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Prerequisite lectures

Systemtheory

e Transfer characteristics of linear time-invariant systems in
time and frequency domains

e Stabilty definitions

Measurement techniques

e Signal sources

Definitions

— Control

eDevice or mechanism installed or instituted to guide or regulate the activities or operation of an apparatus, machine, or system.

— Control system

A control system is an interconnection of components forming a system configuration that will provide a desired system response.

A plant may be equipment, a piece of equipment, a set of machine parts functioning together, the purpose of which is to perform a particular operation. We shall
call any physical object to be controlled (such as a mechanical device, a heating furnace, a chemical reactor, or a spacecraft) a plant.

*A process is any operation to be controlled.

— The input/output framework

*The input/output framework is used in many engineering disciplines since it allows us to decompose a system into individual components connected through
their inputs and outputs. Thus, we can take a complicated system and break it down into manageable pieces. Each of these pieces has a set of inputs and outputs
and, through proper design, these components can be interconnected to form the entire system.

*The input/output view is particularly useful for the special class of linear time-invariant systems.




Definitions (continue)

Self-Regulating Process

« Self-regulating processes are processes that are inherently self-regulating. Self-regulated processes have built-in feedback characteristics that cause
the process to tend towards self-regulation.

Non-Self-Regulating Process

* A non-self-regulating process is one where the process does not tend towards self-regulation. These processes have no self-regulating feedback
characteristics and will tend towards being unstable if not controlled externally.

e Transfer characteristics

 The transfer characteristic plots the output against input. (Static I/O characteristic.)

Transfer Functions

* Any linear system is characterized by a transfer function. A linear system also has transfer characteristics. But, if a system is not linear, the system
does not have a transfer function.

Typical test signals

* The commonly used test input signals are step functions, ramp functions, acceleration functions, pulse functions, sinusoidal functions. With these
test signals, mathematical and experimental analyses of control systems can be carried out easily, since the signals are very simple functions of time.

The input/output framework

¢ Theinput/output framework is used in many engineering disciplines

¢ It allows us to decompose a system into individual components connected through their inputs and outputs.
¢ We can take a complicated system and break it down into manageable pieces.

*  Each of these pieces has a set of inputs and outputs

¢ These components can be interconnected to form the entire system.
The input/output view is particularly useful for the special class of linear time-invariant systems.

Input Output

Inputs Outputs




THE CONTROL SYSTEM AND SUBSYSTEMS

Disturbances

MANIPULATED CONTROLLED

VARIABLE VARIABLE
PROCESS

SET POINT

CONTROLLER|

Disturbance

!mip!JIated
Wvaribble

Process

device

The general control problem:

How to construct a Controller (C), to a given Plant (P), so that the specifications on how we would like
the control system to behave, be satisfied?

Classical control problems is limited so that C and P are linear and specifications simply represent, for
example, stability, rise time, and overshoot.

Conventional control systems are designed today using mathematical models of physical systems. A
mathematical model, which captures the dynamical behavior of interest is chosen and then control
design techniques are applied, to design the mathematical model of an appropriate controller.

The controller is then realized via hardware or software and it is used to control the physical system.

The procedure may take several iterations.



The controlled process

* Process: continuously operating dynamical system
* The controller design and tuning procedure requires some information over the process behavior

* The mathematical model of the system must be "simple enough" so that it can be analyzed with
available mathematical techniques, and "accurate enough" to describe the important aspects of the
relevant dynamical behavior. It approximates the behavior of a plant in the neighborhood of an
operating point.

* Robustness of a controller: the controller properties do not change much if applied to a system
slightly different from the mathematical one used for its synthesis.

* (No real physical system truly behaves like the series of differential equations used to represent it
mathematically. )

Plant or Controlled Process: all from the actuator to the
sensor

Controller
Process
fluid

o>

Steam valve Transmitter
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The controller design and tuning procedures

1. Classical control, Conventional control

—  selecting the transfer characteristic of the controller from a well kown set of algorithms
(similar algorithm for various processes)

—  Setting parameters (tuning)
. constant, gain-sceduling or adaptive S I S 0 mo d e I S
2. Modern control, model based control, intelligent control

—  determining the control algorithm (synthesis) and setting parameters (constant or adaptive)

. Optimal control (LQG controller) : finding a control law for a given system such that a certain optimality criterion is
achieved. A control problem includes a cost functional that is a function of state and control variables.

. MPC: Model Predictive Control: can handle multi-input multi-output (MIMO) systems that have interactions between their
inputs and outputs, can handle constraints, has preview capabilities. In process industries, automotive and aerospace
industries.

. Intelligent control uses various Al computing approaches like artificial neural networks, Bayesian probability, fuzzy logic,

machine learning, evolutionary computation and genetic algorithms to control a dynamic system.

LQG, MPC,

MIMO

models

Fuzz




From the control point of view

* Controller output = Process input
— Manipulated variable
— Controlled variable

Manipulated variable Controlled variable

Example 1. + Plant: Motor

Process: DC motor speeds

DC motor speed control up

Process’s Input:
* In Control program Motor Voltage

*  Process’s output :
M

* Writing : Motor Voltage
* Reading: RPM



Exa m p | e 1 . *  Process: DC motor

* Process’s Input: Motor Voltage
* Process’s output : speed, RPM

In Control program
Writing : Motor
Voltage

Reading: RPM
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Block diagram



Test it!
* Connections My St Measyemens

File Edit View Tools Help

— 1. Power connections + @ My System |
& Data Neighborhood r
— 2. NI ELVIS Il to USB pOI"t 4 @ Devices and Interfaces

* Run NI-MAX to ensure that the & wnavsioer D
ELVIS Il is , Dev1” ) | oo

* B Historical Data
» 4d Scales

& Software
* [ IVI Drivers

* Run DC_QUANSER_manual.vi 8 Remote Systems

The front panel view of the control program

Output channel
selection

Program Output: Read in: Motor

Motor Voltage

Input channel
selection

eeee

Dev1/a00

Read signal
in Voltage

Output
of the
process

Trend of

@)
Voltage

" Input of
the

process
| A




Change the motor voltage step like manually

* The readings are the step responses of the process (the speed
of the motor)

Step responses of the process

Step responses in
process output

(RPM)
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Steps in process
input (Voltage)



What can we read from the step responses?

Order of the process : 1.order (type of initial rising, no overshoot, no dead time)
Linearity of the process: linear approxamation is valid
Gain of the process : k=............ rpm/V
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Example 2. HVAC

* In Control program

* Reading: Temperature

* Writing : Lamp’s Voltage ﬂ

TR S|

ocess: HVAC modell

rocess’s Input:
Heating power

* Process’s output :
Cell’s Temperature



THE CONTROL SYSTEM AND SUBSYSTEMS

——

Disturbance:

Disturbances outer air temperature change

MANIPULATED
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Test it!
K My System - Measurement & Autc
° C t' il o
onnections File Edit View Tools Help
1 P . 4 |H My System |
— 1. Power connections - @ Data Neighborhood

4 @ Devices and Interfaces

— 2. NI ELVIS Il to USB port

* Run NI-MAX to ensure that the '
ELVIS is Devl

# NIELVISII "Devl"

+ B NI-IMAQdx Devices
- 8 Historical Data
“d Scales
+ &1 Software
- @ IVI Drivers
B Remote Systems

* Run HVAC_QUANSER_manual.vi



The front panel view

Output channel o Output Heating Input channel Read in °C
selection : Voltage Temperature

Trend of

Temperature

Trend of
Voltage
(out)

Noise in the temperature readings
What can we read from the step responses?
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Example 3. * Process: VTOL modell
~* Process’s Input:

Vertical Take-On MdViell  Motor voltage

Process’s output :
Position

* |In Control program
* Writing : Motor Voltage
* Reading: position

Test it!

K My System - Measurement & Autc
N —

* Connections

|| File Edit View Tools Help
— 1. Power connections [ My System| [
3 Data Neighborhood
_ 2- NI ELVIS ” tO USB pOI’t 4 & Devices and Interfaces .
* Run NI-MAX to ensure that the ‘ <%>
ELVIS Il is , Dev1”
- 44 Scales
- &1 Software
il IVI Drivers
* Run VTOL_QUANSER_manual.vi * & Remote Systems




The front panel view

Output channel “  Output Motor Input device
selection Voltage selection

Trend of
Position

Trend of
Voltage
(out)

Step responses: damped oscillation
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System Modeling

The whole premise behind Classical Control is that the system to be
controlled has to be rigidly modeled.

Usually, this is accomplished by approximating the system to a first-order
or second-order transfer functions (with dead-time).

First-Order System: G(s) = T:n
Second-Order System: G(s) = —T2$2+:grs+1

Dead-Time: G(s) = e~
where: k: gain; T: Time constant, ©- Dead-time; & Damping factor

Major types of control systems

mm Man made control systems

s Natural control systems

mm Mixed (combination) control systems




Man made control
systems

* The system (technology) is created by
human
* Example: electrical switch

Natural control
systems

* Also called biological control

« This type of control is available ig
nature



Mixed (combination)
control systems

* The system is controlled by nature
(human) through man-made
technology

* Example: driving a car

Mixed (combination) control
systems example: Drone
control

* The system is controlled by
human through man-made
technology




Intelligent control

 Intelligent control uses various Al computing
approaches like artificial neural networks, Bayesian
probability, fuzzy logic, machine learning,
evolutionary computation and genetic algorithms to
control a dynamic system.

¢ Control of a robot arm

« Control of autonomous vehicles (Intelligent
UAV: Unmanned Aerial Vehicles UGV: Unmanned
Ground Vehicles)

* Intelligent control systems in a smart home

e Etc.

Intelligent contol example
A\ ——

- Winbot: Automatic window cleaner



with ease.

Smart Home

¢ Smart home it is automation of the
home, housework or household activity.

Wy,

AUDIO
Fill your life with music that ® INTERCOM

you control in every room Stop shouting and save steps
and outside. with a modern intercom.

* Smart home allow you to make some
access to your home via Web or a mobile
app including cameras, doors, windows,
locks, lights, appliances, thermostats and

§

various sensors for security, comfort and

energy management. g HDMé{HEATER

* A smart home connects all Enjoy movietheater quality
devices/appliances at home for sharing ¢ foryo

@ CAMERA

Keep an eye on the kids
in the yard.

and also allows access from global Internet
for monitoring and control to improve
security, comfort and energy efficiency.

Always know who's at your
door before opening it.

@
@ INTERNET

Tap into the Internet for
email. shopping and surfing.

Types of control systems

By human involvement

* Manual.

Control operations that involve human action to make an adjustment are called manual control systems.
* Automatic.

Control operations in which no human intervention is required are called automatic control systems

Using auxiliary energy

* Without auxiliary energy.
The components of the control unit take the energy from the process to be controlled.
® Auxiliary energy.
A separate power source provides the control equipment. The most common types of auxiliary energy: electric, pneumatic, hydraulic.

By reaction

* Open-loop control,
where the controlled output has no (direct) impact on the input variable.
o Closed-loop control,
where the deviation of the controlled variable from the set point is used to reduce or eliminate the deviation itself.

@ TELEPHONE/TV

Setup a home office



Control Valve

Process

Level control without auxilary energy

Float

Desired +, Val Water Actual

Water e Tank | [Water
Level Level
Float Position Float

Sensor Output S




Types of control systems by reactions

Control system

Open-loop Closed-loop

Systems that utilizes a device to control the process Systems that uses a measurement of the output (usually a
without using feedback. sensor) and compares it with the desired output
Disturbances Disturbances

(control) Controller

Controller i . i
N v Set point + error output N variable
Set point U | Einal control |V211able Controlled or Controller F'"laj control Process |2 "Obl:ed
or Controller element Process Variable ¥ element vafiable
reference
Measured variable Measurement

device

Open loop control

* an open-loop system is expected to faithfully follow its input command or set point regardless of the final
result.

* Open loop control presumes existence of a model of the controlled system.

* Since the model is usually incomplete and/or inadequate, the closed loop controller is required for error
compensation which uses a feedback.

* Open-loop control systems are often used with processes that require the sequencing of events with the
aid of “ON-OFF” signals.

Disturbances

Controller Manipulated
Set point output . variable
p PU 1 Final control Controlled
or ——> Controller element Process Vafilable
reference




Open-loop control block diagram

Disturbances
Controller Manipulated
Set point . i
P output Final control variable Cogtrolled
or —> Controller element Process vafiable
reference

* Contains no feedback: in an open-loop control system the output is neither measured nor fed back for comparison with the
input

One practical example is a common washing machine. Soaking, washing, and
rinsing in the washer operate on a time basis. The machine does not measure the
output signal, that is, the cleanliness of the clothes.

How can we control the
speed of the DC motor
model in open loop control
manner?

How can we control the
temperature of the HVAC
model in open loop control
manner?

Explain!




Open-loop control example ——; A | e/

~0 o
Simple electric switch - -
 — — =
s
-, N
m—— -
{ light larap glass i
; switch filatnent bulb !
i 1
[ i
Disturbances
. Controller Manipulatec
CS)re tpoint Controller OUtPUt | Final control variable Process Controlled
reference element vafiable

Open-loop room temperature control

b@ ] "

heat loss
@ (disturbance)

| | A
| | A

fuel flow —i—

valve
Disturbances
) Controller Manipulated
in } i
gft point Controller OUtPUt | i al control variable Process Controlled
reference element vafiable




Open-loop control example

* Heating water in a Kettle
(On a hot p|ate) It is merely an on-off device.

Block diagram:

Input Controller ot

——— i !

(OnfOll' (switch) (w‘:‘:“)

information)

Input Heat

J—, Heater | Waer | Ouiput
(electrical storage (heated water)
energy)

Source : Warwick, An Introduction to Control Systems

But, Heating water in an electric kettle ?

Feedback: closed loop control !!

Temperature

sensor and

trancducer
Input Controller
—_— ] MOA
(OnfOrr {switch)
information)
Input Heater Heat Water Output
ikl S M-
(electrical storage (heated water)
energy)




Toaster

the system contains the electrical resistances of the toaster,

the input is the level (time) of toasting and

the output is the toasted bread.
+ For the same input (time/level) the output can be more or less “toasted” depending on sever
temperature, etc.

The system is open loop because the input is not automatic adjusted function of the output.

Traffic light control

Traffic Light
(UK}

* Control type: open-loop
¢ Timed control




Sequential control (or batch control)

® PFOCGSS bounded: compressed air

v4

container

Trans1

* The structure of a
sequential control
follows the step-by-
step structure of
the technology

Transz

Vi

Teansa

—HH D O#

cyl.3
basket

KIDOBO

Open-loop Drying System (timed control)

Disturbances
Controller Manipulated
Set point . riabl
P OUPUt | Einal control | V21120 Controlled
or —> Controller element Process vafiable
reference
Electrical
Energy
Desired Actual
Time Heatin Heat Dryness
I Timer - g —= Clothes —-
Elements
errors can disturb the drying process
Electrical -—
l Energy
Desired Actual
Time MeEiig Heat Dryness
—_— Timer - Elements f——= Clothes j—pm
(Input) (Controller) (Qutput) (Process)

| Disturbance:

Requires extra supervisory attention of a user (operator)



Closed-loop systems

* Also known as the feedback system

* The actuating error signal, which is the difference between the input signal and the feedback signal is fed to the
controller so as to reduce the error and bring the output of the system to a desired value.

* The term closed-loop control always implies the use of feedback control action in order to reduce system error.

Disturbances
(control Controller Manipulated

Set point error - :

or iy Controller OUpUt | Einal control | V21120 Process  |Controlled
element variable

reference -

Measured variable Measurement

device

Example: air conc

* Control type: closed-loop

* Itis a self-regulating machine, performing the
operation with and without the need of the human.

e This machine will keep the surrounding temperature
to that of the preset value.

* Sensor is used to maintain the temperature in which
the airconditioner is placed.

Disturbances
(control Controller anipulated
i error . i

osre thonty Controller OPa, | Final control venape Process
element

reference -

Measured variable Measurement

device




Examples: Open-Loop and Closed-Loop Air Conditioning Control Systems

Open Loop
s
- Qutside Air Discharge
Temperature [—»| Controller [ Valve | Cooling Coil —»  Air
. Sensor Temperature
Closed Loop
d arge-a:
- a
2 Desired Discharge
= £ Y Error
aiflow = Discharge Air. Controller | Valve I Cooling Coil Air
, Temperature Temperature
Discharge Air
S;nsor

Example: drivir

* A person steering an automobile, assuming his
or her eyes are wide open, by looking at the
auto’s location on the road and making the

approprlate adjustments N eion
e Block diagram Actual of travel
direction
of travel
Desired 4 Bivor Stesting Actual
course Driver . »| Automobile » course
mechanism
of travel =5 of travel

Measurement,

visual and tactile




When approaching a traffic light,
the vehicle requests a prionly.

Closed loop control of R S
Traffic light [ m \

* The idea is to minimize the waiting time

¢ Furthermore, it is also intended to make
the traffic flow smooth

* Many control techniques can be used:

intelligent control system is one of them The traffic light The traffic light confirms the
sonlroler rasumes prionty and langthans the
normal operation green light if necessary

| .J
- g -

The vahicle cancels its priority request
once it has crossed the inlersacton

Piping and instrumentation
drawings (P&ID)

* The Instrumentation, Systems, and Automation Society (ISA) is one of the leading
process control trade and standards organizations.

* The ISA has developed a set of symbols for use in engineering drawings and designs of
control loops (ISA S5.1 instrumentation symbol specification).

* P&ID uses symbols and circles to indicate the components of control and lines to
information links

* Readings: Process Control Fundamentals P ID.pdf & Standard Isa -
Instrumentation Symbols And Identification.pdf



SYMBOLS

Piping and
Connections

General instrument or function symbols

Primary location Auxiliary location
accessible to Field mounted accessible to
operator operator
1
Discrete
instruments
4
Shared display,
shared control
7
Computer function 6

0
Programmable logic
control

1. Symbol size may vary according to the user's needs and the type of document.

2. Abbreviations of the user's choice may be used when necessary ta specify location.

3. Inaccessible (behind the panel) devices may be depicted using the same symbal but with a dashed
horizontal bar.

Source: Control Engineering with data from ISA S$5.1 standard

Piping |

Process
connection

Electrical
signal

Pneumatic

signal /Y Y Y /Y i
7/ 7/ 7/ /4 7/

Data
link —O O O O O O0—0—




IDENTIFICATION LETTERS

The succeeding letter(s) are
used to designate the function
of the component, or to modify
the meaning of the first letter.

The first letter is used to designate
the measured variable

TAG ||” BERS

Pressure Indicator
L associated with a R

evel particular control loop ecorder
Flow Controller
Temperature Transmitter

IDENTIFICATION LETTERS

First-letter Succeeding- Letters
Measured or Initiating Modifier Readout | Output Modifier
variable function function
A Analysis
C Control
D Differential
F Flow Rate Ratio
H Hand High
I Current Indicate
L Level Low
P Pressure, vacuum
Q Quantity Totalizer
S Safety Switch
T Temperature Transmit
v Vibration Valve, Damper
z Position Actuator




IDENTIFICATION LETTERS

/Y Temperature Recording Controller
@ Temperature Transmitter

— — Temperature Indicator

Temperature
Sensing Bulb

-~

Example P&ID: Level control

:DM:\\

|
I
|
(1Y
|
I

L
w N Y
d
!
b




P&ID and
Block Diagram

To process 2

Fi, —

I Fz Y

1

sp > ™ Process * h
b transmitter |

ELEMENTS OF
raeneneens THE CONTROL
LOOP



Open- or closed-loop control?
Example: home heating system (ver.1)

bw ] "

heat loss
@ (disturbance)

i A
: | A

fuel flow —i—
valve

Open-loop control:
P&ID and block

diagram /\Q\

Ly h

heat loss
@ (disturbance)

g | A

; Sensing valve
variable A
—> device
Gr(s) Disturbance
| Controll Manipulate 1 o
npyt. referen ontroller d variable u.tput
desired Mrororence R pUtPUT™Final u(t) variable
value | forming ) Controller u(t) | control Process y(t)
e > —
trf. ™ G(s) element Gp(s)
Ge(s) Ge(s)




Open-loop control:

PN

elements
by ] )
H heat loss
@ (disturbance)
; | A
1
! _)
Input -
. Sensing
variabl ;
device
Gr(s) Disturbanc
Manipulate 3
Input: ntrolle . Output
desired reference riable bl
esired Mregrence rt) PRP (t) variable
value, | frming Controller th| control Process y(t)
tr.f. GC(S) element ‘ GP(S)
s G (s)

Open-loop control:

signals
N
heat loss
(disturbance)
\_.l furnace
Input -
. Sensing
variable ’
—_— device
Gyls) Measured v Disturbance
disturbance M3 late
Inp_Ut: feren Controller d variable Ou.tput
desired [Mraference 1P utpu Fnal |y, (t) variable
value | forming () Controller u(t) | control Process y(t)
—_> > > —>
tr.f. Gc(s) element Gyp(s)
Gels) Gy (s)




Closed-looop control

In a closed-loop control system the error signal, which is the
difference between the input reference signal and the feedback
signal is fed to the controller so as to reduce the error and bring
the output of the system to a desired value.

Feedback makes the system response relatively insensitive to
external disturbances and internal variations in system
parameters.

General block representation of a
closed-loop control system

Disturbances
(control) Controller Manipulated
i error . i

Sre oy Controller PP | Final control rarepe Process Controlled
element vafiable

reference -

Measured variable Measurement

device




Closed-looop control example:
home heating system (ver.2)

7 N

e
\ heat loss
: (disturbance)
1
1
1
1
1

A

- _@_Ji
A
fuel flow _i]_

valve

Process

thermostat 4

controller N
set point - »@4_ N _
I temperatur=——7 heat loss
sensor/trans (disturbance)

1

1

| A
control 1

1

1

1

signal _/
» furnace /

10,?0 by COW
&

NXy

fuel flow
valve

hts Reserved




Closed-loop control:

elements

Set point 4+
or
reference -
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Control system model with disturbance and noise

consideration

. Disturbance disturbance
Disturbance—>] trf. d(t)
Gp(s)
Manipulated
error Controller variable Controlled
desired reference o, utput = Junlt) + | variable
value | Reference | r(t) ut) ina m ¢
5| forming 1 Controller control Process + y(t)
tr.f. Gc(s) element GP(S)
Grls) - Gr(s)
Measured variable + Measurement
device
Grs)
+
Noise

Control system model without high frequency
noise consideration

Disturbance :
disturbance
disturbance —>j trf. d(t)
Gp(s)
Manipulated
error Controller variable Controlled
desired rererence et utputy — u(t) + | variable
value | Reference | r(t) u(t) ina m t
forming + Controller control Process + yt)
trf. Gc(s) element GP(S)
Gyls) - Gls)
Measured variable Measurement
device
Grls)




Disturbance

d(t)

e s s -

| Control system .
Error Controlled

Reference. elt Controller | variable
) | ourbut U

-+ Controller uft) tnal | PrOCESS| yepuure >

control it .

C(s) element P(s) device |

. _._.]

