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Lab 2, Analysis and Design & D

Controllers

IE1304, Control Theory
(' with the 2015 rebuild equipment )

1 Goal

The main goal is to learn how to design a PID ailer to handle reference tracking and
disturbance rejection. You will design the coneolhnd analyze its characteristics
(settling time, stability, overshoot, steady-seter).

The PID controller is implemented in software, et with ISaGRAF which is a
development environment for a Programmable Logiotfed, PLC. Therefore, to learn
how to program a PLC is also a goal of the lab.

2 The Process

Process

Upper tank

Disturbance
outlet

Figure 1:Controlled process. Disturbance outlet and reservoir are not part of process.

The process to control is depicted in fig 1. It ists of two water tanks, the lower

tank is filled from the upper tank, which in tusifilled by a pump. There is an outlet from
the lower tank and, to introduce a disturbance tie upper tank has an outlet.

The measured value is the level of the lower t&ltke that disturbance outlet and
reservoir below tanks are not part of the process.

3 Introduction to PLC

IEC 1133-3 is an often used standard for Progranteriadgic Control, PLC, control
systems. This standard covers 5 languages, of vih&latest are one graphic and one
literary. The graphic is Sequence Function Chd€ Svhich is similar to a flow chart,
and the literary is Structured Text, ST, whichimikr to most structured programming
languages. In this lab we will use SFC to credteva chart, and we will use ST for
transitional conditions and outputs.
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In PLC systems, the program written according &l&C 1133-3 standard mentioned
above is downloaded to a PLC computer with outfrtsontrolling actuators and inputs for
sensor signals. Our development environment f@dlpeograms is called ISaGRAF and is
installed on the computers in the lab.

The IEC 1133-3 standard is used both for automati@hcontrol systems. The main focus of
the lab is of course control systems, but as anduottion to PLC programming you will also
write an automation program for a pushbutton a@d\&lamp.

To be able to use ISaGRAF on the lab computerawast download the file called
I sawi n. zi p from the course website,
htt ps://ww. kt h. se/ soci al / cour se/ | EL304/ page/ | abor ati oner -2/

You must be logged in to KTH Social to access plaige. Thei sawi n. zi p file should be
unpacked in the root of your home directoky,

4 Preparation Tasks, to be soN&HFORE the lab
Task 1, Reading

* Read Chapter 11 in the course text book, unders¢tando design a controller.
* Read Appendix 1 in this tutorial and try to undanst the lab equipment.
* Read Section 5 in this tutorial and try to underdtevhat to do during the lab.

Task 2, Understand Some Useful Hints
Following are some facts that should be undersbmddre the lab.

» As explained in chapter 11 in the course text btlodge are many different methods
for controller design, but none of them is perfédtthe lab, we will try Ziegler-
Nichols tuning (described in section 11.2 in tharse text book) and Lambda tuning
(also described in section 11.2 in the courselierk).

The main differences between these two methods are:

» Lambda tuning gives a system that has good stahil#rgins and no overshoot, but is
relatively slow.
» Ziegler-Nichols tuning gives a system that is fagthas less stability margins and

might also have considerable overshoot.
M
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Figure 2:How to estimate dead time of a second-order system
» Lambda tuning requires us to measure the procesbtare, this can be performed as

illustrated in figure 2 and on page 197 in Thonfasst, find the steepest part of the
step response curve. Second, draw a tangent tpatisf the curve. Last, measure the
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time between the intersection of the tangent withx-axis and the point of the step in
the input signal. This time is an approximatiordefd time. Remember to subtract
this dead time when the time constant is calculated

» Ziegler-Nichols tuning requires estimation of aryglie margin andy,. This can be
quite time consuming using repeated step respoessumements. Furthermore, a
second order process without dead time, like dwas,infinite amplitude margin which
makes such a measurement impossible. An alternai@bod is to approximate the
process with a first order plus dead time model,

K
Gp(9)= e ——
1+sT,
Estimate the dead time and time constant as iltedri Figure 2, also estimate the
amplification and then gé&,, andw, from Matlab. Use the following matlab

commands to calcula®s, andw.

GP =tf([KP], [TP, 1])
GP.inputdelay =L
mar gi n( GP)

» The values of controller gaiig; integration timeT, ; and derivation timel given
by Lambda or Ziegler-Nichols tuning are estimaidse behavior of the system can
most likely be improved by tuning these values.

