measurements

The Signal generatoblock produces a saw shape control signal fosdrgo system. This
shape was selected to demonstrate the full rantfeeafontrol values.

The velocity measurements are shown in Fig. 6.2 €an see that the most disturbed is
signal obtained directly from the tachogeneratdre Teconstructed velocity (from encoder
measurements of the angle) is the best one. Twestgp the filters are applied: the fourth
order Buterworth filter and a simple first ordeltdr. Details and differences between the
measurements are shown in Fig. 6.3 and Fig. 6i4sek can choose which one of the velocity
measurement will be used in his own real-time erpents.
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Fig. 6.2 Velocity measurements

Velocity measurements: red - encoder, blue - directly from tacho Velocity measurements: red - encoder, blue - directly from tacho
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Fig. 6.3 Comparison of the velocity measurements
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Filtered velocity: red - Butterworth filter, blue - simple filter Filtered velocity: red - Butterworth filter, blue - simple filter
200 ' ' ' 1 1 T _T__T__[__[__L__L__I
] e R e N
I
£ Yy By Y A I
I I I I I I I I I I I
I I I I I I I I I I I
-91.5 /J\777477+ B i e S e e
\ I I I I I I I I I
) | | | | | | | | |
-92 A i N i e e el el el el el
\[ I /N | | | | | |
| HIVATall [\ | | | |
9251 9|17 = TAAT o T [l el i’
| |1 \ Avami! | | AN | |
ol - AR A M | fo\ | |
e v [ \777“7 : 7 J‘T\‘ NN /7
I I I I YA |1 | I
\ | /
I | T R T A R4 R AN S VAT I VAR AN
-93.51 1 | | | IRYA T AER/AA i/
I I I | ! | | AN LA
/1) T VI f N ) AL
I I I I I I I R N I
I I I I I I I I I I I
945k 4 - -4 — 44— oL e Y ]
I I I I I I I I I I I
1 1 1 1 1 1 1 1 1 1 1
40 40.02 40.04 40.06 40.08 40.1 40.12 40.14 40.16 40.18 40.2
time[s]  press any key time[s]  press any key

Fig. 6.4 Comparison of the velocity measurements

6.2. Steady state characteristics of the DC servo

Double click theStatic characteristicdutton in Servo Control Window. The window
given in Fig. 6.5 opens. In this window one defitles minimal and maximal control values
and a number of measured points. Also the contrderocan be set asAscending,
Descendingr Reverse

} Measure ¥elocity vs. PWM O] ]

kirnimal control value: I 1.0

Maximal control value: I 10
Control order: I Feverse - I

Mo of measured pointz: I 51

Help | CLOSE |

Fig. 6.5 Parameters of measurement of static ctearstics

The Runbutton starts the experiment. The constant valute@fcontrol activates the DC
motor so long as a steady state of the shaft angalacity is achieved. Then, the velocity is
measured and the control value is changed to thé censtant value and DC motor is
activated again. These steps are repeated to thefd@he control range. Simultaneously, the
measurements are displayed in the screen (se®.big.There are two sources of DC motor
velocity: the reconstruction from the incrementalc@der pulses and the tachogenerator
voltage. After the identification process the meaments are saved in tldStat.matfile.
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Fig. 6.6 Visualisation of measurements the stdtaracteristic

When the measurements are completed, close thewiadd double click thBlot & save
button. TheChStat.maffile is loaded and the static characteristicsIited (see Fig. 6.7).
Notice that when the characteristics is measurd&ewersanode (the control is changed from
—1 to +1 and in the reverse order). The plots hghtly different. Next, the characteristics
are averaged and shifted to zero for a number @ftpdo diminish influence of the dry
friction. Next, the plot (see Fig. 6.6) is drawndathe characteristic is saved in the
servo_chstat.mdtle. If this file exists it is overwritten.

Fle Edt Wiew Insert Tools ‘Window Help 200

IDzES| xA A/, 2o

Static characteristic of DC servo

Weasured characteristic
200 T T T T T T T

180

100

Angular velocity [rad/s]

Angular velocity [mdis]
=]

| .
4 08 06 D4 02 0 02 04 06 0.8 1 u [normalised]
u [haorrrzlised]

Fig. 6.7Collecting points of the static Fig. 6.8Averaged and shifted static characteristic
characteristic

Building a new static characteristics is a seldgaration. Please do not forget to save the
old characteristics (with an appropriate descriptio a safe place. The details are included in
theplot_stat.mfile which executes all operations mentioned above
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The characteristics saved in tilservo_stat.maffile is used in the construction of a
nonlinear model of the servo system.

6.3. Identification in time domain

The task is to find the parameters and K_of the linear model of the servo system
described by the transfer function
K
G)=Xe® - Ks 6.1)
uis) T,s#l
that the states of the model fit to the experiraypimeasured states. The step input signal

u(t)= 1(t) is applied to the servo system and the velocitytime is acquired. The surface
methodis applied to find the system parameters.

6.3.1. Identification task by the surface method

The velocity signal is denoted as(t) . Applying the model (6.1) the required parameters
Ks andTg can be calculated using the following relations

K, = lim X, (t),t - oo

t
T, :% whereK, = IimJ'(KS =% (A))dA,t -
0

S

The surface method is the useful identificatiorodathm in the presence of disturbances.
In this case the integral formula filtrates the mw@ament noises. Fig. 6.9 shows a typical
application of this method to a DC servo identifica problem.

A

X, (1) + w(t)

surfaceK,

Fig. 6.9 Surface method in the presence of disha&sw(t )
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6.3.2. Time domain identification experiment

In this experiment MSS includes the following maehil the DC motor with
tachogenerator, inertia load, encoder module amabge module with the output disk. The
magnetic break module can be added but in suchsa tee identified parameters of the
system will be different.

To start the identification experiment tygervo at the MATLAB prompt andServo
Control Windowappears Now, double click theTime domain identificatiorbutton The
model shown irFig. 6.10opens.

Build model (in the case if it has not been donefolm. Next, select the
Simulation/Connect to targetption and click th&imulation/Start real-time cod&he servo
starts to move and one can observe the velocitsptaged in the screen (see Fig. 6.11).

E! Servo_T_ident

File Edit Miew Simdlation Format Tools Help

D@d& ‘| F feend -[[HeBess BEB S

Time domain identification

Step

i rad-to-rad/s e
Pagle (encoder)” caleulated L
Contral = welocity
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I 1 I

e velagity [tacha) T goosrq | fierll T

ez .