Disturbance "
Disturbance—s] ot [distrbance
Gpls)
controll Manipulated
) error ontroller Yarble Controlled
desired e — Y et utpu ——unt) + | variable
value | 8 g L% Controller 4t | contror Process + v(t)
trf. Ge(s) > element > Gpls)
Grls) Guls)
Measured variable Measurement
device
Gy ls)

Simplified control system model:
two inputs and one output

Disturbance

d(t)
e —q
| Control system |
Error Controlled
Reference! elt Controller | variable
rt) | output Co)

+ Controller u(t) fnal | Process| ye.ue —_
control ment .
C(s) element P(S) device |




Open or closed-loop conrol?

Hot water Cold water

Basic system types

Our investigation will be limited to the control of dynamic, linear, single-variable, constant
parameter systems. These systems can be described by the next four methods:

* n-th order linear differential equations with constant coefficients

» transfer function, frequency transfer function

* time functions (response functions)

state-space representation is also possible, but principles of classic control systems are completely
understandable by the first three modes of descriptions.



System descriptions
in Time and Laplace domains

u(t)=4it)

Time domain

Step response

Pulse response
Fourier-fr.

Laplace-\ﬁi \Inverz Laplace-tr.

Frequency s=jo Transfer function
transfer function

s is operator variable in the L domain

Laplace domain
(Frequency-
domain)

Analysis of control systems

The main objective of a control system is to
produce a desired system, reducing errors and
achiving system’s stability

What do we analyze in control system?

Transient (temporary)
response

Steady-state response Stability
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Transient response

Also known as the natural response

Example: consider an elevator going
from the first floor to the fourth floor

If a transient response is:
— Too slow — passengers would be
angry
— Too fast — you would be scared

Steady-state response

* An approximation to the desired
response

* |tis also the response that exist
for a long time following the
given input signal

* In the previous lift example, the
steady-state response is when
the lift is about to reach the
fourth floor (Nise)

|
Input command ¢

Transient ———— 2=

response

Steady-state Steady-state
response error

Floor

Elevator response

Y

Time



Step response based system model approximations

[0if 0> x
fi)=1

[1if x20 ,p

System type Step response

Basic system types

Proportional

Proportional, first-order

Proportional, second-order

Integrator

Differenciator

Time delay, Transport lag or
Dead time

DN RINT




w

Proportional, first-order system - — i~

Proportional, first-order system: PT,

Differential equation Tyy(t) + y(t) = ku(t) y(0) =0

Parameter T,: Time constant, k: gain
t
Step response v(t) =k(l—e Th)
Step response: steady-state ves(t) = ke(t)

t
Step response: transient Ve (t) = —ke T

t
Pulse response g = T—e_T_1

Transfer function G(s) = = sk+ il
1

Proportional, first-order system

One energy storage tank:
(RC-tag, free-flow tank, perfectly mixed container, diffusion, heat conduction in solid material, etc.)
Typical system’s parameters : k, T, "

t
Step response : v(t) = k(1 —e T1)
Steady-state response : k. (t - )
When t = T, the transient component is

L k
—ker = 5= —0,367k

and the step respons value is
k —0,366k = k(1 —0,366) = 0,633k
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T1 changes, gain constant: k=1

vit) 4

"[1:3 S

I 1 L 1

F L]

by raising T1 less steep rise, slower to the new equilibrium situation.

9 1z 1

k changes, T,=constant, input flow: 0—>20% at t=24

60 -1

55

50+

5
sl

4

15—
4 ~
O\a 35| B’
— 'E
: %
2 3 o]
X ()
< o
2 25 o
K
20
15
10
5
LR i T
20 % 100 10 120

96
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First-order plus time delay model

The transfer function of a first-order plus dead time or time delay (FOPDT) model is:

P(s) =

=TS

e
Tis+1
The model parameters are k: gain, T, : process time constant and 7 time delay
The time delay is also known as dead time.

* Dead-Time is the Killer of Control: tight control grows increasingly difficult as 7becomes large

* The process time constant is the clock of the process. Dead time is large or small relative only
to T,

* When dead time grows such that 7> T, model predictive control strategies such as a Smith
predictor may show benefit

Dead time:
Step response of a FOPDT process

401

354

Ay
0.63 * Ay 304 = o
uf25
20 Ay
154
10
=y ~
% N/

1 ] ] 1 ] ] ] ] ] ] 1 ] ]
le a%s 10 45 20 25 30 35 40 45 50 55 60 65 70 75 80
T T

1 | Time



The FOPTD Model Parameters

In Summary

For a change in controller output:

* Process Gain, k — How Far controlled variable travels
e Time Constant, T, — How Fast controlled variable responds

* DeadTime, 7 — How Much Delay Before controlled
variable responds

Second order systems

T3y (t) + Ty () + y(6) = ku(t)
TZ =T
1 T1

f=§T—2

T29(8) + 28T, y(¢) ;-Y(t) = ku(t)

G)OZT

1. 25 . _ K
w—OY(t)+w—Oy(t)+y(t)— u(t)

¢:damping ratio
wo: natural frequency



Typical system parameters

Gain, k
Time constant (T,) or

Damping ration, &

102

Transient properties

§
0,05 PERIODIC, damped
0,125
1.5}
0,25
h 0,5 .
-] ‘1 B /B A APERIODIC, borderline case
1.5/
0.5t /
A 2,5
/ APERIODIC (overdamped)
0 L n
0 5 10 15

103
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Transient properties

§ —
0,{]'5 Periodic time or
0’12 frequenc
1.5¢ Max.
0125 Over-
shoot
h I_G"S e N S——
1 e
1,5
0.5t /
) 2,5
0 L
0 5 10

tin s

The damping ratio

15

104

1. & > 1:aperiodic step response: consists of two serial connected first order system

2. & = 1:aperiodic borderline case
3. 0< & < 1stepresponse with damped oscillation,

4. & = 0 oscillation with
constant amplitude

20,01

0,1

0,3 / :
1{0, v’
0

10

15

105



Time constant or natural frequency change, (£=0.4)

Increasing T ,stretches" the transient, the oscillation tendency is not affected

106

Step response based system model approximations

* Determine the step response function of the
system for a jump signal

* Looking for a simpler system model whose
response function approximates the measured
transition

* Approximation is often done graphically.

Controller is in manual mode

DisturiaicesJ 0
Controller Manipulated

(control)
i error - i ntrolled
gret point + OUPUL | Einal control |VAa0E Process  |controlled
element vafiable
reference -

Measured variable Measurement
device 107




Model reduction to FOPTD model

The model reductions means that the higher-order system characteristic will be
approximated by a system with same gain an apparent time delay and dominant time

constant. v(t)

v(t,)

v(ty)

108

Step response based system model

approximations

Procedure:

Determine the step response function of the system for a jump signal

Looking for a simpler system model whose response function approximates the measured transition

Approximation is often done graphically

[0if 0> x

T4t x20

v(t)

First-order time delay
approximation




Model reduction to FOPTD model

The transfer function of a FOPTD process:

ko _
P(S) - Tls+1e ®
Parameters must be determined:
k gain,
T, time constant
T time delay.

Step response:
t—T

v(t) = K1)

Differential equation:
T1y(6) + y(t) = ku(t — 1), y(0)=0

Graphic presentation of the system parameters
in the step response of a FOPTD process

/

\u |25
20

AN |
15+ 4‘ ﬁ
40 ffﬁ‘ T
/
35 /
f \ Ay
0.63 * Ay 30 k=—
/
/

Ay

154
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1. Graphic method: Slope-intercepts method

[ Tangent line at new steady-state

A
,/‘ﬁ Tangent line at inflexion point ]

[ Measured step response ]

Example: FOPTD approximation of a second order system

uft)

Valve position [%] | =] [100

Inlet

PT1.1

Model reduction example

Approximation of an overdamped second-order system with a First-Order Plus Time Delay (FOPTD) transfer function

‘. Tank1
100
k
‘: 0.8
20

80

404

valve % [ 100
Tank1% [~ 95~
Tank2 % [~ 90~
Tank3% |~ 85
80-|
75
70|
X Tank 2 B85
0-

55-]
50-
451 _ Ay _ 64

:Z: k_Au_E=0'64

Outlet

folyadekszint %

30-|
25|
20
15|
10|

5]

(Srooonooo

T
0 20 40 60 8 100 120 140 160 180 200 230 240
Time




Applying the Slope-intercepts method

valve % 100
Tenk1% [ 95-
Tank2 % 90
Tank 3% 85
20
75-
70-
5
60
=
55
[
= 50+
el
= 454
=
40+
35
30
1=0.4s =y
20
15
N T1=3.5s
L S I B e S e B B e S
20 0 60 80 100 120 140 160 180 200 220 240 260 280 300
Time
[esting
Model reduction example
Valve position [%] | a f d-order system with a First-Order Plus Time Delay (FOPTD) transfer function
Tnlet vahve % ™
—-;L‘-— [ Tank1 Tank1% [~ 95-|
L s g Second order
80 Tank3% [#* 85+
L 60 |
Jos & 4 iy system
T1 204
& [N 7
Jl PT1.2 100 [ Tank2 65-
80 e
L 60 £ 55
08 40 outtet| ¥ 50|
T1 20 ®
£ 45+
'l —{ FOPTD
T o approx
| tuws FOPTD 7 PP
X 100 5
’ 80 -
JO.M 60 15|
T1 40 10-
r 20 Outlet 54
r13.5 o
dmedelsy 4T w| 01 Time




Two points method

Tank1% |:| 95
Tank2 % 90-
Tank 3% 85-
0-
75-]

70|

Time

RN SN RN EE R Ry L Ry R L L e R ey
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Calculation of parameters

t1-T
v(ty) = KG—e )

_t2=T v(ty)
v(ty) = Qe ), 1= Tlln(l—T) +t
(t5) T = _tamty
T=Tln(1—v—)+t , 11 k=v(t1)
1 k 2 ln(k—v(tz))
Model reduction:
Inlet e~
PT11 100 Taka [~ -
k L Tank3% |-~ &5
: M ——1 |
_lna wl :_
.Tl 04 iy
1 "51-1_1 o | | Tenkz 65
® 97
% 5
Outlet i 50-
L
|
35-
FOPTD =
=l
»
15-
ouie o y
B N R AT R
Time

T, =

020=064(1- ")

( _3.6—1)

045=064\1—¢ T
v(t

T= Tlln(l - ( 1)> +t;

k

t
T= Tlln(l—¥>+t2

_36-16
T 064-02

In564—045
36— 16 2

Ty

= 24s

| 0:64=02 =044
"064—045 M0.19

t
t=Tyn (1 - v(k1)> +t

T =24ln (1 —%) +16

7 =-0.9+1.5=0. 65




Teszt

u(t) Model reduction example
Valve position [%] 100 imation of d-order system with a First-Order Plus Time Delay (FOPTD) transfer function

Tnlet valve® [~ 100
I. e Tank1% 95-
PTL1 100 Tank2% [ %0-
k &0 Tank3% |»* 85-

i 60
0.8 B

I 404
75-|

T1 204
! 70|
R T | | Tenk2 65
80 i
e 60
60 % s55-
404 outet| & 5o
20 B
ol = B
$0-

Tnlet I =
e 30+

|_ taks  FOPTD

100 =5

80 20-

60 15

40 10-]

20 Outlet s A

)
0 ——
T R i T i i i 3

= = A
timedelay 6T w| T 0.1 Time

Example : Pl-control of a third-order process
1. Step respons measurement

{3 pt3_time_PID_contr_eng_dist aut_man_no_satur.vi Frant Panel *

File Edit View Project Operate Tools Window Help
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Approximation: FOPDT

200 Valve [%]
1804 Tank 1(%] [7]
160+ Tank_2(%] 7]
140 Tank _3[%]
¥ 120 o
8 SP () [%]
= 100
£
I a0
60
| ¥ s
40 Fan Tangent line at inflexion point
20+
0 T T T T T T T Tr T
0 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15

Time

Measure the third-order system step response

and approximate with a FOPDT model

Tangent lines

200 VaFe [%]

180- Tank 1[%] [

160 - Tank_2[%] [

140- Tank _3 [%,
4 120 SP(r) [%] .00
= 100
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60
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Time
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General model:

P(s) =

k

T1$+1

In our case:

P(s) =

Amplitude

i =~ ]

[ = T =]

o o o o o o oo o o9
1

2

e
2.8s+1

e

Ts

The FOPDT model

* Instead of P(s) =

2
(s+1)3 °

Approximation result

NEE

Valve [%]
Tank 1 [%]
Tank_2 [%]
Tank 3 [%]
SP () [%]




Test the step response

' r ~ P&ID
FOPTD parameters: utty ] % —_—— —— —l
P(s) k = m - 2
Ty5+ 1 Inflow - | P(s) = 285 F 18_5
® = 150 L o8
Bl 1 LRC
100
T1 - | manual valve 220 un, %
------------------- ﬁ - . mi I A O I O T e Tank level %
. ’—‘ﬂ = [100 Qutflow (free) i - e S O I SP.r %
e d‘?h}’—”*:r—; - — 9, F:Assuming infinite - / e
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Set the process parameters (k, T1 and delay time) 807 g
Controller in manual mode 60—
Open valve manually to 100% w0l
Run the program m_g
[} 2 4 6 8 10 12 14 16 18 199
Time BEem] |
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Example: HVAC model, process temperature step

responses

* Determine the FOPTD model parameters!

289y,
Wl A

3 WA A A
Y

. A, FFred s g
putr M W
i

267 T T T T T v T T T
00:00.00 00:25.00 00:50.00 01:15.00 01:40.00 020500 02:30.00 025500 03:20.00 03:45.00 04:10.00 04:35.00 05:00.0C

Chart2

4

2]

00:00.00 00:25.00 00:50.00 01:15.00 01:40.00 02:0500 02:30.00 02:55.00 03:20.00 03:45.00 04:10.00 04:35.00 05:00.0C

<T] s

With noisy and scattered data, the precision of fitting a higher-order plus dead-time model is low

this is one reason why many of the empirical controller design methods are based on the simpler first order

plus time delay function.

Example: HVAC model, process temperature step

* Determine 7e FOPTD model parameters!

responses
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Processes have Nonlinear Behavior!

A FOPTD model response is constant as operating
level changes

Since the FOPTD model is used for controller
design and tuning, a process should be modeled at
a specific design level of operation!
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Introduction to Programmable Controllers

Every aspect of industry—from power generation to automobile
painting to food packaging—uses programmable controllers to
expand and enhance production.

Programmable Logic Controllers or PLCs, are solid-state
members of the computer family, using integrated circuits
instead of electromechanical devices to implement control
functions.

They are capable of storing instructions, such as sequencing,
timing, counting, arithmetic, data manipulation, and
communication, to control industrial machines and processes.

PLC conceptual application diagram

PLCs can be thought of in simple terms as industrial computers with specially designed
architecture in both their central units (the PLC itself) and their interfacing circuitry to field
devices (input/output connections to the real world). Their design roots based on the
principles of simplicity and practical application.

Field Field
output Programmable Logic input
‘ Controllers
o L
5 %
S
S T



Historical background

General Motors Corporation specified the design criteria for the first
programmable controller in 1968.

The new control system had to be price competitive with the use of relay systems.
The system had to be capable of sustaining an industrial environment.
The input and output interfaces had to be easily replaceable.

The controller had to be designed in modular form, so that subassemblies could
be removed easily for replacement or repair.

The control system needed the capability to pass data collection to a central
system.

The system had to be reusable.

The method used to program the controller had to be simple, so that it could be
easily understood by plant personnel.

In a short period, programmable controller use started to spread to other
industries. By 1971, PLCs were being used to provide relay replacement as the
first steps toward control automation in other industries, such as food and
beverage, metals, manufacturing, and pulp and paper.

Historical background

The first PLCs offered relay functionality, thus replacing the original hardwired relay logic, which used
electrically operated devices to mechanically switch electrical circuits. They met the requirements of
modularity, expandability, programmability, and ease of use in an industrial environment.

These controllers were easily installed, used less space, and were reusable.

Conventional Controlled Programmable Controlled
contralier plant controller plant

Controller

control
program




Principles of operation

A programmable controller consists of two basic sections:
the central processing unit
the input/output interface system

-=1- Central --1-
Processing
Unit

|
wHcoz-—
w-HCUTHCO

Principles of operation: the CPU

The central processing unit (CPU) governs all PLC activities.

The following three components form the CPU:

* the processor

* the memory system j \ j \1 \1 ke

* the system power supply '

Input circuits

Z

] Micro A
. processor B<G=

V1

Output circuits

) Qutput devices receive
signals from the controller

The power
supply serves
the controller
with a variety of
stable direct
voltages

The processor
takes its
instructions fram
the memory

Memory

Power supply




The input/output system

The input/output (1/0) system is physically connected to the field
devices that are encountered in the machine or that are used in the
control of a process. These field devices may be discrete or analog
input/output devices, such as limit switches, pressure transducers,
push buttons, motor starters, solenoids, etc.

The I/0 interfaces provide the connection between the CPU and the
information providers (inputs) and controllable devices (outputs).

During its operation, the CPU completes three processes:

(1) it reads, or accepts, the input data from the field devices via the
input interfaces,

(2) it executes, or performs, the control program stored in the memory
system, and

(3) it writes, or updates, the output devices via the output interfaces.

This process of sequentially reading the inputs, executing the program
in memory, and updating the outputs is known as scanning.

Graphical representation of a scan
input

|

memory area — 1G scan

|

program

}

memory area

l

output

Program scan



The programming device

usually a personal computer or a manufacturer’s
miniprogrammer unit is required to enter the control program

into PLC memory

000001110101 Y000

001001110101 +010
000001110101 1000
0Q00010001011101

0000011001 0G0

ox g

Engineering language Machine language

PLCs Versus Personal Computers

Same basic
architecture

PLC

- Operates in the industrial PC
environment - Capable of executing several

- Is programmed in relay programs simultaneously, in
ladder logic any order

- Has no keyboard, CD drive, - Some manufacturers have
monitor, or disk drive software and interface cards

- Has communications ports, available so that a PC can do
and terminals for input and the work of a PLC

output devices



IEC 61131 Programming environment

configuration,
symbols

editor, compiler,
library

laptop

variable
monitoring
and
forcing
for
debugging

network

PLC

PLC product ranges

The PLC market can be segmented into five groups:
1. micro PLCs

2. small PLCs
3. medium PLCs -
4. large PLCs 3 c
(8]
5. very large PLCs g 4: !
72: B 1 1
] 3 |
g 1 I ] I
o | 1
A | | : :
2 T [ 1 1
1 | ! 1| 1 1
I 1
L ! L !
32 64 128 512 1024 2048 4096 8192

I/O Count



Registers: One word, two bytes,
sixteen bits

The microprocessors used in Most Least
PLCs are categorized according Significant Bit Significant Bit
to their word size, or the (MSB) Bit (LSB)
number of bits that they use l l

simultaneously to perform

operations. [left[1]r]ofof1]o]oft]1]o]1]of1]
Standard word lengths are 8,

16, and 32 bits. This word | Byte | Byte |
length affects the speed at

which the processor performs | Word |

most operations.

A multiprocessor configuration

The CPU of a PLC system may contain more than one processor (or

micro) to execute the system’s duties and/or communications, because
extra processors increase the speed of these operations. This approach
of using several microprocessors to divide control and communication
tasks is known as multiprocessing.

Another multiprocessor arrangement takes the microprocessor
intelligence away from the CPU, moving it to an intelligent module.
This technique uses intelligent I/O interfaces, which contain a
microprocessor, built-in memory, and a mini-executive that performs
independent control tasks.

Typical intelligent modules are proportional-integral-derivative (PID)
control modules, which perform closed-loop control independent of
the CPU, and some stepper and servo motor control interfaces.



A multiprocessor configuration

Ak

1=

Power Supply J ‘ ‘
Main CPU

Processor

.IIIIIIIIIIIIIIIII‘Ié
.IIIIIIIIIIIIIIIIIIE

Basic Computer
Processor Module

PID Processor
Module

The scan time

The time it takes to implement a scan is called the scan
time. The scan time is the total time the PLC takes to
complete the program and |I/O update scans.

The program scan time generally depends on two

factors:

(1) the amount of memory taken by the control program

and

(2) the type of instructions used in the program (which
affects the time needed to execute the instructions).

The time required to make a single scan can vary from a
few tenths of a millisecond to 50 milliseconds.



The scan time

* PLC manufacturers specify the scan time based on the
amount of application memory used (e.g., 1 msec/1K of
programmed memory).

* However, other factors also affect the scan time. The use of
remote I/O subsystems can increase the scan time, since the
PLC must transmit and receive the I/O update from remote
systems.

* Monitoring control programs also adds time to the scan,
because the microprocessor must send data about the status
of the coils and contacts to a monitoring device (e.g., a PC).

A processor is able to read an input as long as the input signal is not faster than the
scan time

* lllustration of a signal that will not be detected by a PLC
during a normal scan.

10 msec
Program Execution

Read Update
1 msec 8 msec 1 msec
PLC Scan /
End of Scan
EOS
logicl — === == 4——— - = == === = =~
Signal
Logic 0

01 2 3 4 5 6 7 8 9 10
Seconds



PLC configuration in lab: ILC130 Starter kit

Onboard Outputs Onboard Input Input swithes
BIT0...B/T3 switches Address: IB5 (byte)
Power switch Onboard Inputs BITO...BIT7 15.0.... 15.7 (bit)
BITO ...BIT3

Onboard Inputs Analog input
BIT4..BIT7 simulator

s

Communication Analog input || Digital output Digital input
cable modul modul modul



PLC Inputs and swithes
input bit lights if switch is ON

ILC 130 Starterkit
O B r.ri.’v 2
] L \

\\\\\

SR8 SRR




Program runs: this LED continuously lights up

PC WORX software
with PHOENIX ILC130 PLC-s

PC Worx is the integrated programming tool for Phoenix Contact
controllers. In the laboratory you can develop and online test your
programs on the PHOENIX ILC130 PLC with PCWORX software system.

The PLC development environments basically contain the next windows
and workspaces:

The project tree window, which shows the software structure of the
project.

The hardware configuration window, in which the resources (CPU-s) and
the expansion modules.

The program development and debugging workspace.
The message window.