* When simulating your controller in Simulink, youosiid model the process as the
second order system it actually is,

K
Gp(s) = .
AL+T,9)(1+T,9)
Before the lab, when you have no measured valwescgn seKp = 2:5;T; = 6 andT>
= 21. These values are close to the actual proedgss.

Task 3, Process Transfer Function

The process is explained in section 2 above. Catlewtansfer functiofrom pump voltage at
Smart 1/0O outputo lower tank depth, using the following relations. Ignore disturbarcglet
and reservoir, see figure 1.

* Flow out of upper tank); = 10h;, whereh; is the depth in cm of the upper tank.
* Flow out of lower tankU, = 3h,, whereh; is the depth in cm of the lower tank.

e Pump flow,Ui, = 13PLC,, WherePLCy: is the output voltage from Smart 1/0.

Task 4, Controller Design and Analysis

Assume that the process has the transfer function,
K
Go(s)=e™* ——
1+sT,
whereL = 3s,Tp = 255 anKp = 2,5.
These values are close to the tank model usedgitirenlab.



IE1304 Control Theory Lab 2, Analysis and Design of PID Controllers

a) Design a PID controller using Ziegler-Nicholsing.

b) Use Simulink to simulate the step response®fthole feedback loop (controller and
process together). Examine both process outputamitol signal. Remember to model the
process as the second order system it actually is,

Go(9) =
L+T,5)@+T,s)

Assume thaKp = 2,5; T; = 6 and T, = 21, which is close to the actual process valdese
that Kp = 2,5 differs from the amplification calculatedTask 3 above. That is because the
output ofGp is sensor voltage, not lower tank depth.

Can you find the sensor's transfer function?

s
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Figure 3:9mulation model used in Smulink

Use PID Controller block in Simulink, see figure 4. Set filter vaJué, to 10 which is the
value of the lab low pass filter. In tikt D Advanced tab, setUpper saturati on
limt to20andLower saturation |limt to-20, since 20V is max pump voltage
amplitude. Also sefor m to | deal , which is the formula used in the ISaGRAF congoll
at the lab. Finally, note that in this block yowesiby integral gain|, not integration timeT, .
The relation id = 1/T,.

x_0

S|« %% BaS

Figure 4:Sep response in Smulink model. We are interested in the second step, from 1.5V to 3V

The scenario to investigate is a step from 1.5 fbo3simulate this use the Constant block
with a value of 1.5 and the Step block with Finaline set to 1.5 and Step time to a time when
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the system has stabilized at 1.5. Note that hisgeiherate two steps, the first, from 0 to 1.5,
is caused by the constant block and the secorma, 1t to 3, is caused by the step function.
It is the second step that is of interest to us.

Tune the controller by changinkk, T; andTp until the following requirements are met:

* Risetime < 13s

» Settling time < 40s

* Overshoot < 10%

» Steady state error =0

c) Design a PI controller using Lambda tuning. Agase Simulink to simulate the step
response of the system and see how it is afected whanging the values Kk andT,. As in
the previous task, you should model the processsgesond order system. Also, you should
examine both output and control signal. Tune therotler by changind{rg andT, until the
following requirements are met:

* Risetime < 35s
e Settling time < 45s

e Qvershoot = 0%

e Steady state error =0

Task 5, PLC Programming

a) Read Section 3, Introduction to PLC above.

b) To learn PLC programming with ISaGRAF, follovett5aGRAF Quick Start Guide in
Appendix 2. This task can only be performed inl#ieroom, since you need the Smartl/O
PLC system (but you don’t need the complete labpegent with the water tanks). Contact
one of the course teachers if you do not have adoethe lab room.
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5 Lab Tasks, to be solved at the lab
Task 1, Demonstrate your PLC Preparation Task

Demonstrate the program you created in Prepardtsk 4 to a teacher.