Simple filter

1 —— Wealo ity

0 . Resetl -,.
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anhy
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Ready 100% odes

Fig. 6.10 Real-time Simulink model for identificai
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|leE|(lcepe ARR| B E &

calculated welocity
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Fig. 6.11 Step response of the servo
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Click the Calculate modelbutton. This action starts tipdot_ident.nfile where the surface
method is applied and the parameters of the sedehare calculated. Consequently, Fig.
6.12 opens and two plots are displayed in the acree

« velocity obtained from the measurements (red),

» velocity calculated from the model (black).

At the top of the figure the obtained coefficieatsd the Mean square error denotedlby
corresponding to data fitting are displayed. Thefitcents are also displayed in the Matlab
window.

J Figure No. 1 O] x|
File Edit Wiew Insert Tools ‘Window Help

IEE Y ERY YA

ks =186.6377 and Ts =103 J=1.0101
200 T T T T

_____________________________________________________________

g

Ti ] VO S U S S S _

velocity [rRdis]

4] 8 10

time [sec)

Fig. 6.12 Measured (red) and modelled (black) vigksc

|:> Remember that your servo can be different to the sfem described in this
manual. The time domain identification has to be pdormed before any
experiment.
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7. Advanced Assignments

7.1. PID position control

A PID controller is the most common form of feedkaln process control today, more than

95% of the control loops are of a PID type, in piate a Pl control. The PID controllers are
today present in all areas where control is usecur case only P and PD controllers are

concerned. The servo itself behaves as an integrato

In this section a problem of the position contrbtie servo is concerned. The background
to simple tuning methods is introduced.

All real-time experiments related to the PID pasiticontrol are performed using the
model given in Fig. 7.1.

PID controller

>
Angle & ref
>
>
control - |:|
Kp =

+
* >
» -tO-I ._>
oooo = Angle encoder)” | rad-to-rad/s El
[e]o) + T j s nt% Angle & Reference
Signal Ki Saturation b Calculate & velacity
gna » d Velocityl
Generatorl » i B!
velocity (tacho)
Reset " L 1
1 +—Pp—o 0.055+1 filterd v elocit
Reset Simple filter
i e )
E
Norma| Encoders
Real-time only Servo
<}<

Fig. 7.1 Real-time model of the servo with the Rtihtroller

The transfer function of a continuous PID conl&molised in this manual has the form:

K(s):@ =K +ﬁ +skK
£() P s P

where: £ -error,
K,- proportionality coefficient, K, - integration coefficient andK, -

derivation coefficient.

P controller

A goal of the control is to track a reference slgméich is defined as a square wave. In
this section the P controller is investigated.
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Fig. 7.2 Position servo control with the P congoll

The diagram of the closed loop system is shownign F.2. It is well known that increasing
gain leads to oscillations. To test the real-timstam for different gains of the P controller
click PID control continuousutton inServo Control Window The model given in Fig. 7.1

opens.

We start with a small value of the gain of the Pitodler. Type K=[0.0064 0 0] at the

MATLAB prompt. It set proportional coefficienK ; of the P controller. Assuming a desired

range of the change of the output disk equal @ et reference input signal equal to 25*pi/2
(it is the measured angle at the input to the gedrlAlso set frequency of the reference input
to 0.05 Hz and sample time to 0.002 s.
» Build the model.
* Click the Simulation/Connect to targeand Start real-time codeoptions to start
experiment.
Next, repeat the experiment for the new settikg:= 0.0127and K ; = 0. 0254

The results of all experiments are given in Fi@. &nd Fig. 7.4. Note, that oscillations of
the system response appeaKif =0.  0a@@dK , =0.0254

Position control with P controller

Fig. 7.3 Response of the closed-loop system welPtlcontroller
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The controls shown in Fig. 7.4 do not reach the zatue. It is due to the dead zone of the
system which can be observed at the steady stataathristic shown in Fig. 6.8. The dead
zone of the normalized s in the range from -0.15 to 0.15.. Notice, the control saturates
for K, =0.0254.

Controls

Fig. 7.4 Controls for different gains of the P aofier

In the table below the steady state error is shfmwthe gain coefficients applied in these
experiments. In accordance with theory if thgincreases the steady state error decreases.

K 0.0064 0.0127 0.0254
£ 20 % 9.1% 4.8 %

[

PD controller

The main goal of the controller tuning is to obt#we standard second order system step
response. The general form of the second ordesfeafunction is
2
w
G,(s) = -

s* + 20w, s+ W}

If 0<{ <1, then the step response Gf(s exhibits an exponentially damped sinusoidal
character with the following features:
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—ZIT
* percentage overshoop,, =100e""¢

o 4
* 2% settling time t, =——
w,

n

 time to peakt, =T
w,\1-C?

For given p,, andt .one can calculate the damping coefficighand natural frequency
w,. Comparing a transfer function of the closed-legptem, which contains the coefficients
of the controller, with the standard transfer fumetG,(s) one can calculate the controller
coefficients.

EXAMPLE

Assume that we would like to design a PD contrdiberthe position control of the servo
system as it is shown in Fig. 7.5: Note that atfitet glance the state feedback controller is

used. But remember that = %—?. For this reason the applied controller is PD type

The requirements corresponding to the dynamicseotlibsed-loop system are as follows:
» settling timet, < 25[s ]
* and maximal overshoap,, < 10

\  controller E i servo i
oooo ' ! I KsiTs !
OO Tref HW”:‘. Ly, __:_ :>j+ g :
Reference : . ' b : : 1/S v 1/S a’:'gle
Signal | Kp ! ! !
: Kd : ’ : 1/Ts :
| | , velocity | S |
1 K-
: I
Fig. 7.5 Position control with the PD controller
K :
The servo system has the transfer funci&(s) =—————. The transfer function of the

PD controller is K(s) =K, + K, s. The default values of the system coefficients are
K, =186 [rad/s] andT, = 104s].

Closing the control system we obtain the trangfacfion in the form
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p' s
T
G.(s) = s .
z K K
sz+sKSKD +1+ p s
T T

S S

Substituting values for the coefficients into thensfer function we obtain

178846K
s? +5(178846K , +0.9615 +178846K ,

G,(s) =

The following relationships are obtained by compgrihe transfer function with the
standard transfer function of the second orderesyst

178846K , = w?,
2{w, =178846K , +0.9615,

Considering the formula and the condition for th#lmg timet, < 25[s] one obtains the
inequality K, = 0.0125.