Creating a new e
. u
project ok

6%20.2510

in PCWORX

1. File: Create new project

Mew Project X

. Select Gereral CPx  ILCTax ILC2w ILC3w PCWORKAT | [*

Ternplate ~ Cancel

th e fPrnmcthzard
| “E]ILC 130 ETH Rev. » 014250
proper

)ILC 130 ETH Rev. » 01/3.90
TEILCTSTETH Hev, > 00/4.00

1L 131 ETHAXC Rev. > D0/4
PLC type S)ILC150ETH Rew > 01/250
)ILC1S0ETH Rew, > 014380 s
fro m th e E)ILC 151 ETH Rew. » 00/4.00  E[H

"ﬁILE‘IET ETH/XC Rev. > 0044
H . l'BILEI‘IEU GEM/GPRS Rev. » ..
||St. l'ﬂl\_EI‘ISU G5M/GPRS Rev. » ..
‘3ILC155 ETH Rev. » 01/3.50 v

PLC with power switch: ILC 130ETH Rev.>01/3.90

PLC without power switch: ILC 130ETH Rev.>01/3.50



Main components of the PC WORX
|IEC programming workspace

@ ple 9t View Broject Buld Obljects Lwvout Opline Eatims Window 1 -ax
LD D i 4 MEFRERe=. 0 o 282 ] Bl
icas [AR]- mimo @ i i Blaaae HERTLIE Y
' Prjec ree wndow avn jeatwamd___pv0
3 Fryect C:\Uner A Drpbo OKTATO 01\ TEST et 1 - | sme :
= Favonoe n
[ —
IN QMo DD Adduon
WAND  BiviseaND
t#100m: PT ETfe bod 200 Comm
U Comert
POU body RO Come i
S0y Ovion

+

ey
0 Pt i Mo P1
ey

s1
s 0] S2 aon |
g o cot - AL Fmeloh
. : Declaration i
| @ prowe BP0 [ W s 0 o window TAB | =, s -
o OF INET
b Messages

N e,

2. Write First-Last IP Addresses and

Subnetmask in BUS config window
I ——

s 2
Ei[Ea & e B s 2@
4 a4 [ |||: Device Details
teacherl \Project\
. Project name Value
BUS COnflg 5] Project name ‘ __
button B | Creator |
5] Computer name at project creation |
D | MULTIPROG version at project cre... |
D | pc WORX version at project creati... |
0 | creation date |
D | Last editor |
[&] Computer name at last project bac |
D | MULTIPROG version at last praoject |
D | pc WORKX version at last project b. |
D | Date of last project backup B
D | Domain Postfix
D | TemplatetorBmsPROFNET DoV e
AP First P Address 10001 N
O | LastIP-Address 10.0.245.254 )
24 B INA] bnetmask 25505500 "

D | Default Gate —_
D | use DHce no




3. Write PLC IP Address in BUS config

window

BUS
config - _
& pC WORX - traffic_SFC_demo = —
i File Edit View Project Build Opline Ea s I
ML SRS =] = e o[ el=t = s 3 @
i Bus Structure 1 4 [ || Device Details
=@ traffic_SFC_demo | ||| ILC 130 ETH 10.0.245.2 \IP Settings\
@l 1LC130 ETH100.2453
4R Resource Name Value
L R STD_RESILC130_39 0 | vendor Phoenix Contact
=3 #INTERBUS 0.0 03 | Designation ILC 130 ETH
L #1BILAT2/SF-MED. 1 [ | Functional description Inline Controller for Ethernet Networks Wit...
B #21B1L 24 DO /HD-PACO .2 [ | Device type pLC
B E #31IBIL 24 DIB/HD-PACD .3 [ | Device family L Clo
{8 Uncennected [ | Order number 2988803
5] 01/3.90
- [ | Station Name
. (3 | Device Name
LDevies Catalog Laml G [ Module Equipment ID
@ Festo [ | DNS/PROFINET Device Name ILC130ETHL
. g E';iz’;';":”“a“ 9 | MAC Address 00-A0-4538.06-CE
01 | 1P Address — 10.0.245.3 —
[ | Subnetmask 255.255.0.0
[ | Default Gateway
Bus Structure

4. Define

moduls
Select INTERBUS
Open in Device catalog

window the Phoenix Contact

directory
Open IL directory

= OPC_test 1
(=B 1L.C 130 ETH 193.225.18.47
| B-R Resource
: R STD_RESILC130_35
7% # INTERBUS 0. 0
M #1181L AT2/SF-MEO.1
B #2181 24 DO 8/HD-PACO . 2
-MB#31B1L24 DI8/HD-PACO. 3
-|#4 Unconnected

; Device Catalog

=1 Phoenix Contact
1 AXC o
() AXC20x
(1 AXC30x¢
C1AXLE
CIAXLF
C1AXLFXC
1 CP3nc
cict
C1ELR

[ Feox
£ FCa

1 FLSWITCH IRT
CIFLM

CI1FLS

)

1 Generic

£1 GW PNJASCII
01 1BS US4
.1 F-Svstem
=0

T DusCoupter

(1 1/0 analog




BUS CONFIG

* Open the marked
directories

* Select moduls from
the device catalog

e See the order!

Modul declaration in order of bus places

In BUS CONFIG
windows:

* Save Project (As

)l

Project name

¢ B #INTERBUS 0.0
- ~ER#11BIL AL2/SF-ME

.[3 Unconnected

B # 2 1B IL 24 DO 8/HD-PAC
----- I # 318 1L 24 DI8/HD-PACO.

: Device Catalog

#-{] Festa

&4 Phoenix Contact

00 AL

-7 CP3ee

-1 CT

&1 ELR:

- FC2xx

- FC3he

-1 FL

-1 FLSWITCH IRT

-1 FLA

&1 FLS

w1 FP

w1 Generic

0 1L
&1 Bus Coupler
@1 Diive
@[ Drive - Motor Starter
-] EX-IS

Fo Cratanesy

&

S

£

-1 1/0 analog
-1 10 digital

T Srureiavoduie

EEiIe Edit View Project Build Online Extras ?

NEy EEE

1 Bus Structure

= traffic SFC_1
,@‘-{ic 130 ETH, 10.0.245.3
I =R Resource
| R STDRESILC13039
| E#% # INTERBUS 0.0
© LE#1BILAIZ/SFMED.1
B # 2181124 DO 8/HD-PACO. 2
B #31B1L24 DI&/HD-PACO. 3

L@ Unconnected




Testing communication

Select the PLC

ILCI30 ETH 1

456 \Communication’,

o Bl ILC130 ETH100.2456
£+ R Resource
¢ R STDRESIC13039

% #INTERBUS 0.0

B #11B 1 AT 2/SFMED 1

-Ji #2181L.24 DO 8/HD-PACO .2
-JJf #31B1L24 DI8/HD-PACO .3
Unconnected

T Device Catalog 1a
& Festo

& (3 Phoeris Contact
e (1 Uriversal

g

Interface Type

ILC 130 ETH
- Communication Path
i@ Ethemet
Ei: Station Name

Connection Name

[Manual Input

IP Address
[ 1w . 0 245 6
Subnet Mask:

5 . 285 . 0 . 0

Gateway Address:

usevirtual LAN

Resource: STD_RES

Apply Help.

Select Tab

e

&) B«endad*ﬂil\gs‘ A Communication

cpusiau Editor | 4 Businterfaces | 5 Data sheet

A B ||f Device Detals, Ly
o -+ || IC130 ETH10.0 2456 \C \
S| :;cun ETH100.2456 [ || ee—
Resource Connection Name
=-(F LC130ETH
¢ R STDRESILC13039
: - - Manual Input -
£ = INTERBUS 0.0 = lz”gt’:“"':t“’" Path [ - ] E]
Wl =118 1L A12/5F-MED. 1 =l E’:‘" LR =
IR #2181L 24 DOB/HD-PACO. 2 B Station Name | 0 25 € - E]
B 23181124 DIg/HD-PACO . 3 Subnet Mask:
Unconnected m . 35 . 0 . 0
B Gateway Address:
§ Device Catalog Ea
-] Festo
& (] Phoenis Contact
e (] Universal
Apply Help
g
| Modue Catslog —

Select Tab

= Ed Emmﬁd*ﬂ 95| M Communication | &) cvusfm Editor | 4 Businterfoces | 5] Data sheet




Correct configuration: green lights on top of the
moduls

CONVENTIONAL
PLC
PROGRAMMING
ELEMENTS

Intelligent control systems



The PLC program scan cycle

 Atypical PLC program is cyclic: executed

Overhead (self diagnostic) repeate_zdly as long as the controlled system
is running.

Cyclically

1

* The status of physical input points is
copied to an area of memory, called the "I/O

Input mapping to memory "
(1/0 table) Image Table".
* The program is then run from its first
instruction to the last.
User program instructions * The program execution uses only the
(sequencial) mapped |/0'S.

« Finally the statuses of physical outputs are
updated from the PLC I/O image table.
Output refresh from memory

(1/0 table) * Before the new input reading some
supervisory processes are performed
(overhead processes).

Cycle time or scan time vs.
response time

The cycle time or scan time is the time from the execution
(commencement) of the I/O Refresh operation to the execution
(processing) of the following 1/0 Refresh.

The cycle time includes time for overhead processing (self-diagnosis),
execution of user programs, /0 Refresh processing and the processing of
peripheral services.

1/O RESPONSE TIME

The I/O response time is the time elapsed between the input change and
the system replies in an output change. Response time is about double of
the cycle time. It impossible to implement input changes that rate faster
than the cycle time.

Notice: the time constant (response time) of the control system must be at
least one order of magnitude smaller than the smallest time constant of
the controlled plant!



The effect of the program scan on the response

time
Inputs QOutputs Input But not
read updated | changes 1]l seenuntil
4 \ | here 1t here i
| v ! |'s |
| r ' M !
r J | Hi |
Plant | | | { | Output :
an | |
. | | image
input | | I I{I*= changes |
| o | I here —
jOutput image ! | 1
Ichanges | LU
h ]
Plant {here [ | I ealoutput/'i
output | Real output | | chan h |
I changes I *. -|L .20 Tere
|here | Program ||| Program |
| Program | scan """ scan '
scan ' - >
- Delay

PLC programming languages

PLC programming languages are application-oriented languages developed for cyclic
execution and real-time. The languages are standardized as IEC 61131-3.

IEC 61131 is an IEC (International Electronical Comission) standard for programmable
controllers. Part 3 of IEC 61131 deals with programming languages.
IEC 61131-3 defines two graphical and two textual PLC programming language standards:
— Ladder diagram (LD), graphical
— Function block diagram (FBD), graphical
— Structured text (ST), textual
— Instruction list (IL), textual
— Sequential function chart (SFC), has elements to organize programs for sequential and parallel
control processing.
IEC 61131-3 is the most important automation language in industry. 80% of all PLCs support
it, all new developments base on it.



textural languages examples

Textural languages

Instruction List (IL) | Structured Text (ST)

LD A
ANDN B C:=A ANDNOTB
ST C

Function Block Diagram (FBD) ‘

AND
A —C
B
8 Ladder Diagram (LD) ‘
?'9 A B c
S R ()
[-T4]
c
©
— | Sequential Flow Chart (SFC)
© . .
O Init step[{actions
i =
Q .
;

2.step

—— [vansiion ]

3.step




Function Block Diagram (FBD)

Rules:

Each signal is connected to exactly one source. This source can
be the output of a function block or a plant signal.

The type of the output pin, the type of the input pin and the
signal type must be identical.

For convenience, the function plan should be drawn so the
signals flow from left to right and from top to bottom.

The Sequential Function Chart (SFC)

The Sequential Function Chart (SFC) programming method is used for a
pictorial representation of a system’s operation to show the sequence
of the events involved in its operation.

The operation is described by a number of separate sequentially
connected states or steps that are represented by rectangular boxes,
each representing a particular state of the system being controlled.

Each connecting line between states has a horizontal bar representing
the transition condition that has to be realized before the system can
move from one state to the next.

When the transfer conditions to the next state are realized, the next
state or step in the program occurs.

The process thus continues from one state to the next until the entire
machine cycle is completed.

Outputs/actions at any state are represented by horizontally linked
boxes and occur when that state has been realized.



The Sequential Function Chart (SFC)

Rules:

SFC programming implementations can be very different in
various development systems.

Program Organization Units:
The program

* A program has the following characteristic properties, as
defined by IEC61131:

* Only the program is allowed to declare variables to be mapped
to physical addresses;

* A program is allowed to call functions and instances of function
blocks.



Program Organization Units:
The function block

A function block, as defined by IEC61131, has the following characteristic properties:
It may have one, more than one, or no inputs;
It may have one, more than one, or no outputs;

Multiple instances can be created of a function block, and each instance will keep a private
copy of all data associated with that function block (input, output, intermediate data);

A function block cannot be called, only instances can be called.

The function block has a ‘'memory’, i.e. all data (input, output, local) will keep its value from
one call to the next.

On a call, it is not necessary to supply all input data; those not provided will simply keep the
value from the previous call (or the default value if there was no call before).

A function block can call functions and instances of other function blocks.

Program Organization Units:
The function

A function, as defined by IEC61131, has the following characteristic
properties:

It has one or more inputs (but no input is not allowed);
It has exactly one output value (which may be a structure);

A function has no ‘'memory’ from one call to the next, and it will return
always the same output when given the same inputs.

On every call to a function, all inputs have to be supplied.

A function may use local variables for intermediate storage, but the value
of these local variables will not be kept from one call to the next.

A function may call other functions, but it is not allowed to call instances of
function blocks.



Programing in function block diagram

Function block is a graphical programming language, which is akin to the electrical and block
diagrams of the analog and digital technique.

It mostly expresses combinatorial logic, but its blocks may have a memory (e.g. flip-flops).
Basically, the language elements available in function block diagram are blocks and signals.

The block is defined by its data flow interface (hnumber and type of input/output signals) and
shows Black-Box behavior.

Function blocks are typed - the types of connection, input and output must match.
Signals connect the function blocks. Connections carry a pseudo-continuous data flow.

Each signal is connected to exactly one source. This source can be the output of a function
block or a plant signal.

The type of the output pin, the type of the input pin and the signal type must be identical.

Diagram representation of a
Function Block

FB_name

FB_type

— Input_1 Output_1 ——
— Input_2 Output_2 [——

— Input_n Output_n ——




Function block type and Formal Meanings
the formal input(s) output(s)
R/S flip-flop
SR (S1,R) Q SET dominant
RS (R,S1) Q RESET dominant
Edge detections
R_TRIG (CLK) Q rising edge
F_TRIG (CLK) Q falling edge
Counters
CTU (CU,R,PV) Q,cVv count-up
CTD (CD,LD,PV) Q,cv count-down
CTUD (CU,CD,R,LD,PV) | Qu,QD,CV | countup-down
Timers
TP (IN,PT) QET Pulse
TON (IN,PT) QET on-delay
TOF (IN,PT) QET off-delay
RTC (EN,PDT) Q,CDT real-time clock
Flip-flops
(*RESET dominant flip-flop*) (*SET dominant flip-flop*)
RS 1 SR_1
RS SR
SET Q1 SET1 Qlp-=
RESET1 RESET




Time diagram of the RESET dominant

flip-flop
SET SET
| RS 1
RESET | t d RS h
| 10— SET Q1l—qo
t 11— RESET1
\

Time diagram of the SET dominant
flip-flop

SET SET




Edge detections

(*Raising edge *) (*Falling edge *)
R_TRIG_1 F_TRIG_1
_IRIG _TRIG
CLK Q CLK Q

Example for using edge detections
and flip-flops

][]

s1

IS1

Qo, 4




Why is the first solution wrong?

Wrong solution! Right solution!
a— R_TRIG_1
AND R_TRIG
51— — 51 CLK Qf—Is1
Qo—
AND
51—
51—
Q0—| QO—o
e —
I51—
Qi—

Exercise

PTESS Pres; re;; res; p’*“ res,s
Try to extend the flip-flop program above:
you have one more lamp.

The first pressure of the button | | | | | | | | | | | | | ...

switches ON the first lamp (QO);

151
The second pressure switches ON the 1T I ] I I I
second lamp (Q1), first lamp remains oo & ¥ ¥ ¥ 0§ 0§ Ui
ON state; !
The third pressure of the button 0,

switches OFF both lamps; 0 J ‘ ‘ """
and so forth. a1 ¢

| |
|




Timers

TP 1 TON_1 TOF 1
TP TON TOF
IN Ql—= IN QF—= IN Q=
PT  ETh= PT ETle PT  ET}e
Timers
wa [T ]H * Different forms of
Output 1 !——I \i %7 tl'mer:
Lo o
ool s * (a) on delay;
w [T NN * (b) off delay;
e UL * (c) fixed width pulse
T A A A
Delay .Dela;f .nme’l)‘gr DeI:/
starts  But
b reset
Inpulm



TON timer

T1
S1,4 ’_l - ¢ TON
0 : Si— IN  QF—Q0
Qo 4 o  t
0 | t#500ms—{ PT ETf—el tm
=S PTX PT ‘ —
TP timer
TP_1 Sl
SR |
0 1
Si— IN  QF—Qo Qo ‘
t#ls— PT ETjo ol | |
PT PT t



TOF timer

TOF_1
o (TOF )
1,
) ] si— IN  Q}—Qo
Qo t
11 t#0.6s— PT ET|-e
0 t hi-------------‘

PT PTY¢ PT

Flashing light example (alarm signal)

k = s1=1

$1=0

Igm light on light on light on \gh(

1
T T T ™ T
light off Ighl off |gm off \gm off Ight off gt off
»l




Inputs and Outputs

Inputs Sign. Logic Address
Switch S1 switched on:  S1=1 Onboard_input_bit0
Outputs
Lamp L1 Light:  L1=1 Onboard_output_bit0
]

FBD

(*We can use our own variables: loading input into a variable S1*)

ONBOARD_INPUT_BITO— NOT —S1

AND
Si

T2.Q—4

T1 PT—

T1 Qg
T2_PT—

L1

T1

1 DU
L1

PT ETf|=

IN Q}T20Q
PT ET|l=

ONBOARD_OUTPUT_BITO

(*We can use our own variables: setting variable into output*)



CTu_1
el Q
RESET CV
PV
TON_1
BEAT—A{ IN Q
TimeConst: PT ET

TimeConst : TIME := 0.5s;

Beat_MAX: INT :=8;

BEAT—

Hi_lm_reached

Beat_MAX—

CTU_1
cu Q
RESET CV
PV

Counters

CTuD_1
(b )
ot b CU QU
L cD Q + CD QD}-o
LOAD CV ¢+ RESET CVf—o
PV +— LOAD
| PV

1o
R1
51

CLK
cu

LD
ap

av

Meanings
RESET input
SET input
RESET dominant
SET dominant
bool output
Clock
Count Up input
Count Down input
LoaD counter value
Preset Value counter
counter bool output (Down) QD=1,
ifcv=0
counter bool output (Up) QU=1, if
CV=PV
current counter wvalue (Current
Value)
timer start (INput)
timer Preset Time
Elapsed Time
Preset Date and Time
Current Date and Time

BEAT

Application example: cycled, timed pulse
series generation

This timer and counter are the main components of
function block based timed control solutions.
(E.g. traffic light.)

| ke 1] ] ]

o
0.00 100 150 200 300 350 400 450

0.50 250

Tiime (5)

5.00

o

BEAT_MAX

Hi_lim_reached

B oa o~ ow

COUNT_L.CV

w

00 05 10 15 20 25 30 35 40 45 50
Time (s)

Data type
BOOL
BOOL
BOOL
BOOL
BOOL
BOOL
R_EDGE
R_EDGE
INT

INT
BOOL

BOOL

INT

BOOL
TIME
TIME
DT
DT



PC WORX manages the downloading
process by a separate project control
dialog window.

Make ; Rebuild project -
Project control
dialog button

i s zZd

EEE /|l

@ e

—_—

DEBUG on/off

Before compiling, don’t forget assign (instantiate) the
appropriate program to the task

: Project Tree Window 1v@

Eipoee  [TESTomes
(Z3 Libraries
423 Data Types
sys_flag_types

=23 Logical POUs POUs in the project
(stored in the PC

memory)

[@] twohandiock”
(0] LAMP-

(0] cleaning*
(0] temp_sT*

sample _step®
(8] metor_main®
surveillance
(0] zsiip
[0] pid_state_chart_rewrte
=48 Physical Hardwars
=48 STD_CNF :&CLR
=8 STD_RES : 1LC130_39"
=88 Tasks
=-[0] STD_TSK: DEFAULT
[G] motors : motor_main
7 Global_Variables
[l 10_Configuration

Program instance in a
default (cyclic) Task.
This will be dowloaded

to the PLC.

<% project |[B) POUs | ) Libraries | FF Hardwars | ] instances




SFC PROGRAMMING
IN PCWORX
SOFTWARE SYSTEM
TRAFFIC LIGHTS
PROGRAMMING
GUIDE

Intelligent control systems

The Sequential Function Chart, SFC

The Sequential Function Chart (SFC) programming method is used for a pictorial
representation of a system’s operation to show the sequence of the events involved in its
operation.

The operation is described by a number of separate sequentially connected states or steps
that are represented by rectangular boxes, each representing a particular state of the
system being controlled.

Each connecting line between states has a horizontal bar representing the transition
condition that has to be realized before the system can move from one state to the next.

When the transfer conditions to the next state are realized, the next state or step in the
program occurs. The process thus continues from one state to the next until the entire
machine cycle is completed.

Outputs/actions at any state are represented by horizontally linked boxes and occur when
that state has been realized.



The Sequential Function Chart, SFC

The sequential program consists of states connected by transitions.

A state is activated by the presence of a token (the corresponding
variable becomes TRUE).

The token leaves the state when the transition condition (event) on
the state output is true.

Only one transition takes place at a time.

Rule: there is always a transition between two states; there is
always a state between two transitions.

SFC programming implementations can be very different in various
development systems.

Problem

| FS

Main road

Secondary road



Traffic light control display in LabVIEW

{3 traffic lights1_opci Front Panel on phoenix_opcMSc.vproj/My Computer SRl
e e e o A I T e r—-—

Fle Edit View Project Operste Tools Window Help -

[>]®] @[] [15pt Application Font |~ ][3o~][7a~][E~][¢5-] [El Q2=

Array
9 00000000

Numeric 0

-

operate?

m

‘T,sec
ol
phoenix_opcMSc.lvproj/My Computer] < M ) =
Inputs and Outputs
Inputs Sign. Logical assignment address
ON/OFF switch SO ON: S0=1 ONBOARD
INPUT BITO

Outputs
RED light of main Red1 light on, when:  Red1=1 %Q5.0
road
YELOW light of Yellow1 light on, when: Yellow1=1 %Q5.1
main
GREEN light of Greenl light on, when: Greenl=1 %Q5.2
main
RED light of Red2 light on, when:  Red2=1 %Q5.3
secondary
YELOW of Yellow2 light on, when: Yellow2=1 %Q5.4
secondary
GREEN of Green2 light on, when: Green2=1 %Q5.5

secondary



Operation requirements

If there is no operation, yellow lights are on.

After switching on, first both direction be red (2s)

Then red and yellow in direction 1 with red in
direction 2 (2s)

After that begins the lamp cycle

The schedule chart of the lamp cycle




Define the Steps

Let one step be a constant lamp combination

* Transition happens, when the given lamp phase time elapsed

Starting process:

Stepl:Y1Y2
Step2 :R1R2
Step3: R1Y1R2

Step9:R1Y1R2
tH#ls

Step4:GIR
t#8s

Step5:Y1R2
t#ls

Step7:R1G2
tHas

Step6:R1R2Y2

t#ls

Step8:R1Y2
t#ls



Solution in SFC

Open your project

On the project tree select Logical POUs

Eo__

Insert h
ere o
TrafficLight_1|

Cancel
Tupe Language
@) Pragram (@] Help
() Function -:-Sf
. ) @) SFC
() Function Block ) FRD
&Y LDy
Action | ' FFLD [[] Use Reserve
Tranzition MSFC

Open the program:

=23 Project ; G\WPLCWMSC traffic_SFC_1
[ Libraries
[ Data Types
=23 Logical POUs

= @ TrafficLight_1

[i] TrefficLight_1T
TrafficLight_1V
TrafficLight_1

[ Transtions

— (=1 1

[ Actions

Insert SFC



Basic SFC structure inserting

Inserting the
basic structure/
further steps

Feedback

|soo1|—(r~1| AUJIJ

TOO01

Action block

B TNE IR T BB [ L o S S e ST po= P H L= NEDNEN o
——— EE— CE—
roject Tree Window 2w
3 Project - GA\PLC\MSC\traffic_SFC_1 o
[ Libraries [
=23 Data Types
o ofE] sys_flag_types
=423 Logical POUs
=-[0] trefficSFC1
[£] trafficSFCIT e o Ctrl+Z
traflicSFCIV
rafficSFCT* Y Redo Crl+Y
|1 Transitions = K,
g Paste Ctrl+V
{23 Actions |k
de_bouncing Insert Columns Ctrl+3
Fashing_TPON Delete Columns Ctrl+4
Flashing
TwoHanded1 Insert Rows Ctrl+1
TwoHanded Delete Rows Ctrl+2
ButtonLAMP
RS_blocking_R. SFC Network F8
RS _blocking || g Variable.. ES
RS_Sequence_SET
] RS_sequential Open Variables Worksheets
=-4@8 Physical Hardware Connector/Jump...
SR E_iTD_CNF :eCLR - Return (RETURN)
— 5% 3 IEx! I Text(Comment)... S
| | ‘ Global_Vari .'!Lrafﬁ::SFCH Contact Network L
Contact F
Collecting POUs used by RESOURCE 'SID_RES' ... onta
Generating TEC code for RESOURCE 'STD RES' ... Coil




The initial SFC

|
[soot f— v |

Too1

A001 ]

Change Transition properties...