Task 2, System ldentification
a) Set up the lab equipment as described in Apgehdif this is not done in advance).

b) To get the step response of the process, dodiealSaGRAF progranst epr esp to
Smartl/O. Pressing the start button makes the prodill the tanks. Wait for the lower tank
level to stabilize at about 6 cm. Again press thet $utton. The program will generate a step,
increasing the level to about 27 cm. The starhef‘step time” will be indicated with a short
pulse. The step begins on the pulse's negative sIBjpt the the step response of the process
using an oscilloscope with a roll-mode timescalgaopas described in Appendix 1. Use the
plot to measure the dead time of the process asided in Preparation Task 2, also use the
plot to measure the time constant of the process.

AU oy

AU

whereU)y is voltage at amplifier input (which is PLC outpahdUgyr is the sensor

voltage as plotted with the oscilloscope (roll mpde

Every time the start button is pressed, the levilaternate, between 6 cm and 27 cm, and a
short pulse will indicate the step start time. €Timdicator pulse will not reach the process).

The amplification of the process can be found Hguwating K, =

Task 3, Controller Design and Analysis
a) Use Ziegler-Nichols tuning to calculdg, T, andTp of a PID controller.

b) The controller is an ISaGRAF program calleddzn, download it to Smart 1/0. Before
pressing the start button, enter the value&gfT, and Tp that you calculated in the

previous task. Also set the reference value (dallef in the program) to 10, which means
the water level in the lower tank will be aboutcif. Let the system stabilize and then change
the reference value to 20, plot the step resposisg the oscilloscope (roll-mode). Reference
input, measured output, error and control signafsle seen in ISaGRAF.

c) Tune the controller by changingr, T, andTp until the system meets the requirements
specified in preparation task 3. Note that this lsamlone without stopping thei dzn
program. To avoid errors due to integration windup, clear integration error by pressing the
start button whenever you change control parameters.

Task 4

If time allows, repeat Task 3 using Lambda tunldge thepi | anbd program instead of
pi dzn.
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6 Appendix 1, Lab Setup
6.1 Wiring

Following is a wiring summary. (To use in case lHieequipment is not wirered in advance).

Figure 5:Water tank, amplifier and PLC

Sensor Output: From Tank to Amplifier Use the light gray 6-pin-mini-DIN-to-6-pin-mini-
DIN cable to connect thieressure Sensors Connector of the tank process to the amplifier
(VoltPAQ-X1) socket labeled S1 & S2.

Pump Power: From Amplifier to Tank Use the 4-pin-DIN-to-6-pin-DIN to connect the
tank processPump Connector to the amplifier socket label&a Load.

Sensor Amplifier Pump

autput‘ t Amplifier

input

+24V GND
) I =

DIN1:1| DOUT1:6 DAD1:0UTZ Oscilloscape
pin3 " ping pin 11 Roll-mode
DAD1:0UTZ DADLINL+
pin 12 pinl
Figure 6:Breadboard for RCA contacts and PLC connections, start button, and 24V lamp.

Pump Power: From RCA Breakout Board to Amplifier Use the 2xRCA-t0-2xRCA cable
to connect the socket labelEdom D/A on the amplifier to one of the connectors on tAR
breakout board. In fig. 5, this is the rightmostigector on the RCA breakout board, that has
a red RCA plug connected.
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Sensor Output: From Amplifier to RCA Breakout Board Use the 5-pin-DIN-to-4xRCA
cable to connect the socket labeledA/D on the amplifier to one of the connectors on the
RCA breakout board. In fig. 5, this is the leftmostinector on the RCA breakout board, that
has a white RCA plug connected. It is essentidlttirmwhite RCA plug is used.

Pump Power From Smart 1/0O to RCA Breakout Board The red and black cable connected
to the red RCA plug in fig. 6 is the pump power ection from Smart 1/O.

Sensor Output From RCA Breakout Board to Smart 1/0O The white and black cables
connected to the white RCA plug in fig. 6 is thes® output connection to Smart I/0.

Sensor Output to Oscilloscope The two molex pins on the breakout board arelfBr,
filtered, connections to the oscilloscope.

Amplifier Setting Note thatAmplifier Gain should be set t8x as illustrated in fig. 7.

Start Button The controller will start when the Start Buttorpressed. Pressing the start
button should connect PLC+ Rigital input 1 on Smart 1/O, see figure 6.

Analo, Sensor

To ADC

Figure 7:Amplifier Gain should be set to 3x.
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6.2 Chart recorder, oscilloscope with roll-mode

In order to see the output from the level-sensbicvwill be a slow transient, we should
need a chart-recorder. At lab we are using a dig#eilloscope that has a setting for roll-
mode, which mimics the behaviour of such a charbuder.