Consequently, respecting the formula and the cmmdip,, <10 related to the assumed
percentage overshoot one can calculate an unknaiue as{ = 0. 5912later w, = 2. 7039
andK ; =0.0409

To check if the behaviour of the closed-loop systemonsistent with requirements one
can use the simulation method. Type at the Mattainpt K=[0.0409 0 0.0125] to save the
coefficients of the PD controller in the workspa€dick the PID controller & linear model
button. The model depicted in Fig. 7.6 opens. Note, thatlinear model of the servo is
applied. The simulation results are shown in Fig. 7

e i

PID controller (simulation)

Angle & Ref
Kp - Angle
oooo -~
[+ | ealfa
OO0 Trer ; _ PiK->——P+
Reference

Signal o >

PiK->—Ppf+

velocity

pC——p-
Ll

Linear Simulation Model

Fig. 7.6 Simulation model of the closed-loop systeith the PD controller

Modular Servo System - User’s Manual 42



TEY]
|lemcr e AEBB BE &

Time offzet: 0

Fig. 7.7 Simulation results of the system wite BD controller

The percentage overshoot is too large, namely 163%&ever the settling time is equal to
2.4[s] what is a satisfactory result. The steadyeserror is equal to 1.2% what shows that the
goal of the control is satisfied but the requiremezlated to the percentage overshoot is
missed.

Before redesigning a controller a real time expentrshould be performed. Click tR¢D
control continuoushutton. ClickPID controller and the model presented kig. 7.1 opens.
Build it and start the real-time code. The resalts presented in Fig. 7.8. Notice, that the
response of the real system always differs sligintign the simulated one.

_ioix]
legm(ocpp AERE| P L =

Fig. 7.8 Results of the real-time experiment wite PD controller
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To see in details differences between the real intesimulation responses of the closed-
loop system execute tlservo_plot_pid.niile. This file is included in thé&ervo Toolbo)out
is accessible only from Matlab Command Window. Pla is depicted in Fig. 7.9. The table

below includes the details read from the figure.

Simulation Real-time experiment
t. [s] 2.4 3
Py, [%0] 16.5 8.14
Steady state error [%)] 0.2 4.02
_lo/x]
File Edit W%ew Insert Tools Window Help
D& h A2/ el

Fesponses of: simulation modeliblack) and real system (red)
ISR NORONS NN SO A S A= N
| I | ] I ]
3 4 5 g ¥ g Q 10
time [s]

Fig. 7.9 Comparison of the real-time and simulaggperiments with the PD controller

The overshoot of the real-time experiment is srhatl the steady state error is too large
and the settling time is too long.

We are trying to increase proportional coeffici¢qifof the PD controller. It will increase

the overshoot (that is an admissible step) andedserthe steady state error (to a value which
is required) and shorten the settling time whaegired also.

Type at Matlab prompt: K=[0.0609 0 0.0125] ande@pthe real-time experiment with the
PD controller and observe the results in the scdplee model. To see all details of responses
vs. time type the following commands:

a=1;bl=length(PD_C.time);
t=PD_C.time(a:b);

a=1,;

b=10/(t(2)-t(1)); %plot only first 10 seconds of r esponse
t=t(a:b);

plot(t,PD_C.signals(1).values(a:b,1),'b',t,PD_C.sig nals(1).va

lues(a:b,2),'k");grid;
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title('Responses of: real system with corrected PD controller’);
xlabel('time [s]);

The plot which is obtained is shown in Fig. 7.1@eTvalues of the percentage overshoot,
settling time and steady state error are as fotlows

Py, =125[%] , t, = 223[s] and &, = 033[%].

The overshoot is a little greater than the assuomedbut the settling time is fine and the
steady-state error is perfect. We can concludettigagoal of the control is satisfied and that
the PD controller just designed works well.

Response of real system with corrected PD controller

Fig. 7.10 Response of the real-system with theected PD controller

Position control with the backlash module

In this section position control problem is consedewhen the backlash exists in the servo
system as it is shown in Fig. 7.11.

a
ref + K, |—— ——=5— || Backlash

S(sT, +1)

Fig. 7.11 Position servo control with the backlaskl P controller
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The backlash is present in a number of mechaniwlhgdraulic systems. In many cases
backlash is necessary to proper work of a mechlsiysem. A gearbox without backlash
will not work if temperature rises. The backlashaisystem deacreases control performance
and in most applications introduces oscillationth®controlled system.

At the beginning the backlash have to be addedisiieg servo system. Add this module
between the inertia and the encoder modules isyhEem chain. It is important that encoder
measures an angle after the backlash module.

To test a behaviour of the real-time system withliacklash module for different gains of
the P controller cliclPID control continuoudutton inServo Control WindowThe model
given in Fig. 7.1 opens.

Type K=[0.1024 0 0] at the MATLAB prompt. It setee proportional coefficienK , of the

P controller. Assuming a desired range of the chasfghe output disk equal to pi/2 set the
reference input signal equal to 25*pi/2 (it is theasured angle at the input to the gearbox).
Also set the frequency of the reference input @ @z and sample time to 0.002 [s].
* Build the model.
* Click the Simulation/Connect to targeind Start real-time codeoptions to start the
experiment.

The results are given in Fig. 7.12 and Fig. 7.13.

Position control with P controller

Fig. 7.12 Position control with the backlash modute =0.1024

Notice, that there are oscillations in the syst&he oscillations are far from the harmonic
shape. They are generated as the result of adyule in the system. The control shown in
Fig. 7.13 is saturated. It is the well known fdtattdecreasing the proportional gain of the
controller can correct this unfavourable behavigiuthe servo system.
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Fig. 7.13 Control signal

Repeat the experiment f&¢, =0. 0128he results are shown in Fig. 7.14 and Fig. 7.15.

Position control with P controller
80

60

40

20

0

-20

-40

-60
0 5 10 15 20 25 30

Fig. 7.14 Position control with backlash modide =0. 812

Notice, that oscillations are not present in trasec The desired position is reached with
2.8% accuracy. The control does not saturate. Weelgde that the closed-loop system
behaviour is satisfactory.
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Controls

Fig. 7.15 Control signal

7.2. PID Velocity control

The task of the velocity control is to keep the ik velocity in the presence of
disturbances. The disturbances can be introducedchange of the velocity reference signal
or as a change of the motor load. To disturb tfereace velocity the potentiometer can be
used. The load disturbances can be introduced akiryg slightly the inertia load of the
system. In the example the load disturbances &@duced manually.

Click theVelocity control button inServo Control Windownd model shown in Fig. 7.16
opens.

PID velocity control 1

>
IR

» [ Velocity & Reference |:|
>

1

> >
0.2s+1 | filtered control =

imple filterl

Reference
oo | X
L> = Angle (encoder) do-adls _>E| &C\f:uenll?s:(y

PID > >
> = Control *

Calculate
Velocity

Saturation

Generator |
velocity (tacho)|

1
0.05sr1 | filterd velocity

14— Pp—=o

0 4 » r'd Rese(l

Reset
Encoders
real-time only

Simple filter

Normal

Fig. 7.16 PID velocity control in the real-time tm®
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Set thesine reference velocity, amplitude equal to 40 [radisyl frequency equal to 0.1
[Hz] . Simulation time set equal to 30 [s]. TGain of the potentiometer set equal to zero.
The coefficients of the PID controller set to tbé#dwing values:K , = 015 andK; = 003

_inix|
|leE|locpr ABEE| ®E &

Fig. 7.17 The results of the PID velocity control

Build the model and run the real time code. Thelte®f the experiment are given in Fig.
7.17.