— —
1 . - — N
ayout Online Extras Window 2
Object Open
ah =
aa M EReEm - B ¥ Undo Ctrl+7 =&
RIS, W ) HE e = L jm g Yy Redo culev  [lmaingl
|
[l o Cut CleX [
-] gF Copy Corl+C
" paste Ctrl+V
Delete Delete
Step/Transition F8
Simultaneous/Alternative Divergence... Chrl+F8
5 Variable... F5
Connector...
Open instance...
Build Cross References
3 5001 @ Compile Worksheet Shift+F9

. Object Properties...




...to direct connection

|
—— Tool Transition M

@ Direct connecd tion Help

Let ONBOARD Input_BITO be the Start switch

| soo1 \|—[ N ‘ AOOL ]

ONBOARD_INPUT_BIT0————————

ILC 130 Starterkit




In the init step: yellow lamps be on

Action Properties (]

Erop [Eopc [ Hidden
Iritwalue as default

how all variables of worksheets

Action

Detail
Qualifier: Time:
Ve [

Mame: Defintion scope
E| Glabal

Data Type: Local Variable Groups:
BOOL - & Default -
Usage Global Varisble Groups
WAR » [|RETAIN =-E8 Physical Hardware
Tritia] valug: =@ 5TD_CHF

=8 STD_RES

5 Default

140 addiess B System Variables
Description:

ONBOARD_INPUT_BIT0———=

Yelowl ]

2|2

Yellow2 ]




N

Add new step and transition

Select the transition
Right click

Select:
Step/transition

Declaration is
automatic....but...

<Stepname> |

(*Start Lamps*)

4t Online Extras Window 2

& [MEFERsD - [

Step/Transition

Simultaneous/Alternative Divergence...

ONBOARD_INPUT_BITO-

Open instance...
Build Cross References

500!
% Compile Worksheet

Er Object Properties...

Ctrl+Z

Ctrl+X
Ctrl+C
Crl+V
Delete
F8
Ctrl+F8

Shift+F3

HN

ONBOARD_INPUT_BIT————

TON_1
TON

S002.X IN Q
T1Const PT ET

The step flag
<Stepname>.x

can be used without
declaration.

(System default variable.)

=] Default
Yelow BOOL VAR
Yelow? BOOL VAR
Redl BOOL VAR
Redz BOOL VAR
TON_1 TON VAR
T1Const TIME VAR
ONBOARD_INPUT_BTO BOOL VAR_EXTE...
|
1 soot \|—[ N Yellowt ]
N

L Yelow2

| 5002 | N Reil J (*RED in both directions*)
N Red2
| 5003 H N Yelow1l ]
N Red1 (*end of the starting process*)
| Too3
Red?2




|| 5001 ‘I—[ N Yelowl ]
(*Start Lamps*) N Yelow2

ONBOARD_INPUT_BIT0————=——

TON_1 | SEE I [ B Red1 ] (*RED in both directions*)

N Red2
| 5003 H N Yelowl ]

N Redl (*end of the starting process*)

S001.% IN Q

T1Const: PT ETp=

TOO03
Red2

|
I S001 I—[ n wediow 1 ]
(==t Lamps™) M pe—

ONBOARD_INFUT_BIT—————————=—

sz |
Tom_L | (*RED In ot directics™)

002 m Q|

Tigsest— =T L
| ) S T —
TOM_2Z
(*end of the starting process*) (ran ofine iy prasst)
SO03.%: m A -
Tilem— BT Ehe |
S s S
S=pl WIRZ 2ls
zoos—] m Taxpd AIRIVI, tEls
TasT A1EL S
Ties—| BT Sk R
o4 I d H H | ehand ] TS RIVIRL SIS
[ mecz =
S0055— 1%
THGes— BT &

L] Facz
006 ™ Q N YellowZ
BT

TR BT




The lamp cycle is
completed, then
either starts
again OR the
operator
switches off and
the yellow lights
will be on.

("R=0 i et drsoe)

(*end of the starting process*)

,OR” means

i o = o [ =)
a!ternatlve . = =
divergence .

2]
a8
1
IERT
T
T

S10 is required only for inserting after it an
alternative divergence

N Y elowl
L
N Red2

| 5010 H N Red1 ]

N Yelowl
| Toto
N Red2
DUUE.X m (o}
T7Const—| BT ET
| so00 | Redl |

TON_8 N
N Yellowl
S009X— I Q = =5
T8Const—{ PT ET
| s010 |—[ N Red1 ]
N Yellowl
(*switch off *) N Red2
ToT
ONBOARD_INPUT_BITO |~ ONBOARD_INPUT_BITO

{ 5004




First select the step

then right-click and select :

Jht_17]

it Opline Extras Window 7

nst— PT ET =
500
TON_7
5008.%: IN Q
T7Const: PT ETp=
500
TON_8
IN Q
PT ET}|=

;{;} QP

Select:

Object Open
) Undo Ctri+Z
Y Redo Ctri+Y
o Cut Ctrl+X
ELa Copy Ctrl+C
Paste Ctrl+V
Delete Delete
Step/Transition 5]
Action Block... Alt+F8
Simultancous/Alternative Divergence... Ctrl+F8
Open instance...
Build Cross References
& Compile Worksheet Shift+F9

Object Properties...

[ sooo [{ N |

s
Divergence !
Branches Count:
£

Cancel

|




The result: ,OR” branche

N Yelowl
Red2
NOT
ONBOARD_INPUT_BITO — ONBOARD_INPUT _BITO———=——

‘ 5022 H N | A025.

_| To2s

If Switch off

If Switch on, have
to go back to the
step S004

(*Switch off *)

+

This step must be
converted to a
JUMP

Duble click on the step and then mark JUMP:

|
=] N Red1
oK N Yelowl
Cancel
Help

T8Const- PT ET
Step

(N | R
[ e ]

Commerit T BITO




The step number (S022) is wrong! Rename it!

TSConstU—o

(*Switch off *)

NOT
ONBOARD_INPUT_BITO

+

|
5010

F n

Red1 ]

Yelowl
N Red2

Jump

ONBOARD_INPUT _BITO———=——

{ 5022 |

Unlike the other step types, a jump does not represent a

process situation.

It has to be regarded as a direct jump to the target step
indicated above the jump name.

For the jump the exception holds true that it has to have the
same name as another step.

=
w5

Namgp? 004
Type
Initial 3t¢p
- Step figg

Jump
[T End step
Rename

N Yelow1
N Red2

|
aK

BITO———

Lo |




End of SFC

Teconst—| PT ET |
| 5010 |—[ N Red1 ]
N Yellow1
(*Switch off %) N Red2

HOT
ONBOARD_INPUT_BITO- — ONBOARD_INPUT_BITD-

+

{ 5004

This step is
unnecessary!

[ sor |{ velow1 |
N Yellow2

Select both of the step and transition

ToN_8 5009 N Red1

5 N | Yellowl
so09x— M Q - T =
Tacorst—| PT ET

BT Redl |

N
N Yellow1
(*Switch off *) N Red2
ToT
JNBOARD_INPUT_BITC. L ONBOARD_INPUT_BITO:

{ 5004

Then press the delete button !



The result:

SUUE.A mooQ

T7Const: PT ET

Ton. 8 | 5009 |—[ M Red1 ]

N Yellowl
s000%— N Q 5 ==
T8Const—| PT ETfe

| soo FHw Redi |
N Yellow1
(*Switch off %) N Red2

ONBOARD_INPUT_BITO.

— ONBOARD_IMPUT_BITO.

[ 5004 |

The traffic lights SFC

(TR I ey draira)

(*end of the starting process*)




Converting program to sub-program:

to a function block

Copy the program
open the property window
Select type: Function Block

=44 Logical POUs -
&1-[F TrefficLight 2
() TrafficLight 2T. |
Traff
Trafi
(2 Trans
3 Actio
=-[H] Main Trafi
(@] MainTi
MainTi
I MainTi
(0] testSFCI
E1-[0] TreffcLig
[T Trafi
Traff
Traff
(2 Trans
(I3 Actior
[ de_boun
(0] Flashing_
m

Flashing

nane I 1ype

= Default
Yelow1

Trafficlight_2' .' )

Name Type | Ple/Processor | Atnbutes | Securty |

POLI types Reserve:

() Program [ Use Reserve

Fetain:

Function

Fieturn D atatype: Non Retain

BE-E-8

Assign the function block output variables in the
declaration window

* No input is required, since ONBOARD INPUT BITO is global!

Name | Type | wsage / |D.|  Address | mt |
= Default
Yelow BOOL NJ WAR_ouTPUT J
elowz BOOL VAR_OUTPUT
Redi BOOL VAR_OUTPUT
Red2 BOOL VAR_OUTPUT
TON_1 TON 7 VAR, |
TiConst TME AR/ N 2s
ONBOARD_INFUT_BITD BOOL VAR EITE,. )
TON_Z TON WAR © | |<
T2Const TME VAR 25
Greeni BOOL NAR_OUTPUT
T3Const TME 2. AVAN"] oS
T4Const TME waR JA S s
TSConst TME BvaR~ s
Green2 BOOL VAR_OUTFUT
TéConst TIME VER Hds
T7Const TME VAR \/ SN s
TeConst TME VAR s
TON_T TON VAR
TON_8 TON VAR
TON_6 TON VAR
TON_4 TON VAR
TON_ TON VAR
TON_3 TON VAR




Save all, then Rebuild the project !

* Now you can see the FB in the right window

=X - u
- 8 x - 8 X
| | Ecit wizard Lvd
=l Group: =—— | ; Edit Wizard ER ]
= oo
<all FUs and FBs> |<traf'fit: SEC 1> -
— ||| <Favorites> — —
Suraffic SFC 12 MName Descriptiol

Fungtion blocks
Functions

||| Network Templates
String FUs

Type conv. FUs

= ||| & TrafficLight_2

Insert a program, select language:
FBD

[ Insert &J

Mame: [ ok ]
MainT raffic| [ - : ]
ance
Type Language
@ Program © IL [ Help ]
) Funiction Y 5T
i . 1 SFC
() Funchion Block @ FBD
@ LD
Action  FELD [[]Use Reserve
Transition MSFC
Step
VAR Mode

winrk sheet Data Types [T



Drow the main program:

TrafficLight_2_1

Drag&drop

Group:
|<traffic_SFC_1> -
Descriptiol

‘ Name
& TrafficLight_2

New variables, must be declared!

BOOL

[VAR =l

TrafficLight_2
Yellowl Yellowl
Yellow?2 Yelow?2
Redl Redl
Red2 Red2
Greenl Greenl
Green2—_ Greeny
N—
Trea
= Default

ellow!

BOOL

VAR

Green1

BOOL

VAR

Red?

BOOL

VAR

Yelow2

BOOL

VAR

Green2

BOOL

VAR

—
| TrafficLight_2_1

\
TrafficLight_2

N -
VAR

The FB is declared (automatic),

type is the file name

Next step: Assinge the logical variables to a

physical output

For example :Lamps are bools in QB5 byte

The declaration window:

Name | Type Usage | Description Address

= Default

Green1 BOOL VAR %0Q5.2
Green2 BOOL VAR %0Q5.5
Red1 BOOL VAR %Q5.0
Red2 BOOL VAR %Q5.3
TrafficLight_2_1 TrafficLigh.. | VAR

Yellow1 BOOL VAR %Q5.1
Yellow2 BOOL VAR %Q5.4




The main program

* Assign main traffic program to the
resource default task (delet other

program instances)
* Rebuild project

TrafficLight_2_1

(TrafficLight_2)
¢ If no error: Yelowl Yelowl
* Open Preject Control Dialog Yelow2 Yelow2
window Red1 Red1
* Stop program in PLC if runs Red2 Red2
* Download Greenl Greenl
. (igen...) Green2f— Greenz
* Cold start —

* Test the program operation

Intelligent control systems

OPC FOR
TRAFFIC LIGHTS
PROGRAMMING
IN LABVIEW



OPC references

* OPC: https://www.scribd.com/presentation/95424280/Ai-431-
Opc-Common

* Introduction to OPC: http://www.ni.com/white-
paper/7451/en/
— Connect LabVIEW to Any PLC Using OPC

OPC

* (The acronym "OPC" comes from "OLE (Object Linking and
Embedding) for Process Control".

* Since OLE is based on the Windows COM (Component Object
Model) standard, OPC is essentially COM.

* Over a network, OPC relies on DCOM (Distributed COM)


http://www.ni.com/white-paper/7451/en/

Control systems have hierarchical structure

* A factory automation system or process consists of different
controllers and devices from different suppliers or vendors
with different protocols.

* These controllers and devices are essential to communicate
with business or management systems.

* OPC creates an environment to access real-time plant data
from such vendors.



Classic OPC = OLE for Process Control

* OPC is a software interface standard that allows Windows programs to
communicate with industrial hardware devices.

* OPCisimplemented in server/client pairs.

* The OPC server is a software program that converts the hardware
communication protocol used by a PLC into the OPC protocol.

* The OPC client software is any program that needs to connect to the
hardware, such as an HMI .

* The OPC client uses the OPC server to get data from or send commands to
the hardware.

. &Y Windows
|
W
Hardware PLC OPC Server OPC Clienk

Softweare

Before OPC

visualization

history
data

Profinet
driver

MasterBus
MMS driver

ABB PLCs Télémécanique Siemens PLCs
PLCs



OPC example: SCADA connection

Historian
(Information
Manager)

Operator
application software is

written independently from
the type of controller

the drivers still exist, — E—
but the clients do not ABB Schneider Siemens
see them anymore OPC server OPC server OPC server
MMS ProfiNet
7
ABB AC800M Télémécanique TSX Siemens S7

Importance

OPC is the greatest improvement in automation since IEC 61131.
OPC is supported by the OPC foundation (http://www.opcfoundation.org/)

More than 150 vendors offer OPC servers to connect their PLCs, field bus
devices,
displays and visualization systems.

OPC is also used for data exchange between applications and for accessing
databases

OPC is available as DLL for Automation Interface (Visual Basic,..) and Custom
(C++,.)

Classic OPC consists of three major components:
1) OPC - DA = Data Access (widespread, mature)
2) OPC - AE = Alarms and Events (not yet much used)
3) OPC - HDA = Historical Data Access (seldom used)



The main OPC Specifications
@1

Nowadays & future
Part of the loT

Beyond Microsoft: OPC UA

In a move to get more independence from Microsoft and use web technology,
a new specification called " Unified Architecture” that uses web services for
all kinds of transactions: query, read, write, subscribe,...

The classical OPC DA, AE and HDA are implemented with XML / SOAP /
WSDL
this allows encryption and authentication of process data.

OPC UA does not only standardize the interfaces, but also the transmitted
data.

Today the acronym OPC stands for Open Platform Communications or Open
Process Control.



Typical OPC Scenario
Data Acquisition
PLC, PAC, DCS, SCADA

Process Data

W

Driver OPC-Server
Actuators
Process
I r OPC Client
OPC-Client

OPC Implementation

OPC allows client and server applications to communicate with each other.

OPC is designed to be an abstraction layer between industrial networks and proprietary PLC drivers.
The OPC standard specifies the behavior that the interfaces are expected to provide to their clients;
and the clients receive the data from the interfaces using standard function calls and methods.
Consequently, as long as a computer analysis or data acquisition program contains an OPC client
protocol, and an industrial device driver has an associated OPC interface, the program can
communicate with the device.

The specification also includes a protocol for working with data control systems and application

databases, as well as online data access, alarm and event handling, and historical data access for all
of these data sources.



The data access server has three divisions

Server — Contains all of the group objects

Group - Maintains information about itself and contains and
organizes the OPC items

Item - Contains a unique identifier held within the group. The
identifier acts as a reference for the individual data source:

— value, quality, and timestamp information. (TAG)

The value is the data from the source. The quality status

information about the device. The timest
the data was retrieved. ool

Time stamp

gives

Othenproperties

Tag name and identifier
Dataidentifier:
» PLC\Preasures\P11

lalalype
— Value
— (uality
Other properies
P12
Tempesratures
The basic OPC term used in the process of data publishing is a tag. It is a minimum

data portion, which is addressable, i.e. has a unique identifier and may be indicated
in a read/write operation.



Practice: programs in three levels

‘LabVIEW

Process
.AX-OPC display
server
®PC-WORX
PLC program:
traffic light

Semi-finished programs

* Download from NEPTUN into your own directory then unzip:
— PhoenixOpcLVMSc.zip

* This is a LabVIEW project we will use.



Creating OPC variables in PC Worx

* |n order to use a variable in AX OPC SERVER, activate the
"OPC" checkbox:

— When creating variables in the "Variable Properties"

window

Or activating in the variables worksheet

v

le Properties

Hame:

ONEOARD_DUTPUT_BITO v
Data Type:

BOOL w

Usage:
VAR_GLOBAL

Lnilial walue:

~| CIEETAN

1/0 addhess
M3 B10000
Descrpton

Local output DUT1

Definition cope

Local Variable Groups:
B |Defaur
Global Vaniable Groups:
(= (B Prysical Haidware

[] Shoy all variables of worksheets

&

Name Description Address Init Retain | PDD| OPC| TB | Hi. | I
COP_DIAG_PARAM_2 REG | Extended diagnostic parameter register of the control proc... | %MW1.60024 : : : E _
COP_CPU_LOAD WARNING | The controller is approaching its processor capacity limit YMX1.60182.0 [ il |:__
ONBOARD_INFUT Local inputs “HW1.60040 RIS
ONBOARD_INPUT_BITO Local input N1 %HX160183.0 O 0Bla|ll
ONBOARD_INPUT_BIT1 Local input N2 %MX1.60184.0 EIEIERE
ONBOARD_INFUT_BIT2 Local input N3 %MX1.60185.0 O OB [B[El]
ONBOARD_INPUT_BT3 Local input N4 %%HX1.60186.0 O B[BEaall
ONBOARD_INPUT_BT4 Local input NS %MX1.60187.0 ElIEERE
ONBOARD_INFUT_BITS Local input NG %MX160188.0 O |08 8]l
ONBOARD_INPUT_BTTE Local input N7 9%MX1.60189.0 O [ BEaall
ONBOARD_INPUT_BTT Local input NG %MX1.60190.0 O [EE o
ONBOARD_OUTPUT_BTO0 | Local output OUT1 9%MX3.61000.0 O 0™ Om|l
ONBOARD_OUTPUT_BI | Local output OUT2 9%HX3 61001.0 O O[®mOlmll
ONBOARD_OUTPUT_BI2 | Local output OUT3 %MX3.61002.0 I |
ONBOARD_OUTPUT_BI3 | Local output OUT4 %MX3.61003.0 O O ®[O[m]l
NTA DATTCOW | Mkl Nenbionn alnal hebam: ammm ke o O VA SNASE N = = = =1 =] m

OPC data is also transmitted when the project is sent to the control system.




Comments

the ONBOARD INPUT in the table above is only checked. This means that
all onboard input bits are transferred to the OPC server database in a U16
word.

the values of the input switches are on the lower eight bits of this word.

The word query requires less telegraphy from the system, as if the inputs
are bit-tagged. (Bits are also transmitted through byte or word packet on
the communication channel).

We also handle the binary signals of the expansion modules in bytes (IB5:
black switches, QB5 pink leds).

ANIN1 is the declaration of the analog input signal, the value can be
changed by the black potentiometer.

Create new global variables

sal_Variables:STD_CNF.STD_RES]

d Layout Online Extras Window 2

oy as MELVERSDS -

| e | Usage | Address

LB Ax) Name
>ax\a_angol_msd || E S reranit
| Ins CtrieShiftsl AL N0
[ o Iy %085
AL %QB5
T Aepen
| Insertgroup CtrlsG AL %IX1.2016.
|| Delete variable/group Ctri+ShiftsD  BE A,
[ Iy W70
[ i KT 6.0
i W1 8.0
k4 CerleX g 6| %emx1 2019,
[ Copy Ctri+C AL V] %MX1.2018,
g S0 [ swna 2020
[ i 5] %MW 1.2000
[ Filter settings.. i I %WD1.0
[ Fiter Iy [ %ww1.2012
i I W 1.2016
M st ' %MD1.2004
L Openinstance.. P EENCHEEO0
i ] ohw4
3038 | Read-only (groups) I 7| %WB1 5000
i 1 %WB15128
K:DEFAULT |17} 5L [7|%uB152%
Traffic:: MeinTraf| PLC_TASK 4 Tastl. | VAR GLOBAL |1 %MB15364
des PLC_TASK_5 Task_L VAR_GLOBAL 7] %MB1 5512
tion PLC_TASK 6 Task_| VAR_GLOBAL 7] %mB1 5640
PLC_TASK 7 Task L. | VAR GLOBAL 1 %WB1 5768
[ |Pic_Tasks Task .| VAR_GLOBAL | suB1.58%8
LICENSE DWORD | VAR GLOBAL BETEIETH




Declaration of the analog input variable

Create Variable Set - [

ANINT Zhwi

A toinsert ¢ imber) dse # to insert cumentmeiber) -—Ea”EE‘
stet [0 End: [0 Use start value from name

- 2 Help

Fill with leading '0' if necessarny Start: 0 Increment: | 2
Preview: Preview:
’AN\NT Fwn
Carnm

Tage: Description:
VAR_GLOBAL hd RETAIN
D
v [Use # to insert curent number]
Iniitial vahue
[C1PDD apPC

Declare all variables with physical addresses to
global variables

* For each variable, tick the OPC rubric!

Name [ 1vee | Usage [ Address mt | Retan | PoD] oPc|
=l Default
ANINT WORD VAR_GLOBAL %IWD B [E ] ®
B ~_ BYTE VAR_GLOBAL %IB5 0 [0 #
FEEN ~N._|BYTE VAR_GLOBAL %085 IR

8bits in 1byte

8bits in 1byte
(pink leds)

Digital Output modul: ]
(black swithes)

Digital Input modul: J




Before testing

Precondition:
— your traffic light program is tested and is faultless
— OPC variables are ticked in global variables

Rebuild the project

Download your project into the PLC

By ,,ColdStart” run the traffic light program
Close the ,,Project Control Dialog” window
The program runs in PLC!

AX OPC SERVER

* The AX OPC SERVER is responsible for exchanging data
between Windows applications and PC Worx -based
controllers (PLC) from Phoenix Contact via the client/server
interface OPC (OLE for Process Control).