PressHor i z button. Press Softkeyi me Mode selectRol | with the Entry-knob.
Start with Horizontal settin§0.00 s/div, and Vertical settin§00 mV/div.

( Probably you are using a 10:1 probe — Choosad&tft and SoftkeyPr obe to set the
damping toRati o 10.0: 1).

== Fijle =

== —e

With the Si ngl e button at the Run Control, you c8top/Clear-Restart the recording.
With the Cur sor s button and the Softkeur sor s you can then select one cursgy; (
Y2, X1, X2) @t a time to move with the cursor knob. Both #&ltgoand differential valued\j
between the cursor positions will be shown.

( Fileemenu Save/Recall )

You can store the screen-image on an USB-stictifi@rent formats. Either as an image or as
a textfile with numerical values. The numericalued can be used in Excel or in Matlab. Se
the oscilloscope manual for details if you areneséed in this option.

Em— H'uniCi:inﬁ‘di o
= bl
“stop
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7 Appendix 2, ISaGRAF Quick Start Guide

1) In the lab room, log in with your KTH accountaa@omputer with the PLC equipment.
Contact one of the course teachers if you do ne¢ bacess to the lab room.

2) If not done previously, download the file calledawi n. zi p from the Resources

page on the course website,
htt ps://ww. kt h. se/ soci al / page/ f or nel sani i ng- 2/

You must be logged in to KTH Social to be abledoess this page. Thiesawi n. zi p file
should be unpacked in the root of your home dirgctihat is H:

3) Startl SaGRAF PEP (V3.32) 10100 - Projects

4) First, we create a new project. Chdsel e - New, give your project a name, let's
call it proj one and clickOK

5) Double click your projectpf oj one). Now you can see a window showing all programs
in your project, there are no programs yet so thekwgpace is empty.

6) ChoseFi | e - New, give your program a name, let's calpbit ogone. ChoseSFC
for Language an@equent i al for Style and clickOK.

7) Double click your progranpf ogone)
F: 6 F2: [ F: + =

8) What you now see is the editor where you whtegrogram. The initial step (the box
labeled 1) is showed. Now we create some more.steps

a) Click the area below the initial state.

b) Click the transition symbol (or preBd).

c) Click the step symbol (or preE8), now you have a row of step 1, transition 1 aeg 2.
d) Repeat step (b), then (c), then (b) again, nowalso have transition 2, step 3 and
transition 3.

9) Now we introduce a jump. Click the jump symbml pres<5) and in the Jump
Destination dialog markGS1 and clickCK.

10) The program flow chart is ready, it is a contins loop with three steps. Now it is time to
declare variables, chookel e - Dictionary.

11) Now you see the variable definition window, Whark space is empty since there are no
variables yet. To declare the boolean vari&il&RT you chooseEdit - New. In the
dialog enteiSTART in theNane fi el dandintheAttri but es group choose Input. We
choose Input here since this variable will représemardware input, it will be tied to the
signal from out start switch. Now click Store arayhave the first variable.

12) Now declare the output boolean varidbdd/P, which is for the 24V lamp we are going
to control. Output signals are declared the sameasanput signals, except that you choose
Output in the Attributes group.

13) We are done declaring signals, close the didogv we shall bind the signals to
hardware ports. Chod®mol s - 1/ 0O connecti on.

10
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14) The 1/0 Connection window that is now displagbdws variable to port bindings, it is
empty since we have not created any binding yetré€ate a binding we first must define
which hardware we use. Mark position O in the tald chooseEdi t - Set

boar d/ equi pnent . In the list, choosesm di n1 which is our digital input module, then
click OK. Now we have defined that we have a digital inpotule in position O.

15) Now you can see the eight ports of the digitplit module. Double clickor t 1, in the
dialog mark theSTART signal and clickConnect . Now the start signal is boundpor t 1.

16) Now we bind the output signal. First, mark gosi 1 in the table in the I/O Connection
window. Then, choos&dit - Set board/ equi pnent. In the list, choose

sm dout 1 which is our digital output module and cliéBK. Double click

| ogi cal _address and setitto 2.