One can see that the disturbances of the motor asadntroduced manually after five
seconds from the start and remain active in theogef 15 seconds. Note, that the control
increases in this time interval. The results amest in theVelCtrl variable stored in the
Matlab workspace.

Type at the Matlab prompt :

plot(VelCtrl.time,VelCtrl.signals(1).values(;,2),'r " VelCtrl.time,VelCtrl
.signals(1).values(;,1),'k";grid;xlabel(‘time [s]' );title('Reference
velocity (red) - measured velocity (black)’);

The plot is shown in Fig. 7.18 . In this scale thiferences between the diagrams are
unvisible. The details of the reference velocityl dhe measured velocity are shown in Fig.
7.19.
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- measured velocity (black)

Reference velocity (red)

time [s]

Fig. 7.18 Reference and measured velocity

Reference velocity (red) - measured velocity (black)
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Fig. 7.19 Zoomed data

The tracking error of the velocity (at 12.5 secgndsqual to 1%. Of course this error varies
in time but it is rather small as far as the eafothe velocity measurements is concerned.
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7.3. Multivariable control design

The section demonstrates how properties of a clusgu system are influenced by the
design parameters: the closed-loop roots and sagpkriod. Two methods of the closed-
loop systems design are shown. The first is basethe pole placement and is applied for
continuous systems. The second control method, knasv"deadbeat control" is used for
discrete systems.

7.3.1. Pole-placement method

A closed-loop system with feedback gains from tte#es is analysed. The approach we
wish to apply is the pole placement. It means thatcan change the closed-loop system
roots. There are different ways of achieving tlidme of the design methods is described
below.

The continuous-time system is represented by tte sguation:
X=Ax+Bu
y =Cx
The state controller realises a linear feedbackrobmaw in the form:u=K(y, -y )
whereK is the feedback gain matrix ang is the desired output vector.

We request that the roots of the closed systemequal toA,,4, (fixed). The design
methods consist in finding that the roots of the closed-loop system are & dksired
locations. That means, we assume dynamic propeartite closed system. It can be shown
that there exists a linear feedback that giveaed-loop system with roots specified if and
only if the pair @,B) is controllable. It is clear that closed-loopteys has to be stable and it
IS a 'sine qua non' assumption of the design.

The state matrix of the closed-loop system is
A. = (A-BKC).

For the case of the DC motor the matAxis given as

0 1
A=|_ Kk _1+Kk,
TS TS

and the characteristics equation has the form

/12+/11+ KK, N K_Fk1 0.

By means of the feedback gains, the location ofsrob the characteristics equation may
be changed. From the Vieta's formula we obtain

K, Kk 1+ Kk,

WU, = T (4 +2,) =~ ==,

and we can calculate, and k, from
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o = 2T K, = et )Tl (7.1)

KS KS

It is clear that we can require the desired behavad the closed-loop system but we have
to keep the control between appropriate linjiigt)|< . When the control variable

saturates, it is necessary to be sure that themayiseéhaves properly.

EXAMPLE

Assume that we would like to design a closed-loggiesn without oscillations. A possible
selection of the roots is:

A =-2 andA, =-3.

For the identified parameters (an example) = [t&6/s] and T, = 104s] we can
calculatek,,k, from formula (7.1)

k, =0.0335 and k, =0.0226
Then, we simulate the closed-loop system with éeellback gaing,, K, .

Perform the following steps:

* type K=[0.0335 0.0226] andervo at the MATLAB prompt.

» Double click the State feedback control continuoasd State feedback controller
buttons. The model shown in Fig. 7.20 opens. Asegraidesired range of the change of
the output disk position equal to pi/2 set the negfiee input signal equal to 25*pi/2 (it is
the measured angle at the input to the gearboxp Aét the frequency of the reference
input equal to 0.1 Hz and sample time equal toDK€0

» Build the model.

* Click the Simulation/Connect to targeind Start real-time codeoptions to start the
experiment.

The results are presented in Fig. 7.21. Noticd,ttleresponse of the system is slow and not
accurate. The reference angle is reached with acgwequal to 6% and the settling time is
about 4[s].

We can change the roots of the closed-loop sysbemake the system faster. Assuming

A, =-4 andA, = -5 we obtain:k, =0.1118 and k, = 0.0449.
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State feedback controller
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Fig. 7.20 Real-time model with state feedback iier

1
0.055+1 filterd v elocit

Simple filter
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Reset

Normal Encoders
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Type at the Matlab prompt K=[0.0335 0.0226] andewd the experiment with the new
values of k andk, . The experimental results are shown in Fig. 7N&#tice, that the response
of the system is faster and more accurate. Tlearte angle is reached with accuracy equal
to 2.3% and the settling time is 2.5 [s]. Thesalteutperform the previous one.

In both experiments the control saturates despétthe goals of the design are achieved.

=10lx|
lemorr ABR| B E &

Angle & ref

Timne offzet: 0

Fig. 7.21 Experiment of the closed-loop systed 7 -2 and A, = -3
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Angle & ref

Fig. 7.22 Experiment of the closed-loop systed 7 -4 and A, = -5

7.3.2. Deadbeat controller

It is the control method unique to discrete systemshich we calculate feedback gains in
such a way that the roots of the closed systene@ual to zero. This control strategy has the
property that it drives the states of a closed-leggtem from arbitrary values to zero in at
most N steps (dim(A)=N). It is the fastest possilikcrete controller.

The sampling time TO is the only design paraméibe magnitude of the control variable
u can be decreased by increasing the samplingTimer vice versa. For a given range of the
reference variable step a suitable sample timebeadetermined. The main problem of the
design is the saturation of the system actuators.

The discrete system is described by a discrete statation:
(n+DT,] = A x{nT,] + Bou[nT]

yinTy] = CoX{nT,].

The matricesA, and B, are calculated from the continuous state-spaceemexing the
following, well known, relations:

To
A, =" BD:[IeA‘dt}B C,=C=1.
0

For a discrete model of the DC motor matridgsand B, have the form
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To To
A, =’ = 1 Ts(l_TOe ") , B, = Ks(To _Ts(l_To e ™)) .
0 e's Ked-e ™)
If we assume reachability of the pai#\(, B, ) and a control law in the form

u[(n)To] = K(yq[nTo] = ¥InT,])
K =[kk,],

we obtain the closed-loop system shown in Fig..7.23

Yaln'To] X(n+DTo] = AgXnTo] + BqulnTo] Y InTol
! -
—R—> MinTol = Cadntol

v

A
A

Fig. 7.23. Closed-loop system with the feedback gai

The closed-loop system is described by the equation
)<[(n+1)To] = (AD -Bp KCD)X[nTo] +B, KYd[nTo] .
Feedback gains for the deadbeat controller arelleaéxl from the equation:

det(/“ - (Ab - BD KCD )) |/1i =0i=12— 0.