* The communication connections between AX OPC SERVER
and PLC are realized via TCP/IP protocol.

* The AX OPC SERVER supports the interface standards OPC
DA.

* The AX OPC SERVER supports an automatic remote
configuration by uploading the configuration data from the
target device (PLC) during startup.

* When a project is modified in the running PLC process, the

AX OPC SERVER will be updated automatically which
ensures uninterrupted data exchange with the OPC client.



The AX OPC SERVER includes

— The "OPC Configurator" for establishing a connection between PC
Worx/PC Worx Express and an OPC client.

— An "OPC Test Client" for testing the connection.

* The AX OPC SERVER is configured on all PC in the lab, no need
to change except IP address.

Checking the OPC Configurator

Start the "OPC Configurator" program:

in ALL PROGRAMS: { FLmALianyE L vicwe

. Phoenix Contact
LA Communication Settings
B] License Manager
, AUTOMATIONWORX Software Suite
) AUTOMATIONWORX Software Suite
J AX OPC Server3.0
Fe] opc Configurator
%] OPC Test Client -

A Vissza




OPC onfigurator

* The configurator commands can be accessed via context
menus. Do’nt change the name of the resource .

* o The resource type :

Fessource Tup: [ILE T [P »>=1.00] |

* Check the IP addrenssl: |f it differs from the IP address of the PLC
wich you use, change the IP ADDRESS

Change the IP ADDRESS

Open the context menu for the "TestResource" entry.
¢ Select the "Settings..." menu item.

|5 opc Configurator,

= OpcProject Blesoun
= E OPC-Server

oHEEEE  Deiw
Delete Resource. .. i

{  Under "IP Address" enter the IP address for the
T PLC for which you would like to use the OPC

T" data.

Colse the configurator.




OPC Test Client

e Test Client can be used to test the OPC
configuration.

* Open the "OPC Test Client" program.

Untitled - Phoenix Contact - OPC Test Client ¢ e - E‘ﬂg]’e
- - P
- - on
File Server Group Item View Hel
‘ ( - '
(ERT R R
Press for Nitd ehnnect to server| I Value I Variant type
connection
| n |
Select an installed OPC server to connect A
" — = = = =

Select the "Add all Items" menu item

.
PhoenixContact.AX-Server.21 - Phoenix Contact - OPC Test Client [ES I

File Server GrWem View Help
*1% (| £]2[)] 4] 2]
Item 7dd all item I Value I Variant type
(1Cd a7 Emst
(|
L n *
PhoenixContact. AX-Server.21 - Phoenix Contact - OPC Test Client L =
File Server Group Item View Help
o SRR
Ttem | Value I Variant type
NewResource ANINL 0 (uncertain) VT_UR2
. NewResourcelB5 0 (uncertain) VT_UiL
The connection NewResource. ONBOARD INPUT 0 {uncertain) VT_UR
b || MewResource. ONBOARD_OUTPUT_BITD 0 (uncertain) VT_BOOL
etween PC Worx, NewResource.ONEOARD_OUTPUT_BIT1 0 {uncertain) VT_BOOL
OPC NewResource. ONBOARD_OUTPUT_BIT2 0 (uncertain) VT_BOOL
’ NewResource. ONBOARD_OUTPUT_BIT3
and Test Client can NewResource. QB3
now be tested <l I




Closing the OPC test client

PhoenixContact. AX-Server.21 - Phoenix Contact - OPC Tes

* Disconnect from

File Server Group Item View Help
server ‘l‘b‘hl & |¢'E|| a |cn:?LL| ﬂ ‘

Item

MewResource ANINL

MewResourceIB5

MewResource. ONBOARD_INPUT
MewResource. ONBOARD_OUTPUT_BITO

Untitled - Phoenix Contact - OPC Test Client

b Then Close OPC test Server Greyp lrem Wiew Help
: s Plsle] 9]
client program S

Using LabVIEW as an OPC Client

Shared Variable Engine

OPC Server PLC
Bouwml - - - -
Variahle
Fhysical
Bt
_— I/OServer -
Varinbles OFC Client b Plysical
Bound osl
Variable | = |

o &2

OPC Client 1/0 server will list all available OPC
servers that are installed and running on a
local or network computer

The OPC Client 1/O servers can PLCs publish data to the network. An OPC
connect to each OPC tag using the Server program uses the PLC’s proprietary
OPC DA standard. driver to create OPC tags for each physical I/O

on the PLC.



Connect LabVIEW to OPC Tags by Creating an /O

Server

o O p e n t h e I—V p roj e Ct i3 Project Explorer - phoenix_opcMSc.lvproj =)

[0 S

Eile Edit WYiew Project Operate Tools Window Help

downloaded: [hcais ox|Enimrealssel]

PhoenixOpcLVMSc\phoenix_opcMSc.lvproj || tems | files

= @}, Project: phoenix_opcMSc.vproj

=¥ g leds_2 e
{Ee leds Simulation Subsyste
; ystem
Lol ledste]  Export
;) ledste  Expo > | Virtual Folder

. -l waffic]  Import »
* In the LabVIEW Project P e o

‘& Builds Uibrary

window, right-click My | —
Computer and Coe et
select New»l/O Server o | Mot

MI-DAQmx Scale
MI-XMET Session

Targets and Devices...

New...

» Select OPC Client in the Create New I/O Server
Window and click Continue.

* Choose PhoenixContact.AX-Server.21

3 Configure OPC Client /O Server P

Settings |Advanced | Diagnostics |

Update rate (ms)

Browse Machine El 1000

Machine Deadband (%)
localhost 0

Registered OPC servers Reconnect poll rate (s)
Maticnal Instruments.NIOPCServers B 120

National Instruments.Variable Enginel
1SaGRAF.Gateway.OPC.DA30.2

<] cenixContact.AX-5erver.2] —
[ Nationa i ain

MOELLER.EASYOPC.1
MNational Instruments, NIOPCServers, V5

This creates a connection from LabVIEW to the OPC tags, which updates every 1000 ms.




* Select OK. A library is automatically created in your project
explorer window to manage the 1/0 Server.
* You can rename the libary, for example phoenix.lvlib

0 Project Eplore - phosnix spebSc hpro)

* Save the project.

Create Shared Variables that Connect to the OPC
Tags through the 1/0 Server

* Right-click the newly created library and select Create Bound

.
Variables...

5 Project Explorer - phoenix_opcMSc.lvproj * =B B = OIENNO
Fie Edt View Project Operate Tools Window Hel e = COALLD -
e i ‘ S omvertatés smartartabrave - | O O % ALz
losalxaox||Er & ¢ ol 1]

ftems | Files [ {3 Create Bound Variables L ==

Added variables

= [l Project: phoenix_opcMSc.ivproj
£ B My Computer
il leds_2_Onblnputsvi Browse Source
Lo leds test inputs.i ProjectTtems <l Add >>
Llwl traffic lightslOPClvi Add
i1 nix_of v Add range >>
i % Dependencies
% Build Specifications

__>

[ Custom-base name

Variable

ONBOARD_IN [T Copy properties from
ONBOARD_O!
ONBOARD_O!
ONBOARD_O!
ONBOARD_O!
Browse...

B NIOPC Client Sta

m

] [ cancel | [ Help




Create Shared Variables that Connect to the OPC
Tags through the 1/0 Server
* Select all the items and click Add and OK. This creates shared

variables that are bound to the PLCs” OPC tags and loads them
into the Multiple Variable Editor.

* |In the Multiple Variable Editor, select Done. This adds the new
shared variables to the library that was created earlier.

* You now have access to PLC data natively in LabVIEW through
the shared variables

Shared (Bound) variables in the project

b ] Project Explorer - Intell_cntr_pr.lvproj *

Eile Edit View Project Operate Tools Window Help
= FRIEETER Y

Items | Files

= J;;, Project: Intell_cntr_pr.lvproj
B
=

i By ANINL
Ry 185

& %y ONBOARDINPUT

i~ %4 ONBOARD_OUTPUT_BITO
i $3 ONBOARD_OUTPUT_BITL
| %4 ONBOARD_OUTRUT BIT2
L. ¥, ONBOARD_OUTPUT_BIT3
L@ ol

L9y Qs

=
[# leds test inputs.vi
- Eﬁ, leds_2_Onblnputs.vi
"' Dependencies

- & Build Specifications




Using OPC Tag Data in LabVIEW

A VI is used to create a user interface and executable graphical code.

By default, you see the Front Panel, which is the user interface of the VI.
LabVIEW has many built-in Ul components, such as graphs, charts, dials,
and so on, that you can use to build a powerful, intuitive UL.

In the VI, select Window»Show Block Diagram . The Block Diagram is
where you build the behavior of your application.

Drag and drop the shared variable from the project explorer to the Block
Diagram of the VI.

The shared variable acts as a source of data to other terminals on the Block
Diagram.

Wiring terminals together
on the block diagram

Select View»Tools Palette to show the Tools palette, which
contains various tools for building the Block Diagram.

By default you use the Automatic Tool Selection tool, which
selects the appropriate tool based on the location of the
cursor.

Select the Connect Wire tool. This tool is used to wire g:: —a
. . I T
terminals together on the Block Diagram. = g
oS

s




Example: conversion U16 into array of 8 bool

bound variable from
PLC
OMNBOARD_INPUT
3 error in-out (enable to serialize
— 1 objects

array

F

-0 OMNBOARD_IMPUT

i O — -
O N e

/ . i= - Iy array
array of leds, .
8 elements ° er To Boolean Array

. / Array To Cluster
. L=

cluster size : 8

Example: Direct swicth of PLC outputs via bound
variables

OMBOARD_OUTPUT_EITO

% """""""""""""""""""""""""""" |;@orJBOARD_OUTPUT_BrmL!L

OMBOARD_OUTPUT_EIT1 /

= C-}( ....................................................... Y P’

- = 1| #a0NBOARD_oUTPUT BITI], |
ONBOARD_OUTPUT EIT1
® ONEOARD_OUTPUT EIT2

. . f
ONBOARD_OUTPUT_BHZ (_‘__:/‘ ....................................................... = LOF‘JBO.‘:\RD_OUTPUT_anLI
=
ONBOARD_OUTPUT BIT3 ONBOARD_OUTPUT BIT3

C)_ L _,% """"""""""""""""""""""""""" ﬂ;&0NBOARD_0UTPUT_BH3|_,!L,E=




Leds show states of ONBOARD INPUT in PLC : front
panel view

Binary value of
ONBOARD INPUT

Static background

Stop Button

Stop

Numeric
;

3

i 1101101

Dinamic objects:
round leds

T,sec
T2
o 01

Testing the bounded variables

b ] Project Explorer - Intell_cntr_pr.lvproj * d O pe n : |e d S_test_i n p uts -Vi
Eile Edit View Project Operate Tools Window Help
=Y S TER

Items | Files

- [Bl Project: Intell_cntr_pr.lvproj
=N

B[4 phoenixlviib
- Bg ANINT
i- 9y 185
i %4 ONBOARD_INPUT
i~ $, ONBOARD_OUTPUT_BITO
i 5 ONBOARD_OUTPUT_BIT1
i 95 ONBOARD_OUTRUT BIT2
i 4 ONBOARD_OUTPUT_BIT3
L@ opcl
L9, Qes
- [l traffic lightslOPCLvi
s, leds test inputs.vi
gg leds_2_OnbInputs.vi
"' Dependencies
‘3_ Build Specifications




Open the block diagram

TTOPC _connection - Micros

—{ I3 teds_test inputs.i Front Panel on Intell_cntr_pr.lvproj/My Computer (o ]
- File Edit View Project Operate Tools m Help |,-'l_'l‘
3 [®l© @[] [15pt Application Fo IIEIEES Ctrl=E L
Show Project
h Tile Left and Right CtrleT
= Tile Up and Down =
Eull Size Ctrl+/ E
3
Rimenc 1 leds_test_inputs.vi Front Panel on Intell_cntr_pr.lvproj/My Computer
0 2 leds_test_inputs.vi Block Diagram on Intell_cntr_pr.lvproj/My Computer
3 traffic lights1OPCLvi Block Diagram on Intell_cntr_pr.lvproj/My Computer
4 traffic lights1OPCL.vi Front Panel on Intell_cntr_pr.lvproj/My Computer
5 Project Explorer - Intell_cntr_pr.vproj *
All Windows... Ctrl+Shift+W
T,sec
701
Tntell_cntr_pr.vproj/My Computer| < -

Finish the block diagram

Timed loop

MNumeric

.| Ra0nBOARDINPUTY

13 oroject Explorer - phoenix_opel.vproj *

File Edit View Project Operate Tools Window E

[EEIERE

Drag&drop

i My Computer
[l leds 2
|, leds_2_Onblnputs.vi
[ phoenix ax serverviib
T 9g ANINL
[
i~ 9, ONBOARD INPUT
#, ONBOARD_OUTPUT BITO
i~ %, ONBOARD_OUTPUT BITL

connect

%, ONBOARD_OUTPUT BIT2

i~ %4 ONBOARD_OUTPUT BIT3
2 opaL

- %q Q85

sl plc_io_read writexi

) round_leds.vi

=) traffic lightsl vi

% Dependencies

‘&, Build Specifications

Stop Button




Run the vi,
switch on/off the PLC inputs

PRESS le Edit Niew Project Operate Tools Window Help

Test your traffic light program

The traffic light program must be run on PLC
Close the ,,Project Control Dialog” window

Open in LabVIEW project the
ytraffic lights10PC1.vi”

In the block diagram drag&drop and wire the bound variables,
see next figures



Traffic Iight control

43 traffic lights1OPC1.i Front Panel on Intell_cntr_pr.lvproj/My Computer * —— LE‘M
File Edit View Project Operate Tools Window Help
@[] [ 15pt Application Font |~ |[#o]| u.v(|*0~~|- - Q J[2]E=
-

i i - G

Array of QB5 leds

9 o000 000

QBs
Numeric 0

stop

T (y:lg s Operate?
&) o .

il

i

m

error out
9| B
~source

Intell_cntr_pr.lvproj/My Computer| <
= ==

Bounded PLC variable:
Declared in global dir. H

Block diagram
~ Type: word ONBOARD INPUT BITO switch on/off the traffic control

Bits of Digit. inputs of PLC

@uu w NumberToBuulEanAnay
b dt i $4 ONBOARDINPUT] | 8
2, [0 ] -
: = 000 ] WORD| Ea
~ [value of LSE]

[value of LSB

Unbundle

Array To Cluster
=]

cluster

IR R R
o R

Array of QB5 leds

Bounded PLC variable:
Declared in global dir.
Name:QB5
Type: Byte
Address: %QB5
Bits of Digit. output modul




CLASSIC
s CONTROL: ON-
OFF CONTROL

On-Off control

* On-Off control or two-position control system is the simplest
form of feedback control.

* The actuating element has only two fixed positions, which are,
in many cases, simply on and off.

* The on—off control is relatively simple and inexpensive
therefore is very widely used in both industrial and domestic
control systems.



Static characteristics of the on—off controllers

u u

e -h\f +h e

Ideal on-off control modifications for hysteresis

On off control algorithms

No hysteresis :

Unin Lf e <0
Umar if €20

u(t =nT) = {
With hysteresis:
Unin, Lf e < —h

u(t =nT) = Umax if €2 h
no change: u(t = (n — 1)T)



On/Off Control Has Limited Use

¢ On/off with dead band is useful for home appliances such as
furnaces, air conditioners, ovens & refrigerators

e For most industrial applications, on/off is too limiting

Think about riding in a car
that has on/off cruise control

On-off controller
for a line following robot

SP =average light intensity at the UA

turnright,e(t) > 0
edge of the black line u(t) = { 9 (®)

turn left,e(t) <0
PV = measured light intensity TUIN right

e=SP - PV

v

Turn left




Line Follower on off control

On-off control of a first-order plus time delay plant

ON-OFF temperature control

aC . Stop ]

Controller hysteresis, h <] |5.00 °C SetPoint |[=|50.00

1000 o
— SetPoint |

plant
0.0

k 5090

40.0- Ti(s) 00
200- time delay 5T |
- a4

R R
0 20 40 60 80 100 120 140 160 120 200 220 240 260 220 300 | ™

mm)|:l]]]]]I
00 0 0 0 0

—_— I P T P T T e T P e e T
199 220 240 260 280 300 320 340 360 330 400 420 440 460 480 499
: 00
AR g o
: .
= ] — Y|4, 1
u manual |1]0 Auto [




Example on-off control
of room temperature

oo |

Disturbance (¥/N)? \}?\ 40~

Aut IE
—_— 3
On-Off controller B Plant : FOPTD Ell
SP (1 reference) [C] oy —= 207
0 \— Gl Cil [i %] |« B 1 [F[500 107
) s 100) e e
_.®_> ™ R = — Time Delay = 0.5
(8] ) £3 o k . Controlled variable {y )
- r \ 5) =———"e
k| [E[ro0 s+ 1 . §
2= / W sor
Temperture Gl 001 |[ sera < Jzu]
350-| y 1902
ra (AN
¥ 300- P-h 200
2 0 == J[z100
£
< 200
150-
100

0 T3 w5 e e s oo 1o i 430 do iso 6o 7o ido 1% e

Heating [%] -;;mnn-_ - - r 1% = | [0

3

B O N N S N N NNy e SRR

0 10 22 30 4 5 6 70 8 9 100 110 120 130 140 150 160 170 180 190 200
ime

Quasi-stationary state

* In a steady state, the characteristic of the controlled variable
performs a constant amplitude oscillation around a mean value

* For nonlinear systems, the quasi-stationary state is a stable
state.

* Because of the controller characteristic, the on-off control loop
is a nonlinear system

305



E0.0 Z’/lr;feased reference

50,0- r'
2h

P \‘\_‘_/-f S

400 e

30.0-

reference

y(t) /

Increasing reference: r’ > r

20.0-

10,0- Controlled

variable

0.0-

Ay*off < AYot

Ay*On > AyOn

ABS

| Cantrol of Vehicle Motion - ABS.vi Front Panel on PID Examples.vproj/My Computer *

=|E=] 2

ile Edit View Project Operate Tools Window Help
OE‘IEptApphcatmnFMt 'HEJ:' -Fu_'u'”&

ﬁ@ﬁ[

Introduction | Parameters | Results

Control of Vehicle Motion - Anti-Lock Braking System (ABS)

Let us begin by drawing the free-body diagram of a tire with all frictional and contact
forces acting on the body shown in Figure 1.

The rotational dynamics of a wheel in traction or braking can be described by

Li6hy = Tarive = Tioss — Teraction — Torake

B=) E=m,

The twa state variables, namely vehicle speed Vi and wheel speed w, are very important
in determining the correct friction coefficient between the tire and the ground. Slip and
skid decouple the dynamics of the rotational components from the translational
dynamics of the vehiclg, it is common to formulate slip and skid in a single function :

rw—V

s=mmszgﬂ(rw71f)

Fig 1. Free-body Disgram of a Simple Wheel

Car Medel Parameters
Wheel Mass (kg)

50 o
T (kg-m*2)
5 —

Drive Torque (N-m)
0 =

Brake Torque (N-m)

L 3
g (m/s"2)
981 —

Wheel Radius (m)

1.25 —
mufactor
1 =

306



| Contral of Vehicle Motion - ABS.vi Front Panel on PID Examples.vproj/My Computer *

Lo

ile Edit View Project Operate Tools Window Help

(2 1] [ 15pt Application Font |+ |[5ee |

HTH
LM

o [ o[ Search
Introduction | Parameters | Results |
Car Model Parameters
Wheel Mass (kg)
. . 50 =
Anti-lock Braking Systems (ABS) -
s —
2 F Desirable range Tw (kg-m"2)
i 5 —
The basis of ABS is to monitor carefully the operating conditiens of the s
wheels and adjust the applied braking torque. As shown in Figure beside the H o Drive Torque (N-m)
ABS is typically designed to keep the tries operating within a desired dange of S E— 0 .
slip. This will prevent the wheel from locking thus maintain steering and £ =
vehicle stability. S
Brake Torque (N-m)
In our ABS, we will adapt a bang-bang (on-off) controller, a very common | a00 -
and inexpensive way to control a system, A simple bang-bang control could | ; =
slip
follow the basic rule,
g (m/s"2)
981 £
u(t) = {Up elt) = 0 Desired Slip
U, e(t) <0 015 B Wheel Radius (m)
125 &
Initial Vehicle Speed (Vo)
Desired Slip Bang-Bang © h mufactor .
Control 1 4
Controller Gain
( ) 12 2
S slip Vehicle Speed
Estimation Wheel Speed
Deadband
Ancther option is to use 3 ‘dead band’ to improve noise rejection and improve the 0.016 =
response of the controller. On the right, you can experiment with the different
parameters of the controller.
Without ABS control
| Control of Vehicie Motion - ABS.vi P —— — ;:. —
ile Edit View Project Operate Tools Window Help
Introduction | Parameters | Results ‘
Car Model
— muslip model [ Wheel Mass (kg)
ActivateASS (_BB) Differential Gap =] mu-slip model 1 50 :
175 900- Iw (kg-m*2)
150- 875+ 5 2
=125 4 850-|
E15 T Drive Torque (N-m)
4 100 2 h
£ 75 ' 800 0 <
Z
b 5 175
S 50| ]
254 & 750 Brake Torque (N-m)
725+ 300 .
0- 700-!
50- 0
Vehicle Speed [/~ g (mfs+2)
o Wheel Speed [~ 024 981 %
E 30- o 04
= 2 Whel Radius (m)
g 20- -06-] 125 s
&
10- 08
08 mufactor
0- 4 1 3
12
31 14
] . 087
ENE & 06
2 2 04
51 “ 02|
0
27 1 i | | | ' 0.2+ ' ' i | |
01 3 4 5 8 7 ¢ 1 2 3 4 5

Time (s)

Time (s)

Stop



Cantrol of Vehicle Mation - ABS.i i - —— —— —
le Edit View Project Operate Tools Window Help

| Introduction | Parameters | Results |
Car Model

Wheel Mass (kg)

— mu-slip model [
Activate ABS (T [5) Difterental Gap () 12| mu-slip model 1 50 3

0.025

-0.075-

Slip Error

20 200~ Iw (kg-m*2)
o004 5 3
= 150+ 8 s00-|
£ 500 Drive Torque (N-m)
5
¥ 1S 400- 2
£ 100 o 0 =
i 2300+
=) | 2 200
50 & Brake Torque (N-m)
100- 800 -
0- 0- 8
50 0
Vehicle Speed [ 002- g (m/s"2)
_ 407 Wheel Spesd [/ 001- 981 +
£ 20- ‘
£ 2 'E‘E:’ Whel Radius (m)
¥ 20 008 15 +
& 0.1 : -
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012+ mufacter
o- 0.14- ! =
£ .
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8
€
5
3§
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&
Boo e
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—
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With ABS & differential gap

Control of Vehicle Motion - ABS.vi lemlnl=

le Edit View Project Operate Tools Window Help

Introduction | Parameters | Results |

Car Model
- - muslip model [ Wheel Mass (kg)
Actite 485 () Diferential Gap () [ mu-stip modelr | 50 =
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500- : =
= 150+ % oo
E g 500 Drive Torque (N-m)
e -
i
& s % 200
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1007 200 =
0- 0-
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Vehicle Speed A~ o0 5 (m/52)
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T, 0,05
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4 20~ 125 4
& 01+ =
10 0125 mufactor
0- 015+ 1 2
2
0025
ERE 0]
] - 0025
3 0 £ 005+
£ 2 075+
& &
LER 01
0125
27 1 i i | | ' 015 ' ' i | | o
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On-Off Controller_example.vi Front Panel on PID Examples.lvproj/My Computer = E
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‘Overview: This example shows how to "tune” a on-off controller based on different outside temperature. This example was based on an example from Feedback Control
of Dynamic Systems by Gene F. Franklin, J. David Powell and Abbas Emami-Naeini Prentice Hall, Fourth Edition, page 3.