17) Now, bind the output signal the same way yaunlolathe input signals in step 15AMP
should be bound to port 6.

18) All variables are declared and bound. Closd/th&Connection window and the window
with the variable declarations.

19) Next, we shall use the variables in our progr@mto the SFC Program window, which
contains our flowchart.

20) Click the zoom symbol twice to make room for statements. The zoom symbol looks
like a blue magnifying glass.

21) Double click transition 1 and in the text areahe right entetSTART; (don't forget the
semicolon). This means our program will not passifstep 1 to step 2 until the start button is
pressed, (WherSTART is true). Again double click transition 1 so te&ttwe entered appears
in a yellow box next to transition 1.

22) Enter GS2. T>=t #1s; at transition 2 in the same way you entered tmalition for
transition 1 in the previous bullet. This meansghsgram will pass from step 2 to step 3
when a timedelay of 1 second has elapsed. Then &3®8. T>=#t 1s; at transition 3. Now
when the program pass from step 3 to step 1 teaakso an 1 second delay.

23) We are done defining transition conditions. t\ese shall define which output signals
shall be active in which steps. Double click stegnd@ in the textarea to the right enter
LAMP(S) ; which means that variabléAIVP is Set (lamp is on). Again double click step two
to make the text appear in the blue box next testap.

24) Do the same for step 3, except that here youldrenter LAMP( R); this means that
variableLAMP is Reset (lamp is off).

25) The program is complete, do you understand vhall do?

26) Now it is time to verify and compile the prograChoseFi | e - Veri fy, accept
to save, enter a comment in the diary if you wist elick OK.

27) If you have entered everything correctly yoawdt get a message that there were no
errors. Accept to exit the code generator.

28) First we will simulate the program on the comapuwithout downloading to Smart
I/O. First, close the SFC Program window, therthe Programs window mark you program
(pr ogone) and choosebebug - Sinul at e.

11
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29) In the Debug programs window double click yptogram and in th8FC program
window zoom in so you can see the text for thesstaql transitions in the program. Also
chooseFi |l e — Dictionary, which will display a window with all variables @mheir
values.

30) The program is now running, to test it you dti@ctivate and deactivate input signals in
the small window entitled projone, which containgraen list of input signals and a red list of
output signals. You activate/deactivate inputs ligking them in this window. You can
chooseOpti ons - Vari abl e nanes in this window to see the variable names. As the
program executes, you can see variable values eramtjyou can also see the execution
advance through the steps (active steps becoméghitgd).

31) At last, we shall download the program to Srif@tand steer the pneumatic cylinders.
Close the running simulation. First we define whacisembly code to generate, In the
Programs window mark your prograpr (©gone) and choosevake - Conpi |l er

opti ons, in the list marklrl C code for Mot orol a and clickSel ect andOK.

32) Then, to compile, choosake - Make appl i cati on. Hopefully there was no
error, accept to exit the code generator.

33) Now we define our connection to Smart I/O, dedidebug - Li nk set up. Set
Communication port t&€OML and click Setup. (Be prepared that some of thedabputers
could useCOVR instead). Set Baudrate to 9600, Parity to nonanht to 8 bits, 1 stop bit
and Flow control to hardware. Cli€K in both dialogs.

34) Check that PLC power is connected to a DC paupply and that the voltage is set to
24V (18-36V) and that the polarity is corre€@hose Debug - Debug, now the
Debugger window opens. If there is no old prografnih Smart I/O the Debugger window
saysNo appl i cati on. If this is not the case you stop the old proglgnthoosingFi | e
- Stop application.

35) To download the program, chooBel e - Downl oad, mark TI C code for
Mot or ol a and click Downl oad.

36) The program is now running, to see variableeslon the screen you should double click
your program in the Debug programs window and ceobsl e - Di cti onary, justas
you did when you simulated the program.

37) Finally light the lamp by pressing the button (he breadboard). As long as you press the
button the lamp should blink.

38) Congratulations, you have completed your fis€ program. If you wish, you are very
welcome to go on writing more programs! Can yagte the lamp from the switch?

You can inspect all programs that we use at labdywynloading images of their graphs from
the courseweb. You don’t need to do any more |IS&GRrogramming after this, as all
further programs we use will be included at lab.
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