Design method

We can design the deadbeat controller using a atinal method. The following steps are
necessary in this case:

1. choose the sampling tinig,

2. create the discrete model,

3. calculate feedback gains,

4. simulate the closed-loop discrete system,

5. if the control overruns saturation limits incseahe sampling tim&, and repeat

the steps from 1 to 5.

EXAMPLE

This example shows how to design the deadbeataitamntr
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A goal of the control is to track a reference slgfthe angle of the motor shaft). The
reference signal is assumed to be a square wave.

Type servo at the MATLAB prompt and then double click tistate feedback control
discretebutton. To design the controller click th€alculate deadbeat controlldsutton. It
executes theervo_calc_db.nfile where a coefficients of deadbeat controllex ealculated
according to the algorithm shown above. The bodyhed file is listed below. Note the
comments in the file.

% Continuous linear model of the servo system.
% Parameters of the servo are read from workspace

A=[0 1;0 -1/Ts]; B=[0; Ks/Ts];C=[10;01]; D =zeros(2,1);

% If the distance to the reference signal is big co ntrol value in the

% first sample time is big too. Due to we are looki ng for such a TO

% when control does not saturate,we must assume the maximum change of

% the reference signal.
delta_ref=[25*pi;0]; && it is maximal change of t he reference signal

% we start look for TO
T0=0.1;
fori=1:200
TO=T0+0.005;
% ** Discrete model for sampling time TO*

[Ad,Bd]=c2d(A,B, TO);

% Now we calculate a coeffitients of deadbeat contr oller
% using the formula : eig(Ad-Bd*K)=0

Z=[Bd(1) Bd(2); Ad(2,2)*Bd(1)-Ad(1,2)*Bd(2) Ad(L, 1)*Bd(2)];
X=[Ad(1,1)+Ad(2,2):Ad(1,1)*Ad(2,2)];
K=(2\X)";

% Now coefficients of the controller are saved in K

% checking if the control saturates in the first s ample time:
% u(1)=K*delta_ref;

if abs(K*delta_ref)<=1
K
TO && write K and TO in Matlab command wi ndow
return
end
end

The variableX andT, are stored in the MATLAB workspace after the exegubf the
above m-file. In our case for K,= 18pad/s] and T,= 104s] we obtain
K =[0.0127 0.0091]and T, = 0. 7950

Now double click theState feedback controllebuttons to perform the real-time
experiment and the model depicted in Fig. 7.2sepe
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Fig. 7.24 State feedback controller — a discretdeho

This model differs in details from the other moddlaie to the fact that the model is
discrete, and the sampling tinfgcan vary from experiment to experiment is read from

the Matlab workspace. Variablg is located in the Simulink model in the followiptaces:

in Fixed step sizen tag Solverwhich is located irSimulation/Simulation Parameteoption,

in all Zero-Order Holdblocksand in the mask of th8ervodevice driver There is no filter
connected to the output of the tachogenerator. filte applied in other models is not
discrete one and can not be used here. Howevsriitteresting how the controller works
without filtering of the velocity signal.

Set the amplitude of the input signal to 25*pi/2 (@@ the previous example), the frequency
of the reference signal to 0.05 Hz. Set simulatiore equal to 60 [s] and time range in the
scope also equal to 60 [s].

Due to the fact that the model includes varialdlesnd T, and some settings are changed

rebuild it. Click Simulation/Connect to targeClick the Start real-time cod®ption to start
the experiment. The results are shown in Fig. 7.25.
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Fig. 7.25 Results of the position control using deadbeat controller

Note, that the system does not reach the referamgle in two steps. In fact, the servo is a
nonlinear system and it is only approximated bynadr model. Notice, that this control is
significant only during two first sampling intergal

7.4. Optimal design method: LQ controller

The linear-quadratic problem (LQ problem) is a candne in the theory and applications
of optimal control. There are two versions of th@ problem: the open-loop and the closed-
loop optimal control problems. Either the optimahtrol is given as an explicit function of
time for fixed initial conditions, or the optimabuwtroller is synthesised. Further only the
second case is considered. The main result ofitite-tlimensional linear-quadratic theory is
that under suitable assumptions the optimal feddloaatroller is linear with respect to the
state, and constant with respect to time.

The synthesis of the discrete and continuous LQrobher is presented below. For a very
small value of the sampling time the response ef discrete system converges to the
response of the corresponding continuous system mdst important question for a designer
of a control system, as far as LQ control problemancerned, is how to select the weighting
factors in the cost function.
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Let us examine separately the continuous and dest@ problems.

7.4.1. The continuous case

The dynamical model of the DC-motor is describgdhe linear differential equations:
X=Ax+Bu
y=Cx ,

where the matrice&, BandC have the form

0 1 0 L o
A=y _1| B:g,c:[o 1] (7.2)
TS TS

The desired input time history of the state veatomiven by y,(t) =[y,, (t), Y,q (t )]
Hence, the error vecteris defined

et) = yq (1) - y(@).

A typical quadratic cost function (performance xyleas the form

3w = [1¢" ©Qe +u ORI,

where:

« matrixQ =0, Qis a nonnegative definite matrix,
* matrixR > 0, Ris a positive definite matrix,
» the A,B) pair is controllable.

The weighting matrice® andR are selected by a designer but they must satishaltiove
conditions. It is most easily accomplished by pigkthe matrixQ to be diagonal with all
diagonal elements positive or zero. Some positieggiat (R|Z0) must be selected for the
control, otherwise the solution will include infiaicontrol gains.

The values of elements @ and R matrices weakly correspond to the performance
specification. A certain amount of trial and erisrrequired with a simulation program to
achieve a satisfactory result. A few guidelines bamecommended. For example, if all states
are to be kept under close regulation @Qdre diagonal with entries so selected that a fixed
percentage change of each variable makes an eguiibaition to the cost. The matrR is
also diagonal.

If the maximum deviations of the servomechanismpotst are:y, .. Yoma: @nd the
maximum deviation of control ig then the cost is:

Q(1l)y; +Q(22)y; +Ru’

max’

The coefficients of th€ andR matrices can be set related to the rule:
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1 1 1
- Q@)= andR=——
o)y QAT AARE

This rule can be modified to satisfy desired romtations and transient response for
selected values of weights. One must avoid saturatifects both of outputs and control.