Instructions:

1. Setup the Desired Outside Temperature Profile, Initial Temperature and Controller Histeresis.

2. Run the VI and this will compute the whole simulation for the 24 hours. Then it will show you an animation of the results,

3. You can press Stop to stop the VI, change parameters and rerun the sumulation.

T [

House Temperatures (Internal, external, reference)

Outside Temperature Profile g [Constant | 85- ——
L 80-
" Outside
=] 75
Initial Inside Temperature | (=133
Controller Histeresis | = |1

™" Reference

~
=]
T

Temperature (5C
[EREES
i

0
45-
A 40
Tnsid Th =T
nside ermometer 0 2 4 65 8 10 12 14 1 18 20 2
Setpoint | Thermometer Outside Tmaers)
100- 100< 100=
. 80= 80 Heater Power LI Heating
60 60 125+
50~ g E
107 20: _ 100~ Furnace On
E E 5 75
25- 203 203 : 5
g E £ s0-
0- 0= 0= «
25—

Furnace Off

RAR o

Time (hours) [

On-Off Controller_examplexvi Front Panel on PID Examples.vproj/My Computer ==

le Edit View Project Operste Tools Window Help
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Overview: This example shows how to “tune” a on-off controller based on different outside temperature. This example was based on an example from Feedback Control
of Dynamic Systems by Gene F. Franklin, J. David Powell and Abbas Emami-Nagini Prentice Hall, Fourth Edition, page 3.

Instructions:

1. Setup the Desired Outside Temperature Profile, Initial Temperature and Controller Histeresis.

2. Run the V1 and this will compute the whole simulation for the 24 hours. Then it will show you an animation of the results.

3. You can press Stop to stop the V1, change parameters and rerun the sumulation.

==

House Temperatures (Internal, external, reference)

Outside Temperature Profile | =] [profile 1 = [ Tnside
| a0+

75 ™ Outside
Initisl Inside Tempersture | =155 704 [ Reference

2
— 'y 657
Controller Histeresis | (1|1 2 60 V
i
£
5
&

P - wl"

35
Inside Thermometer o 2 4 & 8 1 12 14 16 18 0 2 M
Setpoint Thermometer Outside Time (hours)
100- 1007
75— 80 Heater Power ’ﬁ Heating
© 60= 125
407 . 100+ Furnace On
o HE § 757
E 5 s5p-
- P 4
TR l; ] Furnace Off

0 2 4 6 8 10 12 14 16 18 0 2 4
Time (hours)

Stop



| On-0ff Controller_example.vi Front Panel on PID Examples ivproj/My Computer =i =)
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Overview: This example shows how to "tune" a on-off controller based on different outside temperature. This example was based on an example from Feedback Control
of Dynamic Systems by Gene F. Franklin, J. David Powell and Abbas Emami-Naeini Prentice Hall, Fourth Edition, page 3.

Instructions:

1. Setup the Desired Outside Temperature Profile, Initial Temperature and Controller Histeresis.

2. Run the VI and this will compute the whole simulation for the 24 hours. Then it will show you an animation of the results.

3. You can press Stop te stop the VL, change parameters and rerun the sumulation.

House Temperatures (Internal, external, reference)

Outside Temperature Profile | =] [profile 2 £ [~ Inside
L J 20-
o |/ Outside
Initial Inside Temperature | (= |55 - e
L J g
— N @’65—/
Controller Histeresis | (=11 2 go-
b
255
5
= 50-|
45-|
i, g
35-
Inside Thermometer 0 2 4 6 8 10 12 14 16 18 20 2 4
Setpoint | Thermometer Outside Time (hours)
100- 100+ 100+
— ag_; 30-; Heater Power 'Ll Heating
60= 60- 125-
50- g E i
402 402 i Furnace On
25- 03 203 1 =
0- 02 e & 307
25- Furnace Off
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0 2 4 6 8 10 12 14 16 18 20 2 4
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The simplified control sylock diagram

(excitation)

Disturbance
D(s)

Control system

|
! Error Controller
|

Fontrolled
Ref;;e)nce E(s output | va)r/iable
Sy < Controller U(s) Process LYEs)
o C(s) P(s) I

Noise
N(s)

|
y
|
|

CONTROL SYSTEM
DESIGN

wotgnsiosen: REQUIREMENTS
AND
SPECIFICATION



Control system design requirements and
specification

The requirement can be arranged in the next four main groups:
Stability.
* The negative feedback has the potential risks of instability. Delays and high-gain factors cause
instability in a closed loop.
* The stability of the control loop to be asymptotic stability:

}im Yo(t) = 0, where y, (t) is the zero-input response.

* Suitable static accuracy of disturbance suppression and/or setpoint tracking.
* Prescribed dynamic behavior.
* Insensitivity for process parameter changes. (Robustness.)

Transient response and steady-state response

The time response of a control system consists of two parts: the transient response and the
steady-state response.

The transient response is defined as the part of the time response which goes from the initial
state to the final state and reduces to zero as time becomes very large.

The steady-state response is defined as the behavior of the system as t approaches infinity, t — oo
, after the transients have died out.

asymptotic stability: tlim yo(t) = 0, where y,(t) is the zero-input response.
Asymptotic stability of the feedback system with the response function :
tlim Ver(t) = 0.

Therefore the system response depends only on the steady-state component if the elapsed time is
large enough:

t11_>r£<13 y(6) =yss(t).

y(t) = ytr(t) + yss(t)




Static accuracy of disturbance suppression
and/or set-point tracking

It is desired that the controlled variable follows the reference change asymptotically:
lim e(t) = lim (r(t) = y(£)) = () = yss = 0
the steady-state approximates the reference:
Yss = 1()

The stationary behavior of a control loop is provided: be the static component equal to
the reference!

(If not, remaining error: the steady-state error !!)

It should be specified that for what type of input signals should be required to produce
the reference signal the steady-state behavior.

Usually the steady-state criteria are prescribed for step like input changes:
e(w) =€ =7—Y5s =0

Prescribed dynamic behavior: Performance meters for
unit step reference response
* The transient response of a

system may be described using
two factors, the swiftness and

N

[
| [
>3

the closeness of the response to

»l e

the desired response.

* The swiftness of the response is
measured by the rise time (T))

and the peak time (7). The
closeness is measured by the

Peak time, Tj

overshoot (o) and settling time AT

A /

(7).



Performance meters for unit step reference

response
* Rise Time, T,: The time required mer—
for the waveform to go from ymT ””””” — =
egs |+ |
0/0.1 of the final value to 1/0.9 . ﬁ@ L~ \{l_ L
of the final value. (At R o !

underdamped systems: 0-100%

rise time is used; at overdamped 7
systems: 10-90% rise time is T
used') Pe;krimeT /‘

Settling time, Ts

Performance meters for unit step reference
response

* Peak Time, T, The time required
to reach the first, or maximum,
peak.

* Percentage Overshoot: S% =

YIp)=¥(*) 1 000 = % 100% .

[e 0]
y(g) = 0. The amount that the
waveform overshoots the steady-
state, or final value at the peak
time, expressed as a percentage
of the steady-state value.




* Error band or tracking band, A.

Performance meters for unit step reference
response

* Settling Time, T.. The time
required for the transient's

stay within +A% (5% or +2%) of

Reference
I el 1 = (=
damped oscillations to reach and jcr — |
1.0 = 3 — : :
09 |———-f1 }

the new steady-state value.

Required to determining the

settling time:
y(@)(1-4)<y(t=T) <
y(0)(1+4).

CONTROL LOOP
ANALYSIS IN THE
FREQUENCY
DOMAIN

Intelligent control systems



Negative feedback

U(s) vis)
; G,(s) —

N

G,(s)

Closed loot transfer functions:
G1(5)
14 G1(s)Gy(s)

The input — output Laplace-transform relation:

G1(s)
1+ G1(s)G(s)

G(s) =

Y(s) = U(s)

The effect of the negative feedback on the system

gain
vl oY e U |~ Y
Aﬁ G,(s) J Gv(s)—m 3 k >
yo Y Gi(s) = k
Gz(S)=1
simplify the system

The system transfer function
G1(S) k

= = k*
1+G,(s) 1+k

G(s) =



The closed-loop gain versus the system gain

10 12 14 16
k

With increasing value of k, the sensitivity of the closed-loop gain to the system gain
is decreases, even at not too high k approaches to zero.

Sensitivity of a closed-loop gain

dk*

0.18

dk*
dk

-0, k>»1

0.16

0.14

0.12

0.1

\
\
\

\

0.08

0.06

0.04

0.02

9 10 11 12 13 14
k



Transfer characteristic of the closed-loop control

Disturbance

i Control system

| Error Controller |Cont_ro||ed
Reference. E(s - variable
Ris) | output Vis)
.+ Controller U(s) Process
C(s) P(s)
I
- Noise
| ngs)
I

The transition behavior of this control loop is specified according to the tree inputs
(command, disturbance and noise): reference tracking or command behavior;
disturbance behavior and noise behavior.

* Suppose : C(s) and P(s) are known.

* Independent variables: inputs, dependent
variable: contolled variable.

* The signals inside the loop are unknown.

Disturbance

i Control system

| Error Controller |Contfo|led
Reference. E(s - variable
output | Y(s)
Controller U(s) Process .
Cls) P(s) |
|




* Laplace-transform of the controlled variable:
Y(s) = P(s)U(s) + D(s)

U(s) unknown, must be rejected:

U(s) = C(s) (R(s) = (Y () + N(s)))

substituting:

Y(s) = P(s)C(s) (R(s) = (Y(5) + N(s))) + D(s)
T Y(s) = PS)CR(S) - P()C(S)Y(S)
—P(s)C(s)N(s) + D(s)
Y(S)(l + P(S)C(s)) P(s)C(s)R(s)
e PRYEON) D)

ooooooooo

rrrrr
°°°°°°°°°°°°°

,,,,,,,,,,,,,,,,,,,,,

The resulting relationship between the output signal and the
Laplace-transform of the input signals

C(s)P(s) P C(s)P(s)
1+ P O " T3 cPe)

N(s) + D(s)

Y(s) = 1+ C(5)P(s)

* for N(s) = 0and D(s) = 0, the reference tracking transfer function
can be obtained (the transfer function from R(s) to Y (s)):

) = Y(s)  C(S)P(s)  Go(s)
Gr\>/ — R(s) 1+C(s)P(s) 1+ Gy(s)




C(s)P(s) C(s)P(s)

() = RS T3P

=11 COHPG) NGs) +

T+ CoPE) ™

* ForR(s) = 0és N(s) = 0, the disturbance transfer
function is obtained (the transfer function from D(s) to

Y(s)):
Y (s) 1 1
GD (S) = = =
D(s) 14+ C(s)P(s) 14 Gy(s)
Y(s) = CBIPGs) R(s) CIPGs) N(s) + D(s)

14+ C(s)P(s) 1+ C(s)P(s) 1+ C(s)P(s)
* for R(s) = 0and D(s) = 0, the noise transfer function is

obtained (the transfer function from N(s) to Y (s)):

Y(s) _ _ _COPE) _ __Go(®)
N(s)  1+4C(s)P(s) 1+Go(s)

* Gy(s) =

Relationship between the output signal and the Laplace-transform of the input signals



The (open) loop transfer function

Go(s) = C(s)P(s).
The open-loop gain (derived from the Laplace-transform initial value theorem):

Go(0) = C(0)P(0) = ko

Disturbance
D(s)
i Control system |
Fontrolled

. output + N varyi(a;s)le
* Controller u(s) Process |
C(s) P(s) I

Error Controller

| .

| Noise
| - N(s)
| Al
|

The closed-loop transfer functions

The closed-loop input — output relation in frequency- or Laplace-transform domain is

Y(s) = GgR(s) + GyN(s) + GpD(s)

C(s)P(s) C(s)P(s)

Y& =1reore S " T3 cmre)

NS+ T empe °®

For the system to be stable all transfer functions must be stable!



Stability
of the feedback control system

a necessary and sufficient condition for a feedback system to be stable is that all the poles
of the system transfer function have negative real parts

C(s)P(s) C(s)P(s)

Y = RS T3 eoPr®

14 C(s)P(s)

N(S) +mD(S)

Notice that the denominators of the transfer functions are same.

Since the stability depends on the poles of the transfer function, it is enough to analyze
stability for one of the inputs, for example for the reference tracking, if it proves to be
stable, the control loop is stable for all remaining inputs as well.

Stability
of the feedback control system

The denominator of the closed-loop transfer functions is:

1+ C(s)P(s)orl1+ C(jw)P(jw).

A system is stable if all the poles of the system transfer function have negative real parts.
In other words: there is no positive frequency, for which

1+ Cw)P(jw) =0 or Cw)P(jw) = —1.

This means that instead of examining the characteristic equation (the denominator)
poles, enough to analyze the loop transfer function equality with -1.

The system is stable if the loop transfer function,Gy(jw) is not equal -1 at any positive
frequency: Gy(jw) = C(w)P(jw) = —1.

The stability of the closed loop can be deduced from the transfer function of the open
loop!



The Nyquist stability criterion

Is a graphical technique for determining
the stability of a dynamical system.
Because it only looks at the Nyquist plot of
the open-loop systems, it can be applied
without explicitly computing the poles and
zeros of either the closed-loop or open-
loop system

it is restricted to linear, time-invariant (LTI)
systems.

the closed-loop is asymptotically stable, if
the frequency response locus of the open-
loop does neither revolve around or pass
through the critical point (-1,j0).

Phase and Gain stability margins

Using the Nyquist diagram, we can
define two quantitative measures of
how stable a system is.

These quantities are called gain margin
and phase margin.

They give the degree of relative
stability; in other words, they tell how
far the given system is from the
instability region.

Systems with greater gain and phase
margins can withstand greater changes
in system parameters before becoming
unstable.

o
-

-
F -~

Marginally
stable

Stable

Re



Crossover frequencies

* Wy : phase crossover frequency:
the frequency when the phase

£Go(jwge) = —180°.

* Wy : gain crossover frequency:
the frequency when the gain

|GoGwge)| = 1.

* The magnitude response of
stable systems at the phase

crossover frequency:
|GoGwp)| =< 1.

The gain margin is the change in
open-loop gain, required at 180°
of phase shift to make the
closed-loop system unstable.

In the cases of marginally stable

systems: k = 1.

G, = 1/k

The gain margin, G,,

! Re

Re



The gain margin, G,,

The phase margin, ®,,

* The phase margin is the change in open-loop phase shift
required at unity gain to make the closed-loop system
unstable.

®,, = 180° — | (wyc)| S

[ -
1\ -—\';\7_(,70(&) . c)
c

344



The phase margin, @,

Im
G = l PR R
m — o N
K e \\\
e ~ Unitcircle
’ \
’ K 3
’ \
’ \
p 1
1
9 1
-1y "-’pc : Re
\
D \ (P(wgc) "
\ge /
\ ’
N ’
N /
~ rd
~ -
-~ P
.‘."'-. -—’

If the gain margin and phase margin

loop system wilh

are both positive the closed-

be stable.
G - T
n=x
e N Unit circle
’ *
’ K \
! \
/ \
! 1
1
-1y Wpe " Re
o)) k (p(w c) !
\ g P
w )
gc
/ \\ /
Ay




Phase and Gain stability margins in the Bode graphs

* Bode graphs are representations of the magnitude and phase of G, (jw) (where
the frequency vector w contains only positive frequencies).

* These consist of two graphs. The first plot is a plot of

log |G(j w)| (in decibels, dB) versus frequency; referred as magnitude frequency
response.

* We define the magnitude frequency response to be the ratio of the output
sinusoid's magnitude to the input sinusoid's magnitude. (dB : 20log,,| G(j w)| )

* The second plot is the phase shift (in degrees) versus frequency (w), referred as
phase response. The phase shift is the difference in phase angle between the
output and the input sinusoids.

* Both responses are a function of frequency and apply only to the steady-state
sinusoidal response of the system. Both plots usually have the frequency (w) in
logarithmic scale.

Phase and Gain stability margins in the Bode graphs

* As 0 dB corresponds to a magnitude of 1, the gain margin is
the number of dB that |G(jw,.)| is below 0 dB at the
frequency when the phase 180° (w,, phase crossover).

* The phase margin in the number of degrees arg(G(iwg)) is
above -180° frequency associated with a gain |G(jwyc)|=1 (0
dB) (wy, gain crossover).

* If the gain margin and phase margin are both positive the
system will be stable.



Phase and Gain stability margins in the Bode graphs

40
20+
o
% 0
: N
5 201 1 1
= Lo
-40 - I I
1 1
. 1 1
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0 i t
| 1
1 1
1 1
= -90 1 1
[ 1 I
R 1 1
3 ® !
o 1
£ -180 o
1 1
1 1
1 1
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107 10" 10
Wge Wpc
Frequency (rad/s)

Classic controller: PID controller

* The controller structure is given
* The output of the controller depends on the error
* Control engineer sets the controller parameters:

| Control system

iControIIed
- variable
| Y(s)

Errot Controller
output

R 1, A\, Controller ufs) Process
. C(s) P(s)




The I/0 modell of the PID-controller :

¢ de(t)
u(t) = Kpe(t) + Kif e(t)dt + Kp Tt
0
[~

[Proportional with the ]

P-effect speed of error : D-effect

[ Proportional with error:

The speed of output change
is proportional to the error:
I-effect

By aggregating these effects, we get the so-called PID controller.

Proportional gain of the controller
Integral gain of the controller
K, | Derivative gain of the controller

E

=

Transfer function of the PID controller

In time domain:
t de(t)
u(t) = Kpe(t) + Kl-f e(t)dt + Kp 7
0

In Laplace domain:

K;
C(s)=——=Kp +?+KDS

U(s)
E(s)



Structure of parallel PID-controller

(gain transfer form)

C(s)

A\
&

A\ 4

E(s) Ko e

—> U(s)

Time constant representation
of the PID-controller

C(s)

Es) > Kp

1
C(S) = Kp(l +ﬁ + TDS)

Ko Proportional gain of the controller

T Integral time constant

Tp Derivative time constant




Time constant representation
of the PID-controller (academic form)

/O model:

t
u(t) = Kp (e(t) + i—[ e(t)dt +Tp de(t))
T; Jo

d

Kp Proportional gain of the controller
T, Integral time constant
Tp Derivative time constant

The parallel form and the academic form can be
converted to each other

Gain transfer form:
t de(t)

u(t) = Kpe(t) + Kif e(t)dt + Kp T
0

Time constant form:

u(t) =Kp <e(t) + %j e(t)dt +Tp
iJo

de(t)
i)

e(t)

dt

L

Kp
u(t) = Kpe(t) + ?fo e(t)dr +KPTD

K; =2 and Kp=KpT)

i



Simpler controller can be derived from PID-
controller by appropriate parameterization

Controller
type

P- C(s) =Kp

PID
Transfer function o
parameterization

Ti=00, TD=O

- C(s)=§or6(s)=i Kp=0, Ky =0

T
1
PI- C(s) = Kp (1 + T—) Tp=0

PD- C(S) = Kp(l + TDS) Tl = O

1
C(S) == Kp(l + ﬂ + TDS)

l

Simulation example: level control of a first-order,
time delaved tank

o | Noise ampl. | E)[1 Noise/distutrb. (Y/N)?
I b —
Frequency (=] ) ®
s Eoniaed (Bl -
oces . e
Pls)
! . FOPDT plant & PID controller; Reference tracking example
i
‘
- Set-point step at t=0, the first T 20 || sample. | Il sTOP
(2001 —_——— — P&ID e n, % [~
o (815 al = |
T g ! N I
Inflow 00 Level I & | | e.end )
o T T T T W feosssean |
=) 150 LRC o 2 0 12 14 16 18 189 |
= 100 Time [=EPER
manual valve — — T~
1 JlC = Tankllevel % [
) f yaje ‘WiPN SPr% [~
Time delay=n*T= ’1—‘ 2 Outflow (free) /\‘ ; ; . E
3] ) (3 1 — 9, F:Assuming infinite ] L,
ni e | 7 Efea Realvaive? (BB : = 0957y end |,
max‘:lo'g Q inflow capacity 111! F 1 }f 105 .end [
- LS
— o PID-controller settings E -
SP (1 [%] | [<160 Auto? — = = 2 e
: B .
Erorband, % | (|5 ] p o b -
o Joss ) i
nitlevel, % | [£1[0 «a[o ] f ‘\ /
AntiwiddBD) 3 de(t) ol | N (R N S e
ut:KetJrKferd‘rJrK (i L L R
(©) = Koe©) + K, | e(@dz+K, = Tz Bl

358



Simulation example: level control of a first-order,

time delayed tank

Disturbance /Noise

Block diagram settings

ce tracking example

sample. | I

J Set-point step at t=0, the first

Errorin time

Settings of Process parameters

Controller output,
controlled variable,
Tolerance Reference
band : in time

The process

Actual valve pos., %

N
uty (8] %

—T5

FOPTD parameters: P&ID

= | Actual level, %

Setting gain e

Setting |
valve %
manually

Setting Time
constant

Setting
Dead time

Qutflow (free)

2 @ F : Assuming infinite
el inflow capacity !!!!

\_

Saturation
Enabled

o || 7[Box_|

361



T: auto
F: manual

The controller

Setting gain

uto?

Q=

p

Calculated
Ki

—————| ki||0.381818
Calculated ;
Kd A

|
Kd

L

True:

Limiting nxdTB

output in
0-100%

i

u(t) = Kpe(t) + K;

PID-controller settings \ r
T N

Kp
EELITEE LR LTI

(02 4 6 8 10

Ti [ ﬁ )
[EER RN RN TN RN ERRN|
0 2 4 6 8 10

Td '2 |

=126
I =
Eo %}

0 0.5 1

t

0

de(t)

B(T)dt + KD T

Setting Ti

]

Setpoint (referenece)

Setting the
prescribed
tank level

revel

expected (r) [%] |2

Tolerance
band to

rband, % E: 5
settling time 3

Simulation: At t=0 set point is changing step like from init level to the

expected level.

Setting Td

/1—

362
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Graphs

EW] sample. P. STOP ]

Error change B | en % [~
(Input of the L
controller) % P A W i |
0 10 12 14 16 18 199
Time Bl
Prescribed 110- T R

tank level Tank level % [

B SPr% [
Step-like - —
change at 085%y.end [

1.05%_end

o

ol

1 [ Rlue curve: |

— Blue curve:
Valve change

: - actual tank
2 /- e level
(Output of the a

controller) " 0; §

i e e e g
0 1 12 14 16 18 199

Time BRI

[

Simulation example: level control of a first-order,

time delayed tank

ise ampl. | [5][1 Noise/distutrb. (V/N)?
Frequency e | a®

Noi

FOPDT plant & PID ller; Ref king
Set-point step at t=0, the first m [200 ]| sample. . sToP
\ \ ER
e I I
3 [
g ‘ - ‘ e end
. T T T T | fesessm |
o 2 FU T R VIR Rt A )
Time EH2m l
110~ un, % [~
3 Tank level % [,

Qutflow (free)

‘—] ‘;] Realvalve? (D) F : Assuming infinite \‘
inflow capacity 111! : 1

PID-controller settings E \,

max. —10

sp 151 [ [0 Auto?

s I AN

B R
e | B
Init level, % '_‘l—| «wlE | f \

Ant wind-dB)

u(t) = Kpe(t) + K; J’te(r)d‘rJrKn

de(t) y
dt Time Ban




The saturation of the final control element

* Theoretically increasing controller gain decrease the steady-
state error.