Due to the differences in methods of analysis, lerolformulation and the form of results,
we strongly distinguish the linear-quadratic probl@ith a finite settling time from that with
a infinite settling time. However in application® requently encounter the situation when
the termination moment of the control process ifas@way that it does not affect the current
control actions. The infinite-time optimal contymoblem is then posed. The cost function is
replaced by the formula:

J(u) = [[€" (1)Qe(t) +uT (H)Rut)]dt (7.3)

Q@Y =

Then the optimal scalar contral” and the optimal trajectory vecter are given
u' =Ky, -Y) (7.4)

whereK is the feedback matrix.

The optimal control problem is now defined as fa#o find the gainK such that the
feedback law (7.4) minimises the cost function Y &@bject to the state equation (7.2). The
calculation of the control variable which minimizeéke criterion (7.3) is a dynamic
optimisation problem. This problem can be solved Jariation calculus applying the
maximum principle due to the Bellman optimisationmnpiple. The procedure returns the
optimal feedback matriX, the matrixS the unique positive definite solution to the
associated matrix Riccati equation:

SA+AlS-SBRIBIS+Q =0

Due to the quadratic appearance ofti®re is more than one solution, aBdnust be
positive definite to select the correct one. Thaecpdure returns also the matrix E, the closed-
loop roots:

E = eig(A - B*K*C)

The vectorK can be calculated by a numeric iterative formulalee basis of the Riccati
equation. The associated closed-loop systentA— BKC)e is asymptotically stable.

To solve the LQ controller problem thgry function from theControl System Toolbaan
be used. The synopsis airy is: [K,S,H = Ilgry(A,B,C,D,Q,R

In this case the matrix of weigh@ relate the outputy instead of the state. For the
servomechanisrD is the row matrix with two zero elements. The fimelqry computes the
equivalentQ, R and calldqr,

The controlu is not constrained. This assumption can not bisfeat for a real physical
system. One must remember that if the contisdturates then it not satisfies the LQ problem.
To return to the LQ problem the amplitude of thseignal should be diminished. In such a
case a designer tunes the relative weights betatagm and control variables. To perform that
the simulation tools are recommended.
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EXAMPLE

The goal of the control is to track a referencaaigwhich is defined as a square wave. Set
the amplitude of the reference input signal eqo@3*pi/2. Set the frequency of the reference
input to 0.1 Hz and sample time to 0.002 [s].

Type Servo at the MATLAB prompt and then double click tistate feedback control
continuousbutton. To design LQ controller click th@alculate LQ controllerbutton. It
executesexrvo_calc_Iq.nfile presented below:

% State space representation of servo:
A=[0 1;0 -1/Ts];
B=[0; Ks/Ts];
C=[10;01];
D =zeros(2,1);

% Set Q and R matrices. These values can be chan ged by a user
Q=[50 0;0 1];
R=1000;

% calculate coefficients of the LQ controller
[K,S,lambda]=Iqry(A,B,C,D,Q,R);

% type K in Matlab command window
K

For the default valueX, = 18@&d/s] andT, = 104s] we obtainK =[0.2236 0.054]

To perform the real-time experiment click tB&ate feedback controlldrutton. When the
model opens (see Fig. 7.26), check parameterseafefierence signal. Build the model, click
Simulation/connect to targeind Start real-time codeption to start experiment. The results
are given in Fig. 7.27. Notice that the referengma is reached with accuracy equal to
0.58% and without overshoots. The control signalrsdes.
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Fig. 7.27 Results of the position control with atouous LQ controller
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7.4.2. The discrete case

If we introduce the sampling periofl, then the model can be discretized. The discrete
model of the DC motor has the form:

(n+)To] = A x{nT,] + Bu[nT]

(7.5)
yInTy] = CoX{nT,].

where the matricesA,, B,andC, are in the form

To To

A =eo=|t Ts(l—Toe ®) | g, =|Ks(To~Ts- e™)|

_To

0 e® K l-e ™)

The matrix A, is the fundamental solution of the differentialiation (7.5) calculated for
the sampling period,. The explicit values of the matrices, and B, of the servo system

can be obtained numerically by the use cid function.C2d converts a continuous state

representation to the discrete corresponding toctminuous. The procedure is a part of
Control System Toolboone must simply type the command:

[A;,B;]=c2d(A,B, T)
The optimal feedback law:

u[nTo] = KdnTo]' d:nTo] =Ya~ Y[nTo]

minimizes the cost function:
N
J(u) = [e" (MQ(n)e(n) +u" (N)Ru(n)] (7.6)
n=0
subject to the state equation (7.5). Tdiery function from theControl System Toolbois
used to solve the discrete-time linear-quadratiatrob problem. The synopsis of tlaéqgry

andlgry programs are identical. Tligr also solves and returns matfxthe unique positive
definite solution to the associated discrete iteeatatrix Riccati equation:

Sa=ASA -ASB,(R+B;SB;) "BySA, +Q.

The feedback matrix is derived fragby

K =(R+B]SB,) "B SA,
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EXAMPLE

A goal of the control is the same as in the comtiraucase example. Assume that sampling
time for discrete system,, = (4.

In Servo Control Windowdouble click theState feedback control discrebmitton. To
design the LQ controller click the&alculate LQ controller button. It executes the
servo_calc_lqg_d.rfile presented below.

% State space representation of servo:
A=[0 1,0 -1/Ts];
B=[0; Ks/Ts];
C=[10;01];
D =zeros(2,1);

% set sampling time
T0=0.1;

% calculate discrete model from continuous
[Ad,Bd]=c2d(A,B, TO)

% set Q and R matrices
Q=[50 0;0 1];
R=1000;

% design discrete LQ controller

[K,S,lambda]=dlqry(Ad,Bd,C,D,Q,R);
K

For the default valueX, = 18§@&d/s] andT, = 104s] we obtainK =[0.139 0.0395]

To perform the real-time experiment click tBeate feedback controlldsutton and the
model shown in Fig. 7.24 opens. It is the same ihadewas previously applied to the
deadbeat control. Set the frequency of the referasignal to 0.1 [Hz] the simulation time to
30 [s] and the time range of the scope to 30 [BgSE settings correspond to the values which
have been assumed for the continuous LQ controlRuild model, click the
Simulation/connect to targand the &rt real-time codeptions to start experiment.