* Controller design process is based on simplifications which in
the real word, over wide working zone is not valid.

* Strict linear system assumption in the practice not truth:
nonlinear behaviors of the system component (hysteresis,
saturation, dead-zone, etc.) are often unpredictable present.

Example: level control of a first-order tank

The actuator is the valve in the inlet pipe

Level control simulation FOPTD plant, Step response X
%/alve % is not limited in this simulation!!13 Set-point step at t=0, the first :’5“—‘ sample.
L q 5 J
u(t) Valve % [~] 300
f = " 8 Tank level % [y 2807
a——— E
““““““ 50.0002|| 9%, et~ 260
Lo 50 100) J w3
- 7
Inflow —l SP (1) %] e
— 100 E
| , 180°
x 4 T 1602
50 B
= £ 1407
e LRC it
“ 0 1007
0 EE
Outflow (free) E
e
r n | c— | 5 ZSE
Time delay=n*T|fo /s 0435375 1o | = . o os [ s g 345
N | — | — ) T [ S [Fen ] Time
L6758 8 o - o1 E = | | W stor
[Few s | Somm— )
‘ ’ 0 05 1 s




No saturation is assumed

Level control simulation

E.Ialve % is not Iimitec! in this simulation]]!:i

FOPTD plant, Step response

Set-point step at t=0, the first| ][5 sample.

Valve [~ 0
e Initially valve
240 opened: >300%7?!
b e, = 10%
Time delay=n"Tlo s ) mJD L R T
’ ] T ?W :- stop| .
fﬁ\ e BN
Ts=0.4
= ! = ! = ! =0,17 it st
e =Tk 1+ kK, 145 i7forunitstep
Reference changed: 0-60 — eg; =0,17*60=10 s
11 ‘

Actuator saturation 100%
* The actuator is the valve in the

inlet pipe and it can be opened

between 0% and 100% .
* |If the controller output is

greatest than 100% or less than

o, “u . ” P
0%, the valve “winds up”, thisis | s uator saturation
the so called saturation. - -
'ep +€,0 e

Proportional band




The greater the controller gain,
the narrower the proportional band

u b

100% 1

Kpy < Kpq

Proportional band 2

£ ' 1 i | -
L) T T "
-e -e e
4 2~ Prop. L& tep
Band 1

If Valve is limited, and the controller output is not,
the performance degraded

Level control simulation FOPTD plant, Step response
Valve % is limited: 0...100% 111! Set-point step at =0, the first /|| sample.
Controller % [ 300+
Tank level % [ 280°
®r% o~ 03 Controller output
= 2407
SP (r) [%] ﬁg
100 E
| , 1807 valve
4
0 T £ 207
P(s) = j s | LRC gl
Ts+1° 604 ] 2 10
. 0 mo—i oooaad,
0 P r( a\il
- .. Outflow (free) 60 —
-controller settings “0’ )
= = 207
J &l B e )
05 15 i 245
g } 200000 | \
. STOP
Emm) Ts >0.5

The saturation is nonlinearity. The suggestions of classic control theory can be
applied until the linear assumptions are valid.



Test

Set the controller parameters
Run the prongram

See in the time diagrams the
overshoot, the controller
output, the valve and evaluate
the Settling time

* Press real valve

* See in the time diagrams the
overshoot, the controller output,
the valve and evaluate the

Settling time

PID-controller settings

P:pi' g N
| IRLLIL Y L T I L O B |

0D 2 4 6 8 10

0D 2 4 6 8 10

Ti | EP[

Test

Real valve? Q)

372
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Test

* Press anti wind-up too

* Seein the time diagrams the Anti ,—E.T
overshoot, the controller output, wind-up?
the valve and evaluate the
Settling time

374

In the following we consider linear system without
limitations

* Switch off i P
ii:d-up?{--__ =)

* Switch off  Realvever )

375



THE PROPORTIONAL CONTROLLER:
P-CONTROLLER

* The proportional controller transfer characteristic corresponds to
the proportional (P) system.

* The control signal (u) (controller output) is always proportional to
the error signal (e) (the input of the controller).

u(t) = Kpe(t), (u(0)=0)
* The transfer function of the P-controller:

C(s) =Kp

P-CONTROLLER AND FIRST-ORDER PROCESS

D(s)
R(s) Els) t
C(S) — KP U(S) P(S) — 1+];ls _L




The first-order characteristic results closed-loop
reference step response without overshoot.

Kp increses, Kp increses,

Ts decreases e(o0) decreases
| oo~
A -
£

: LA

[

g | X

c T

e A

Ts, Kp,=2 >

50 60 70 80 92

With increasing Kp not only the steady-state error but the settling time could be
reduced since with decreasing Ty the settling time decreases as well

First-order plant and P-controller; response for
unit step disturbance change, r(t)=0

F 3
1—

Without control
Y (k=1)

6 —
r Closed-loop
.4 —
.2 - Steady-state
L error
a ! | ! | ! | L |
a T* 1 2 3 4
Tl

)

| g

tIs)




Open the program
Run

Let Ki = K;=0

Change K|, with slider

Test it!

PTH_time_PID_controller_MSc_GainPID.vi

/

Explain, how affects the K,
change the performance and

stability?

PID-controller settings

4
Ki

-

L

Ke [ =

0 2 4 6 8 10

-

0

-

I

0.5 1

0

kd <

0.5 1 |

~1[0.30303 |

Third (or higher)-order system and P-controller:
increasing Controller Gain results unstable closed-

Eredé szakaszitviteli figgvény
kb ks
P(s)=—0nt "2
=1z T.s1+T.51

ks K

+Ty,s ‘2

Waveform Chart

99,6466 1999
9%-| 200
80-| 00
70-| 00
®
£ w- 60,00
i =
H
g%
30
P /&% —
10-|
L T E R T P T E P RTRTPRTRTPrTOYy
025 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 .
Time R alP.
korerdsités, KO 2
210 PID-szabilyozs besllitisa
s 60 = erdsités Kp 41,0000
8 LRC p PR
(=] tids Ti (s) 3/1000000,0¢
@ I = P
© I 25 =
a 0
0
I CEPE)  __ Gols)
Gr(s) = =

1+C(s)P(s) 1+Go(s)
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K,=4, marginally stable

‘Waveform Chart

u(t) 99,6466 9,74
N A 90— 1337
0 50 100 - =

A o,
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Dead time can cause unstable closed-loop

behavior as well, test it!

1. Controller settings PID-controller setti

ngs

o5 1 i 2. Change to 0.2

3. Change to 0, then step
to 10 by 1 (by pressings)

Integral controller (I-control)

384

transfer characteristic corresponds to the integrator (I) system.

du(t) _ 1
dt N T;

|/O modell:

e(t) , (u(0)=0).

The controller will change the controller output signal, while

the error signal is not zero

The Integral controller transfer function:

C(s) =—

1 kg
Tis S

385



FIRST-ORDER PROCESS and I-CONTROLLER
reference tracking

1

* Gr(s) =7

Kk k

Open the program
Set K,=0, K;=0
* Run

Change K; with slider

* Increasing K; = decreasing T,

stability?

. T. .
LT s2+-ts+1

Amplitude

Step Response

Ti=0.5s
« /Tl:ls
L K'ﬁ:lﬁs

PTH_time_PID_controller_ MSc_GainPID.vi

PID-controller settings

[/ /
[/
//
/ Ti=2.5s
r r
2 4 6 8 10 12 14
Time (s ds)
Test it!
est it!

How affects the K; change the

386
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P- and I-controls, comparison in time domain

Amplitude

15

0.5

Amplitude

2 T . . T T T
Process
18+ Only -
PT3+l-controller:
16 no static error; I
14l slower i
12}~ / .
1 \/’ e
o ,
‘l‘ Ve
0.6 - .
0.4 _ PT3+P-controller: |-|
faster;
0.2 | -
but offset!
0 r r r r r
s Ts 20 40 50 60

Time (seconds)

Step Response: PT3 + I, Ti=5-12

r r r r r r r

5 10 15 20 25 30 35
Time (seconds)

40

388
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Pl-controller

* We can incorporate the beneficial properties of the P- and I-
controller into one Pl-controller: the control will be faster and no
steady-state error at step response

The 1/0 model of a Pl-controller (1(0)=0):
t

u(t) = Kre(t) + K, j e(1)dr

0
Or in Gain transfer form

u(t) = Koe(t) +% fo e(t) dt

i

390

Second-order system with PI- controller

25
/\ Wprocess { 0.4

PI- controI

15

I-control

1 D(\(\ /3\‘/
I\ //\\\/\///\\\-{

Amplitude

0.5 P-control

r r r r
0 5 10 15 20 25
Time (seconds)

392



Test it!

} PTH_time_PID_controller_MSc_TimePID_level.vi

Open the program PID-controller settings

Set T =0 K [ - i T — -
d P | e— || =0 70707

Run 0246810

Change K|, with slider Ti T :’.T.’—‘

. : R || =] [1.415
Change T, with slider bo . 1 I
How affect K, and T, the speed, Td (= =

overshoot and stability? | ! |

393

Proportional, derivative controller
(PD-controller)

1/0 modell (u(0)=0):

u(t) = Kp (e(t) + Tp d;it))

Transfer function:C(s) = Kp + Kps
L

or: C(s) = Kp(1+ Tps)

Kp = KpTy;

394



Step response

* The D-part acts only at the
beginning of the response then
the P-component works.

* The new steady-state depends

only on the proportional
component

) vpp(t) = Kpb(t) + Kp

(t>0)

V(f)PD

A

A

Step response for reference chan

* Better, if the Larger time constant
is cancelled

* Fast control with static error

Amplitude

Same steady-state errog

A

e : :
5 10 15
Time (seconds)

N
20

25

396



Test it!

PTH_time_PID_controller_ MSc_GainPID.vi

* Open the program PID-controller settings
. Run Kp'- - "-ITI -+
_ |,,.||1 |
° SetK _1 K_O [P prnn g |
p T T 0 2 46 810

* Change K, with slider Ki [ = )

d [ — |0 ]
* How affect K, the speed, R
overshoot, steady-state error

" Kd [ = )
and stability? A | || 0.01010;

PID-controller

* The benefits of the Pl and PD-controllers are merged in the
PID-controller.

* The PID-controller ensures at least type-one control.
* |t is the most popular controller type in the industry.



Test it!

| PTH_time_PID_controller_ MSc_TimePID_level.vi

Open the program PID-controller settings
Run

‘| e — | ]
Change Kp with slider A | o L
— 0246 8 10

Change Ti with slider

Change Td with slider Lo * Lfi 1.415 |
Try to find a setting that re ; ?'ﬂﬂl 3 10 / —
No overshoot, no steady-state d b f: IU—|
error and fast control (short o o5 1,

L&

settling time)

401

402

TUNING OF A
CONTROLLER



Tuning of PID-controller

* Controller tuning is the process of determining the controller
parameters which produce the desired output.

* Controller tuning allows for optimization of a process and
minimizes the error between the variable of the process and its
set-point.

* The problem is twofold: the controller type and their
parameters have to be set and tuned.

PID CONTROLLER TUNING IN TIME DOMAIN



The classic controller design steps

* Define the performance requirement of the
control system

* Define the controlled process signal transfer
characteristics, mostly by measurement of a
step response

* Define the type and parameters of the PID
controller

* Test the controller settings on a real system
* Fine tuning the controller

The effect of PID parameter changing on the
characteristics of the control dynamics

Increasing parameter values:

PID Steady-state .. Tendency to
Overshoot  Settling time . o
parameters error instability
Kp Decrease Increase Decrease Increase
T; Eliminate Decrease Increase Decrease

To Doesn’t affect  Decrease Decrease Increase




Tuning in time domain

Typical steps for refining the PID-controller settings are:
Use P to decrease the rise time.

Use I to eliminate the steady-state error.

Use D to reduce the overshoot and settling time.

The classic PID-controller tuning methods

Closed-loop methods, which are methods based on
experiments on the already established closed-loop system.

Open-loop methods, which are methods based on experiments
on the open-loop system i.e. on the process itself, independent
of the controller



Closed-loop methods

* Trial and Error method
— based on guess-and-check.

— the proportional action is the main control, while the integral and
derivative actions refine it.

— Criterion: the control loop is established.

Trial and Error method

* The tuning procedure steps:

* The controller gain, K,, is adjusted with the integral and derivative
actions held at a minimum (Ki,Kd=0), until a desired output is
obtained. If the control adequately fast, but not accurate enough,
the next step:

* Find the proper integration time to remove all remaining regulatory
differences.

* For a while let this setting to operate the system, then one have
expertise on operation, and it seems necessary to further
acceleration, the differentiator can be set.



Example : control of a third-order system,
front panel view

pt3_time_PID_contr_eng_dist_ aut man_ne_saturi Front Panel *
le Edit View Project Operate Tools Window Help

([ ][ 15pt Application Font |~ |[S.o~ || a2~ ][5+ [se

u manual

BIE Kp 31 26000
LIGETES

Tels1 §0.0000

With anti wind-up!

T =
Plant transfer function =it
_k ks ks 0
T 1+ T, s1+T,s1+Ty,8

C®P(s) _ Gls)
1+ C()P() 1+6o(s)

|
e 10 Vabve % [ 2196
¥ | Tenk 1(%] [~ [s039
I Tank_2[%] [ [6157 |
100-|
disturbance? Tank 3051 [N [5156
| () é o SP@E [N o000 |
I Aut? ?
]
I @ a-
| o
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
| Time e
| open-loop gain. K0 [252 Si0E

Three, serial connected first order
processes

pt3_time_PID_contr_eng_dist aut_man_no,_saturi Front Panel *

le Edit View Project Operate Tools Window Help

()[11] [15pt Aplicstion Font |

[

Manipulated variable:
inflow into the first tank

Valve % [~
Tank 1[%] [
f— —_ Tank_2[%] [~

Inflow I o — Tank 3[%] [N
1 =

P [N

Controlled variable:
Fluid level in the third tank

Time

Setting of reference
SEITE) value (Set Point)
for Tank 3 level

Parameters
of first order

I R S
PO =TT ST nsI s C(s)P(s) Go(s)

| 6= T3 c@mpe " T2 6



The Ziegler-Nichols’ closed-loop tuning method

also known as continuous cycling or ultimate gain
method

— Criterion: the control loop is established.

The ultimate or critical proportional gain Kp,;; of
a P-controller must be found, and the ultimate
(or critical) period T, of the sustained
oscillations is measured.

The critical proportional gain is the gain which
causes sustained oscillations in the output signals
in the control system without the control signal

reaching the maximum or minimum limits.

Tuning procedure

At the controller, select proportional-only (P-ONLY) control:
— set K, to the lowest value ; T; to infinity ; T, to zero. (or Ki=Kd =0)

2. Adjust the controlled system manually to the desired
operating point (start-up control loop).

3. Set the output of the controller to the manually adjusted
value and switch to automatic operating mode.

4. Gradually increase K, until the controlled variable
encounters harmonic oscillation. If possible, small step
changes in the set-point should be made during the K,
adjustment to cause the control loop to oscillate.

5. Take down the adjusted K, value as critical proportional-
action coefficient Ky;;

6. Determine the time span for one full oscillation
amplitude as T,

rit



Determine the time span for one full oscillation
amplitude

)

Controlled variable

PID parameter can be calculated from the following
table

Controller
type

P- 0. SKPCTlt
PI- 0.45Kpcrit 0.83T¢rit =
PID- 0.6Kpcrie  0.-5T¢rie 0.125T¢ry



The quarter amplitude decay ratio

* The main design criterion was to obtain good rejection of load
disturbances specified as quarter amplitude decay ratio.

* The quarter amplitude decay ratio gives systems with very

poor damping.

* Settings was modified that gives better damped system

response.

Modified Z-N closed-loop tuning

Controller
Ti TD
type

PID-

o 0.6Kpcrit  0.5T¢pit
original
PID-

0.33Kpgrit  0.5T it
overshoot
PID- no

0.2Kpcrit  0.3T¢rit

overshoot

0.125T
0.33T.;

0.5T it



Z-N closed loop, Kp,;;=4.2

{8 pt3_time_PID_contr_eng_dist aut man_no_satur_tolb.vi Front Panel

File Edit View Project Operote Tools Window Help

L

Plant transfer function
k1 L ks

Pls)=—0r T2 5
=) T+ Ty,51+T,s1+Ts

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Is
Time [

P10 %) PID-controller settings
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| o (PG Gu(s)
| # 1+ C(s)P(s) 1+ Go(s)

01 2 3 4 5 6

7 g 9

10 11 12 13 14 15

Time

Valve [%]

Tank _1[%]
Tank_2[%]

Tank _3 [%]

SP(n [%

@] [15pt Application Font |~ || S | |[&+] [¢b~ | Sear
u manual
I S
;“ZL;UE Bl Valve 3] [y |19487
- 250 Tank 103 [ [1715 |
200 Tonk 2% [~ (3320
disturbance? 150 Tank 3[%] [~ W
S A R0 YN I V.o I V.o I VN AR ELIC RN 7y
Autt E ¢ ¥ 5 £ | 57.00

63.00

[
[ ]
N



Exported image:Tcrit = 5.7-2.0=3.7s

Valve [%]
Tank _1 [%]
Tank_2 [%]
Tank _3 [%]
SP (1) [%]

Modified Z-N closed-loop tuning

Controller
Ti TD
type

PID-
o 0.6Kpcrl’t O-STcrit 0-125Tcrit
original
PID-
0.33Kpgrit  0.5T it 0.33T it
overshoot

@KPCTU 0-3Tcrit E
overshoot

Kp,crit=4.2 Kp=0.2*4.2=0.8 Ti=0.5%3.75=1.9s
Terit=3.7s




Testing ....

u manual

P(s) =

Amplitude

—

u(t)

Plant transfer function

ky ks

m = -
Y EIEES

o ) 1 cycle
29.9862| O jsw

110 Valve[#] [P |

A Tank 1 (%]

7 Tank_2 [%]
disturbance? :E’ Tank 3 (%] [~
®» P S el A~

) = —
E
H

1+T,s1+T1.51+T,5

Kp 3020000
Tils] §iL50
Tdls] 30,0000

With anti wind-up!

o) = COPG)___Guls)
| " T IR CE)P) T 1 Gols)

Dynamic performance test

110 Overshoot: (83-60)/(60-0)*100 =38%
100~ Peak Time: 4s

90— Raising time (100%): 2.5s

a0- Settling time: 12.41

0-M——

Tr=2.5s

Tp=4s

T e e e e e e L B e e o e R R B R
i 8 10 12 14 16 18 20 22 24 25
Time

Ts=12.4s



Advantages of Z-N closed-loop tuning

No a priori information on process required
Applicable to all stable processes

Only a single experimental test is needed
The controller settings are easily calculated

Disadvantages of Z-N closed-loop tuning

Time consuming
Loss of product quality and productivity during the tests

Continuous cycling may cause the violation of process limitation
and safety hazards

Not applicable to open-loop unstable process

First-order and second-order process without time delay will not

oscillate even with very large controller gain. This fact motivates
the Relay Feedback Method.

Relay Feedback Method forces the system to oscillate by a relay —
or on/off — controller.



Open-loop PID tuning methods
Reaction curve methods

It applies to plants whose unit-step response resembles an S-
shaped curve with no overshoot. This S-shaped curve is often
called as the reaction curve.

it is assumed that the process transfer function P(s), can be
approximated with FOPTD

— k —TS
P(s) = Tys+1 €
These controller parameters will typically give a response with
an overshoot about 20-25% and good settling time.

Steps of tuning procedure

Make an open-loop step test.

From the process reaction curve determine the FOPDT
parameters: k, T,, T

— k —TS
P(s) = Tys+1 €

Determine the loop tuning constants using the table



Example : Pl-control of a third-order process
1. Step respons measurement

{3 pt3_time_PID_contr_eng_dist_aut_man_no_satur.i Front Panel *

File Edit View Project Operaie Tools Window Help

(0[] [15pt Application Font |« |8 || |- |[a%~ |

u manual

200-

180-|

160~

= 140~
4 120

5
E
< 80-

40-
20-
0-

0 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15

Time.

open-loop gain, KO [4.4

SPI (1) [%]

PID-controller settings

Valve [%]

]

"

Tank 1[%] [
Tank_2[%] [
Tank 3[%] [~
SP(n [%]

Step respons measurement

Measure the third-order system step response and

approximate wit a FOPDT modell
Set the controller to manual mode

Change the valve position from 0% to 100%

Export the image

[~




Step respons measurement and graphic
approximations of system parameters with tangent
lines

200 watve [3]
/ Ten 104 [
160 - Tank_2(%] [7]

140- Tank _3[%]
% 1204 P

= 100

£
< B0

A 2 3 5 6 7 & 9 10 11 12 13 14 15
k = ﬂ = 200 =2 Time
Au 100
t=1s

The FOPDT modell

ko _
* P(s) = T15+1e ©
2 =S
* P(s) = 28541 ¢

2

* (Instead of P(s) = T

)



Test the step response

FOPTD parameters: uh) W% —— — — —l Padl :
nflow P(s) = eS
l ) =78s+1¢
LRC
=
Qutflow (free) mf—--— ----- -— /, = J..—]
= Cfox || Relw v ¢ @ F:Assuming infinite ‘505 y
max. 1% SN g Reatet B inflow capacity 111! ! f
o /
N [/
Set the process parameters (k, T1 and delay time) »?{
Controller in manual mode f0i—
Open valve manually to 100% w0- f
Run the program _E?[
D_ﬂ‘ I 1 12 : Il-l‘ 16 18 19‘9
Time

en, % [~
<.end

139737

-Elﬂl

un, % [~

Tank level % [

SPro [

valve, % .