The results are shown in Fig. 7.27. They are smtdahese for the continuous controller.
The reference signal is reached with accuracy etud% and without overshoots. The
control signal saturates as in the previous example
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Fig. 7.28 Results of the position control by thecdete LQ controller
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8. Description of the Modular Servo class properties

The CServois a MATLAB class, which gives the access to h# features of the RT-
DAC/PCI board equipped with the logic for the MS$®dal. The RT-DAC/PCI board is an
interface between the control software execute@ IBC computer and the power-interface
electronic of the modular servo model. The logidlmmboard contains the following blocks:

incremental encoder registers — two 24-bit regsster measure the position of the
incremental encoders. There are two identical esrcotputs, that may be applied to
measure the shaft positions of two modular serookd;

incremental encoder reset logic. The incrementabéers generate different output
waves when the encoder rotates clockwise and coaluekwise. The encoders are not
able to detect the reference (“zero”) position. deiermine the “zero” position the
incremental encoder registers have to be set tolmethe computer program;

PWM generation block — generates the Pulse-WidthdWadion output signal.
Simultaneously the direction signal and the brakead are generated to control the
power interface module. The PWM prescaler detersnithe frequency of the PWM
wave,

power interface thermal flags —the thermal flags loa used to disable the operation of
the overheated power amplifier,

interface to the on-board analog-to-digital conserThe A/D converter is applied to
measure the position of the external potentiomasterto measure the output voltage of
the tachogenerator.

All the parameters and measured variables fronRM&®AC/PCI board are accessible by
appropriate properties of tli&Servoclass.

In the MATLAB environment the object of tl&Servoclass is created by the command:

object_name = CServo;

Thegetmethod is called to read a value of the propertyefobject:

property_value = get( object_name, ‘property_name’

Thesetmethod is called to set new value of the given ertyp

set( object_name, ‘property _name’, new_propertyue3|

The display method is applied to display the property valueenvitheobject names

entered in the MATLAB command window.

This section describes all the properties of@ls&rvoclass. 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 anel téstrictiong
subjected to the property

Arguments Describes arguments of the set method

See Refers to other related properties

Examples Provides examples how the property carseé
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8.1. BaseAddress

Purpose Read the base address of the RT-DAC/PCI board.
Synopsis: BaseAddress = get( sv, ‘BaseAddress’ );

Description: The base address of RT-DAC/PCI board is detemhlme computer. Each
CServoobject has to know the base address of the basegn aCServo
object is created the base address is detectednatitally. The detection
procedure detects the base address of the firdDRTHCI board plugged
into the PCI slots.

Example: Create the CServo object:

sv = CServo;
Display their properties by typing the command:
S\

Type: CSERVO Object

BaseAddress: 54272/ D400 Hex
Bitstream ver.: x402

Encoder: [0 46606 ][bit]
Reset Encoder: [0 O]

Input voltage: [0.1123 0.1123 ][V]
PWM: [0]

PWM Prescaler: [0]

Thermal status: [0 ]

Thermal flag: [1]

Angle: [0 71.4927 ][rad]
Time: 31.657 [sec]

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

8.2. BitstreamVersion

Purpose Read the version of the logic stored in the RTEH}CI board.
Synopsis Version = get( sv, ‘BitstreamVersion’ );

Description: The property determines the version of thedatgsign of the RT-DAC/PCI
board. The modular servo models may vary and tiectien of the logic
design version makes it possible to check if thgclalesign is compatible
with the physical model.

8.3. Encoder

Purpose Read the incremental encoder registers.

Modular Servo System - User’s Manual 67



Synopsis enc = get( sv, ‘Encoder’ );

Description: The property returns two digits. They are edoahe number of impulses
generated by the corresponding encoders. The encodeters are 24-bit
numbers so the values of this property is from?}-B (Z*1). When an
encoder counter is reset the value is set to zero.

The incremental encoders generate 4096 pulsestagion. The values of the
Encoderproperty should be converted into physical units.

See ResetEncodeAngle, AngleScaleCoeff

8.4. Angle

Purpose Read the angle of the encoders.

Synopsis angle_rad = get( sv, ‘Angle’);

Description: The property returns two angles of the corredpanencoders. To calculate
the angle the encoder counters are multiplied leyvllues defined as the

AngleScaleCoeffroperty. The angles are expressed in radians.

See Encoder, AngleScaleCoeff

8.5. AngleScaleCoeff

Purpose Read the coefficients applied to convert the dacocounter values into
physical units.

Synopsis scale_coeff = get( sv, ‘AngleScaleCoeff’ );
Description: The property returns two digits. They are eqaahe coefficients applied to
convert encoder impulses into radians. The incréaheancoders generate

4096 pulses per rotation so the coefficients atalkeip 2*pi/4096.

See Encoder, Angle

8.6. PWM

Purpose Set the direction and duty cycle of the PWM wave.

Synopsis PWM = get( sv, ‘PWM’);
set( sv, ‘PWM’, NewPWM );
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Description: The property determines the duty cycle and tiwacf the PWM wave. The
PWM wave and the direction signals are used torobtite DC drive so in fact
this property is responsible for the DC motor cohsignal. TheNewPWM
variable is a scalars in the range from -1 to le Value of -1, 0.0 and +1
mean respectively: the maximum control in a giveedion, zero control and
the maximum control in the opposite direction tatttlefined by —1.

The PWM wave is not generated if the thermal flags set and the power
amplifier is overheated.

See PWMPrescaler, Therm, ThermFlag

Example: set( sv, ‘PWM’, [-0.3]);

8.7. PWMPrescaler

Purpose Determine the frequency of the PWM wave.

Synopsis Prescaler = get( sv, ‘PWMPrescaler’ );
set( sv, ‘PWMPrescaler’, NewPrescaler );

Description: The prescaler value can vary from 0 to 63. Thealue generates the
maximal PWM frequency. The value 63 generates tirenmal frequency.
The frequency of the generated PWM wave is givethbyformula:

PWMiequency= 40MHz / 1023 / (Prescaler+1)

See PWM

8.8. Stop

Purpose Sets the control signal to zero.
Synopsis set( sv, ‘Stop’);

Description: This property can be called only by the set roetlt sets the zero control of
the DC motor and is equivalent to thet(sv, ‘PWM’, OXkall.

See PWM

8.9. ResetEncoder

Purpose Reset the encoder counters.

Synopsis set( sv, ‘ResetEncoder’, ResetFlags );
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Description: The property is used to reset the encodertergisTheResetFlagss a 1x2
vector. Each element of this vector is responditmeone encoder register. If
the element is equal to 1 the appropriate registset to zero. If the element
is equal to O the appropriate register counts egricimapulses.

See Encoder

Example: To reset only the first encoder register executecthimmand:
set( sv, ‘ResetEncoder’,[10]);

8.10. Voltage

Purpose Read two voltage values.
Synopsis Volt = get( sv, ‘Voltage’ );
Description: Returns the voltage of two analog inputs. Usu#tle analog inputs are

applied to measure the position of the externa¢moimeter and the output
of the tachogenerator.

8.11. Therm

Purpose Read thermal status flag of the power amplifier.
Synopsis Therm = get( sv, ‘Therm’);

Description: Returns the thermal flag of the power amplifihen the temperature of a
power amplifier is too high the flag is set to 1.

See ThermFlag

8.12. ThermFlag

Purpose Control an automatic power down of the power atieps.

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

Description: If the ThermFlagandNewThermFlagare both equal to 1 the DC motor is
not excited by the PWM wave when the power interfidgooverheated.

See Therm

Modular Servo System - User’s Manual 70



8.13. Time

Purpose Return time information.

Synopsis T = get(sv, ‘Time’);

Description:  The CServoobject contains the time counter. WherC&ervoobject is
created the time counter is set to zero. Eacharber to theTime property

updates its value. The value is equal to the nunsbenilliseconds which
elapsed since the object was created.

8.14. Quick reference table

Property name | Operation | Description
BaseAddress R Read the base address of the RT-DAC/PCI board
Read the version of the logic design for the RT-

BitstreamVersion R DAC/PCI board
Encoder R Read the incremental encoder registers
Angle R Read the angles of the encoders
AngleScaleCoeff R FF)Q(()&;SO ;Q?ntgorzf;igﬁgt applied to convert encaqder
PWM R+S Read/set the parameters of the PWM waves
PWMPrescaler R+S Read/set the frequency of the PWM waves
Stop S Set the control signal to zero
ResetEncoder R+S Reset the encoder counters or read the raget fl
Voltage R Read the input voltages
Therm R Read the thermal flags of the power amplifiers
ThermFlag R+S :ri?)ﬂ{‘iseert the automatic power down flag of the pgwer
Time R Read time information

* R —read-only property, S — allowed only set opematR+S —property may be read
and set

8.15. CServo Example

To familiarise a reader with th@Servoclass this section presents an M-file example that
uses the properties of th@Servoclass to measure the static characteristics ofDiie
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motor (see section 6). The static characteristics diagram showing the relation between
DC motor control signal and the motor shaft velpcithe M-file changes the control
signal and waits until the MSS reaches steady-stéie velocity of the shaft is obtained in
two ways:
* the M-file measures the output voltage from théégenerator,
* the M-file measures the encoder position in twoetipoints and calculates the
velocity as the difference of positions divided ttwe time period between the time
points.

The M-file is written in the M-function form. The ame of the M-function is
Servo PWM2RPM

The function requires two parameters:

» CtrIDirection - a string that selects how to change the comahle. The 'A’ string
causes the control is changed in ascending mafroen (1 to 1), the 'D’ string causes
the control is changed in descending order (fromo 11) and the 'R’ string causes
reverse double changes (from -1 to +1 and afterftban +1 to -1),

* MinControl, MaxControl— minimal and maximal control signal values. Tloatcol
signal changes within the region defined by thedaes,

* NoOfPoints- number of characteristics points within thMenControl/MaxControl
range. The exact number of points of the charatiesi declared by this parameter is
enlarged to two points namelinControl andMaxControl.

The body of this function is given below. The conmtsewithin the function describe the
main stages.

function ChStat = Servo PWM2RPM( ...
CtrIDirection, MinControl, MaxCon trol, NoOfPoints )

CtrIDirection = lower( CtrIDirection );
NoOfPoints = max( 1, NoOfPoints+1 );

% Calculate control step
Step = (MaxControl-MinControl) / NoOfPoints;

switch CtrIDirection
case 'a’
Ctrl = MinControl:Step:MaxControl;
case 'd'
Ctrl = MaxControl:-Step:MinControl;
case'r
Ctrl = [ MinControl:Step:MaxControl MaxControl: -Step:MinControl];
otherwise % This should not happen
error('The CtrIDirection must be "A","D" or "R™")
end

FigNum = figure( 'Visible', 'on’, ...
'NumberTitle', 'off', ...
‘Name', 'Velocity vs. PWM characteris tic', ...
'Menubar’, 'none');

SV = CServo;
Control =];

VelEnc =1];

% Optionally set the PWM prescaler
%set( sv, 'pwmprescaler’, 20);
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for i=1:length(Ctrl)
% Set a new control value
set( sv, 'PWM', Ctrl(i) );
% Reset encoders
set( sv, 'ResetEncoder’, [1 1]);
set( sv, 'ResetEncoder’, [0 0] );

pause(5)

AuxEnc = get( sv, 'Encoder’ ); TimeBeg=gettime;

pause(2)

% Calculate velocity based on the encoder positio ns

VelEnc(i,:) = 2*pi*(get( sv, 'Encoder"' )-AuxEnc)/
4096/((gettime-TimeBeg)/1000); % [r ad/s]

Control(i) = get( sv, 'PWM");
Volt(i,:) = get(sv, 'Voltage');

% Perform 10000 A/D conversions and calculate ave rage values
AuxVolt = [0 O];
for j=1:10000
AuxVolt = AuxVolt + get( sv, 'Voltage');
end
Volt(i,:) = AuxVolt/10000;
% Convert voltage into velocity
Volt2Vel = 20.4*Volt(;,2);
% Plot data

subplot(211);
plot( Control, VelEnc(:,2), Control, VelEnc(:,2), 'x"); grid
title( 'Encoder velocity vs. PWM");
xlabel('PWM control value"); ylabel( 'Velocity [r ad/s]');
subplot(212);
plot( Control, Volt2Vel, Control, Volt2Vel, 'x') ; grid
title( 'Tacho velocity vs. PWM");
xlabel('PWM control value"); ylabel( "Tacho veloc ity [rad/s]' );
end
% Assign data to the structure returned by the func tion
ChStat.Control = Control;

ChStat.TachoVelocity = VelEnc(:,2);
ChsStat.EncoderVelocity = Volt2Vel;

% Switch off the control
set( sv, 'Stop");

The diagrams generated by the call

servo_pwm2rpm('r',-0.5,0.5,19),
are shown below. The diagrams present the velo€itiie shaft as function of the control
signal. The control signal changes from —0.5 td+UThe velocity value is obtained in two

ways. At the upper diagram the velocity is caledatrom the encoder positions. The
lower diagram presents the velocity obtained fromtachogenerator.
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Fig. 8.1 Result of theervo_pwm2rprfunction call

The values on the diagram may vary from an experirteean experiment as they depend
on the configuration of the modular servo set-up.
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9. Some technical data

5
< 68 >
® 25 ® 66 @ 20
@20
@ 66 85 -
15
Brass inertia load 2.030 kg 0.055kg  Alummiwheels 0.05 kg
Fig. 9.1 Dimensions and weights of the MSS meclam®iements
Data sheet of the DC mot¢ is available at
http://www.buehlermotor.com/cgi-bin/sr.exe/produdpus&productpage=54
The gearbox ratidN =25
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