035y end |-

1057 end [

EEFEEOR|

Step response of the FOPDT modell

Valve % ] 200
Tank level % 180:
SPr% k
160-
140
63% 120
Ml
-
E
= 100-
£ ]
<L -
80 {/

60-
2 ]
P(s) 5 ———e~5 407
28s+1 -
20-|

0: D R L R

0.1 2 2 4 5 6

R L L L IARRN L e
9 10 11 12 13 14 15 16 17 18 19 20
Time




Ziegler-Nichols open-loop tuning method

Controller type K T; Tp

p. 1n
kTt
09T,
kT
12T,
kT

PI- 3,337

PID- 27 0,51

Ziegler-Nichols open-loop tuning method

Ti=3.33*1s5=3.33s

Kp=0.9%2.8/2/1=1.26
[ 1=1s T1=2.8s k=2 J L 2 12/ J




Test on FOPDT model control

1104 un, %
100 41— Tank level %

: /\ SP,r %
905/ '\ valve, % l:l
80 Fiich 095y end [~/
?0; E f 1.05%y_end
60 J——hr— :%:}_._m:_': e e s
50 # Overshoot: (82-60)/60*100=36%
e 1 Peak Time: 3s

: f / Raising time (90%): 2s
30; j / L] Sattling time: 8.5s
203 f \
107

o & |4 6 8| 10 12 14 16 18 199

Time

Test on Third-order system

pt3_time_PID_contr_eng_dist_aut_man_no_saturyi Front Panel

le Edit View Project Operate Tools Windo,

1] (S50t Appication Fort [~ I [se
u manual
~ 100
I X cycle \
v 1127.9615) 9 G e Vahe[#] [ |26
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Tank 2[%] [~ |[6157
ﬂ disturbance? B Tenk 312 [N o156
20 —= % = /’\ POt A Joooo |
150 Aut? E
100 @ .
ES
=
0-F7 O e (R R R R R R R R AR R AR KRN KRR R A KRR AL RXARART]
I B R R B B U N E R

Plant transfer function
ks kz ks

P(s) = —2
© =17 Tros1+ T1,51 + Toys

Time

[ e |

‘open-loop gain, KO [252

20 il-
150
100
50
o

LR
Outflow

P10 [%]

PID-controller settings

Kp §i 26000
Tils13p3

Tdis] 0 0000

With anti wind-up!

c
I
I
I

I Gr(s) =

C()P(s)
1+ C(s)P(s)  1+Go(s)

Go(s)




Result of the Ziegler-Nichols open-loop tuning

140+ Valve [3%] [/
Overshoot: (78-60)/(60-0)*100 =30% Y
120- Peak Time: 3.4s Tank 1 %] l:l 939
Raising time (100%): 2.2s Tank 2% ["] [6157
100+ Settling time: 12.6s Tank 3[%] 155
3 g- SP (1) [%]
]
-:% 60 %.—-——
40-
H

204

- T T T e e
0 1 2 3|4 5 6 7 & 9 10 1 12|13 14 15
Time

Ts=12.6s

Ziegler-Nichols open-loop tuning method

Advantages

Quick and easier to use than other methods
It is a robust and popular method
Disadvantages

Approximations for the K, , T; and T, values might not be
entirely accurate for different systems

It does not hold for I, D and PD-controllers.



CHEN-HRONES-RESWICH (C—-H-R) method

* Modified Z-N open loop tuning method

* The method use “quickest response without overshoot” or
“quickest response with 20% overshoot” as design criterion.

* The method takes into account also that tuning for set-point
responses and load disturbance responses are different.

C-H-R, load rejection

No overshoot 20% overshoot
Controller
Kp Ti To Kp T; Tp
type
P 03T, 0.7T;
k1 kt
0.6T, 0.7T,
PI- =1 47 1| 237
k T k T
0.95 T, 12T
PID- -1 2.41 0427 | =21 2T 0.427
k 7 kt




C-H-R, reference tracking

No overshoot 20% overshoot
Controller
Kp T; Tp Kp T Tp
type
p 03Ty 0.7T;
k T k T
. 06T
PI- 035T 1.27 1 T
k 7 k T
06T 95T
PID- 1 T o5c | 200 14 0.47
k1 k T

Model based controls which result PID-control law

Internal Model Principle and Internal Model Control

Internal Model Principle states that control can be achieved only if the
control system encapsulates, either implicitly or explicitly, some
representation of the process to be controlled.

Instead of fixing a control structure and then attempting to “extract”
optimality from this controller, IMC postulate a model, state desirable
control objectives, and, from these, proceed in a straightforward manner
to obtain both the appropriate controller structure and parameters.

It can be stated, that depending on the numerical aproximation of the
dead time, the IMC controller for FOPDT process is PI- or PID-controller.



LAMBDA TUNING method

Disturbance * assumes a fIrSt Order
---------------------- L — time delayed closed-

] Control system
|

Referencel Error Controller i Contvrobllled Ioop dynamlc by unlty
ML RS) L s A gain

> C(s) =2 uft) P(s) =known —_—

[ : 1 :

o . e Go(s) = e TS

: I r(S) As+1

: : » Aisthe tuning

\ """""""" / parameter
Yy * Known: P(s);
Reference !

w0, ri) L Gr(S) =Tl Y e Search: C(S))

LAMBDA TUNING method

* the control variable follows the step reference change without
overshoot and without steady-state error.

* This overdamping feature can be especially useful in
applications where the process variable must be maintained
near some limiting value that the process variable must not
Cross.

* Smaller A values increase the controller performance but take
it closer to the instability region.



LAMBDA TUNING method

PI- —— T 2
k2 ! »0.2>
12T, + ¢ T
Improved PI- — T, += - 1.7
P K 22 172 g
PID 12T +7 T+ T At
K20+ 1) 172 20+0 >17

The lambda tuning parameters for a PID-controller for first-order time delayed process with
parameters gain: k, time constant: T, and time delay: 7:

Only the proportional gain needs to be adjusted!

The integral time is simply set equal to the process time constant.

LAMBDA TUNING method

* The proportional gain is inversely related to A.

* If Ais smalli.e. the closed-loop is “fast”, the controller
gain must be large.

* Similarly, if A is large (closed-loop is “slow”) the c

* Lambda tuning tends to make a slow process even
slower, causing the process variable to remain out of
steady state for a long time.

* Ais generally assigned a value between T, and 3T,
making the closed-loop response to a set-point change
up to three times longer than the corresponding open-
loop step response.



Lambda tuning let A=3 (>2.8=T1)

[ 1=1s T1=2.8s k=2 ]

Szabalyozé Ajanlas: 1/t
. Kp T; Tp
tipusa (A>0.27)
1T,
PI- - T; - >0.25
- ] >
12T, ¥ 7 T
Improved PI- — T, + = - 1.7
P K 22 172 g
oD 12T+ T+ T At
- K20+0 | T2 | 20+0 >17
T,< A <37, A > T lower limit

Kp=2.8/2/3=0.5
Ti=2,8s

Test on FOPDT model control

65 - un, %
60 Tank level %
S5 1 i o A I i I A SPr
50 E valve, % I:l
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Test on Third-order system
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Lambda tuning result, A=3

Overshoot: 0%

Peak Time: 5.4s
Raising time (90%): 3.7s
Settling time: 10.5s
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30+ Tank 3 [%]
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Performance comparison

Z-N closed-loop, Z-N open-loop Lambda =3
modified

Kp 0.8 1.26 0.5
Ti, s 1.9 3.33 2.8
Overshoot, % 38 30 0
Raising time(100%), s 2.5 2.2 3.7 (90%)
Peak Time, s 4 3.4 (5.4)
Settling time, s 124 12.6 10.5

MODEL-BASED
CONTROLS

Intelligent control systems



Optimum system

* A control system is optimum when the elected performance
index is minimized.

* The optimum value of the parameters depends directly upon
the definition of optimum, that is, the performance index

* General form of the performance integral

1= [f(e().r®).y(0).0ds

Control error dependent Performance integrals

T . * |SE - Integral Squared
ISE = _[ez(f)df IAE = [ e(t) | d Error
0 b * ITAE - Integral of Time
Multiplied by Absolute
T L Error
ITAE = _[f |e(t) | dt ITSE = jte“(t)dt * |AE - Integral of the
0 0 Absolute Magnitude of
the Error



ISE - Integral Squared Error

L= |e@ar - - ,

[l
S B

Comparison of the integrals

+ |
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* Gain scheduling based on measurements of operating conditions of the process to compensate for variations
in process parameters or known nonlinearities of the process

* the parameters are changed in an open- loop or pre- programmed manner

* Gain scheduling is a very useful technique for reducing the effects of parameter variations.

e Itis customary to keep the overall gain constant. In case of changes in the process (or valve characteristics or
measuring element), controller gain should be tuned in such a manner that overall gain remains constant.



Self-adaptive control

When the process is poorly known the self-adaptive control may be helpful.

The main reason for using an adaptive controller is that the process or its
environment is changing continuously.

To simplify the problem, it can be assumed that the process has constant but
unknown parameters.

The term self-tuning was used to express the property that the controller
parameters converge to the controller that was designed if the process was
known.

A self adaptive controller optimizes the value of certain objective function
(criterion) in order to obtain updated controller parameters.

Two examples of self adaptive controllers are Model Reference Adaptive Control
(MRAC) and Self-Tuning Regulator (STR)

Model Reference Adaptive Control

* Theinner loop contains

the regular feedback o
mechanism model
* The outer loop contains i
anh!deal reference model yvT———
which the process needs o F e *—(2)
to fOIIOW- controller o -
* The process and model DA oumsrtaop: ) o Sps
outputs are compared g
and the error function is s point
minimized through a S Controller |———s] Process |—g—s
suitable optimization g
routine in order to arrive Inner Loop |
at the re-tuned controlle ‘

parameters.



Self-Tuning Regulator

* Self-Tuning Regulator estimates the model parameters
by measuring process inputs and outputs.

* The re-tuned model eventually guides the controller
parameter adjustment mechanism.

Adjustment

Updated Mechanism |
controller e

Model
parameter [

parameters Outer Loop)

estimator Process

Qutput

Manipulated

Set point

Controller

Inner Loop |

Optimal control UL | soaen. ’é

Linear—Quadratic—Regulator (LQR) control
The settings of a (regulating) controller governing either a

machine or process (like an airplane or chemical reactor) are

found by using a mathematical algorithm that minimizes a cost

function with weighting factors supplied by a human (engineer). .

The cost function is often defined as a sum of the deviations of F
key measurements, from their desired values. 0“\?; '
The algorithm thus finds those controller settings that minimize =
undesired deviations.

The magnitude of the control action itself may also be included in

the cost function.




Model-based controls

In model-based control (MBC), computers use a process model to make
control decisions.

By comparison to PID-type approaches, the MBC action is “intelligent” and
has shown benefits in uniformity, disturbance rejection, and setpoint
tracking, all of which translate into better process safety and economics.

On the other hand, MBC requires higher skill by the operator and engineer, and
computational power.

higher level of understanding of process models means better process
understanding, better personnel training, diagnosis ability, and process
management.

There are many successful commercial controllers, and some distributed control
system (DCS) suppliers offer MBC software packages with their equipment.

THE STRUCTURE OF MBC

The controller does not have PID components and, in general,
there is only one tuning parameter per controlled variable—
the choice of how fast the controlled variable should move to
the setpoint.



Feedforward MBC

* If the model is perfect and no constraints exist,
the open loop structure will work.

e C, represents the model inverse: MBC
determines the process input that causes a
desired process output response

reference u y
—_— - (¥ T Y P .

C; = Inverse controller model of the process
P = Process

Feedback MBC

nearly all controller models are not perfect; therefore, they require some form of
feedback correction.

The difference between the model (C,,) and the process output (y) is
monitored and used to adjust (C , ) a controller feedback, which usually is either a
bias to the setpoint or a model coefficient. The controller consists of the three
functions C,, C,, and C,, enclosed by the dashed line.

______________ «— Controller

reference

O



Intelligent control decisions

The common aim of this strategy is to make intelligent control decisions

The choices of model structure, control objective, adjusting mechanism, and
adjustable parameters have led to many variations in model-based controllers

MBCs are generally classified by model type.

— The choice of model structure affects implementation, limits choices of other controller
functions, and sets the accuracy of control decisions.

— Choices for control objective, adjustment mechanisms, and adjustable parameters, and
methods for other features such as constraint handling, optimization, and data
reconciliation are influential but secondary.

In all cases, control is only as good as the model is a true representation of the
process. Initializing the controller with a model that has been validated by
process testing is the first and most critical implementation step.

Advantage/Disadvantage of IMC

* One technical drawback to IMC is that the model is linear and
stationary

* |If either the process gain or the time cconstants change, the
model-based calculations become either too aggressive or
sluggish, and therefore, retuning is required.

* This is not different from PID control, in which changes in
process gain or dynamics also require retuning.

* An advantage is that SISO IMC can be implemented with the
skill of most control engineers using standard DCS or PLC
functions.

* As a note, lambda tuning of PID controllers is based on the
IMC approach.



MIMO model

* Process and controller transfer characteristic descriptions by:
State-space representation
— The state-space representation ("time-domain approach") provides a

compact way to model and analyze systems with multiple inputs and
outputs.

MIMO
models

Model Predictive Control (MPC)

A

* The basic idea of MPC is to
predict the future behavior of the '
controlled system over a finite i = =WE~

|- ~FlEkHR) =0, M, =1
time horizon and compute an
optimal control input that, while — —»
ensuring satisfaction of given = ——
system constraints, minimizes an (ki b=, 0,1

a priori defined cost functional. I ; |

Prediction Horizon, N, !




Predictive Models as Part of the Controller
Architecture

Model predictive controllers incorporate a dynamic process model as part of the architecture of the
control algorithm

The function of the dynamic model is to predict the future value of the measured process
variable based on the current state of the process and knowledge of recent control actions. A control
action is “recent” if the dynamic response it caused in the process is still in progress.

If the predicted measured process variable does not match a desired set point, this future error
enables corrective control actions to be taken immediately, and before the predicted problem
actually occurs.

Thus, the model predictive controller exploits process knowledge contained in the dynamic model to
compute current control actions based on a predicted future.

In theory, a perfect model can eliminate the negative influence of dead time on controller

performance. In the practical world, MPC can certainly provide a performance benefit in the
presence of large dead time. This benefit comes at a price, however. The designer must identify an
appropriate dynamic model form, fit the model parameters to process data, and program the result
into the control computer.

Block diagram representing the basic structure of
MPC

Unmeasured Measurement
Disturbance Noise
Measured Disturhance noise
mdist
Manipulated j8S Linear Plant | Y/ Yo Measured
. Or
» Variable u JNL Nonlinear Plant Qutput

i jMPC —
Setpoint ) Model States

2t
setp Controller Xim

— X%
Yo ’ Model Output y Plant States
4’

m




MODEL PREDICTIVE CONTROL (MPC)

Set-point
calculations
Set points
(targets)
Process
L Predicted Inputs outputs
Prediction CD”“?' B Process P
outputs calculations
| t +
nputs Model Model C ;
outputs
Residuals

Model predictive control (MPC)

is an effective means of dealing with large multivariable constrained control problems.

The main idea is to choose the control action by repeatedly solving online an optimal
control problem, aiming to minimize a performance criterion over a future horizon, possibly
subject to constraints on the manipulated inputs and outputs.

Future behavior is computed according to a model of the plant.

Issues arise in guaranteeing closed-loop stability, handling model uncertainty, and reducing
online computations.

PID type controllers do not perform well when applied to systems with significant time
delays.

Model predictive control overcomes the debilitating problems of delayed feedback by using
predicted future states of the output for control.

Currently, some commercial controllers have Smith predictors as programmable blocks, but
there are many other strategies with dead-time compensation properties.

If there is no time delay, these algorithms usually collapse to the PID form.



The Smith predictor model based controller
architecture

Ysetpoint PID u(f) Actual v(1)
Q*; Controller Process

The Smith T )
predictor
architecture is 7| Predict y(e) Behavior | vig.(£) s
. s As I There Were o - @

comprised of an / No Dead Time YideallD) = Vprocess (1
ideal (or no dead | Process Model ;

i A Add Time Delay o
time) process d Time 1 —

model bIOCk and a T Prediction of y(1) - process

i \“‘-,t‘ Dead Time Model B
separate dead time Model Internal to Tt -
model block. Controller Architecnure

(1) = Vyroeess®) + Figeal®

L. If the model is exact, _/ ‘\ 2. The controller then receives a

this term is zero zero dead time “measurement”
predicted by the model

Internal models and robust controls

* Internal model control systems are characterized by a control
device consisting of the controller and of a simulation of the
process, the internal model.

* The internal model loop computes the difference between the
outputs of the process and of the internal model

* This difference represents the effect of disturbances and of a
mismatch of the model.



Internal model control characteristics

If the process and the controller are (input-output) stable, and if
the internal model is perfect, then the control system is stable.

If the process and the controller are stable, if the internal model is
perfect, if the controller is the inverse of the internal model, and if
there is no disturbance, then perfect control is achieved.

If the controller steady-state gain is equal to the inverse of the
internal model steady-state gain, and if the control system is stable
with this controller, then offset-free control is obtained for constant
set points and output disturbances.

Summary

Model-based controllers have demonstrated economic advantages over
classical PID approaches, but they also have disadvantages.

In order to develop a front-end model one must initiate substantial
process disruptions (step tests) or initiate expensive engineering efforts.

Often, additional or improved sensors are also required. Although SISO
model-based controllers can be implemented in existing DCS or PLC
microprocessors, often an additional microcomputer is also required for
model-based controllers.

The technology of the modeling, controller, tuning, and optimization
approaches requires operator and process engineer training.

Accordingly, MPC methods are recommended for difficult-to-control,
multivariable, constrained, and/or economically critical processes.



FUZZY
CONTROL

Intelligent control systems

What is fuzzy logic?

Fuzzy logic is a superset of conventional (Boolean) logic that has been
extended to handle the concept of partial truth -- truth values between
"completely true" and "completely false".

A form of knowledge representation suitable for notions that cannot be
defined precisely, but which depend upon their context. It enables
computerized devices to reason more like humans.

Motivations:

Alleviate difficulties in developing and analyzing complex systems
encountered by conventional mathematical tools.

Observing that human reasoning can utilize concepts and knowledge
that do not have well-defined, sharp boundaries.



* Apparatus of fuzzy logic is built on:

* Fuzzy sets: describe the value of
variables

* Linguistic variables: qualitatively
and quantitatively described by

Basic Concepts of fuzzy sets
FUZZY Logic * Membership functions:

constraints on the value of a
linguistic variable

* Fuzzy if-then rules: a knowledge

Fuzzy Set: Contain objects that satisfy imprecise properties of
bershigg,ygecﬁypgosz.set is a set with a smooth boundary.

) ~mem
Classical Set (Crisp) Contain objects that sa

membership: ties of Fuzzy set example:
Example: Set of heights from 1.5 to 2 meter The set of heights in the region around 1.75 m
=LA H(x)E {0'1 } Membership Function
A 0x A Characteristic Function 1 A
[ —
] .
1.5 2 g 15 7 X (height)

A fuzzy set is defined by a functions that maps objects in a
domain of concern into their membership value in a set.
Such a function is called the membership function.



Membership function

VxeX: ux) >0,

* 1(x) the bigger the better x meets the evaluation criteria by
an experienced professional.

*Example: A
. 0.9-
Continous -
membership 071
. 0.6-

function

05-
0.4-
0.3-
0.2-

»

approx. 8
i pp 0.0 7 7 7 ; \ . | . . \ ] Ve
0.0 1.0 2.0 3.0 4,0 5.0 E.0 7.0 8.0 9.0 10,0 11,0 120

A :{(x,yA(x)ij(x): [1+(x—8)4r; X e X}

Features of the Membership Function

* Core: comprises those elements x of th

universe such that ®, (x) = 1. ) o

[
* Support : region of the universe that '
is characterized by nonzero membership. \
0 "
° Boundary . boundaries comprise e '
those elements x of the universe such that 0{
O<m, (x) <1 Boandiry Boundary

S(A) = {x e X[, (x)> 0},5(A) = X



Features of the Membership Function (Cont.)

* Normal Fuzzy Set : at least one element x in the
universe whose membership value is unity

A

(a)

H(x)
1

1
X 0

0

w(x)
/\
x

(b)

Fuzzy sets that are normal (@) and subnormal (b).

Height of a Fuzzy Set

hgt(A) =max[ 1,(x) ]VxeX
Normalization: divide by height

Operations on Fuzzy Sets

* Logical connectives:
— Union
* AU B : py p(x) =max [ us(x), ng(x) ]
— Intersection
* A o B:sx) =min[p(x), uex) ]

— Complementary
o A > A% 1(x) = 1- pu(x)



Operations on Fuzzy Sets

Union Intersection

0.8+ p
0,8+

0.7+
06+
0.5+
0.4
0.3
0.2+
01
0.0-+

A, ={x1qx), xe X} A; € PX), i=1..n

* Fuzzy-AND

. 1-5
Hang =0 -MN (4t00) += = > p1n 09

i=1..n.

* Fuzzy-OR 1-8
Hop = & -Max (4, 0) +T-ZﬂA,-o<>

i=1..n.

* y-union

09~ TLag 0] - TT6-a )|

i=1..n.



Guidelines for membership function design

* Always use parameterizable membership functions. Do not define
a membership function point by point.

— Triangular and Trapezoid membership functions are sufficient for most
N

practical applications! /\ 1 / \

* Designing Antecedent Membership Functions
— Each Membership function overlaps only with the closest neighboring
membership functions;

— For any possible input data, its membershlp values |n aII relevant fuzzy sets
should sum to 1 (or nearly)

Fuzzy control

* Fuzzy systems have been applied to a wide variety of fields
ranging from control, signal processing, communications,
integrated circuit manufacturing, and expert systems to
business, medicine, psychology, etc.

* the most significant applications have concentrated on
control problems



Fuzzy systems can be used either as

* open-loop controllers

— the fuzzy system usually sets up some control parameters and then
the system operates according to these control parameters.

— Many applications of fuzzy systems in consumer electronics.

* closed-loop controllers

— the fuzzy system measures the outputs of the process and takes
control actions on the process continuously.

— Applications of fuzzy systems in industrial processes.

Fuzzy control examples

* Washing machine
«  (https://www.samsung.com/in/support/home-appliances/what-is-fuzzy-logic-in-a-washing-machine/)

* Most fuzzy logic machines feature ‘onetouch control.” Equipped with energy saving features, these
consume less power and are worth paying extra for if you wash full loads more then three times a
week. Inbuilt sensors monitor the washing process and make corrections to produce the best
washing results.

* fuzzy logic controls the washing process, water intake, water temperature, wash time, rinse
performance, and spin speed. More sophisticated machines weigh the load (so you can’t overload
the washing machine), advise on the required amount of detergent, assess cloth material type and
water hardness, and check whether the detergent is in powder or liquid form. Some machines even
learn from past experience, memorizing programs and adjusting them to minimize running costs.

* The fuzzy logic checks for the extent of dirt and grease, the amount of soap and water to add,
direction of spin, and so on. The machine rebalances washing load to ensure correct spinning. Else, it
reduces spinning speed if an imbalance is detected. Even distribution of washing load reduces
spinning noise. Neuro fuzzy logic incorporates optical sensors to sense the dirt in water and a fabric
sensor to detect the type of fabric and accordingly adjust wash cycle.



Simplified fuzzy control modell

Laundr
P 44 Automated —> Wé shing________

Quantity ycle
Laundry Selection » Washin

Softness Time .
o

* Fuzzy Logic: Intelligence, control, and Information, J. Yen and R. Langari, Prentice Hall

Fuzzy control examples

Membership Functions of Laundry Softness

p 4 Hard Normal Normal Soft
Hard  Soft

* Inputs = -
—Laundry Softness 52 £z<
.Y

—Laundry Quantity Launry Sofiness

Membership Functions of Laundry Quantity

) O u t p u t S Small Medium  Large

n
—Washing Cycle %
Laundry’Quantlry

—_ Wa Q h inoc Time Membership Functions of Washing Cycles

Laundry Washin
Quantity > Automa;}—' Cyclleg
Laundry Selection Washing _
Softness Time

i P@ j ’
|

1 Delicate Light Normal Strong

WashinECycle



Fuzzy rule relates fuzzy sets

IF X is A, THEN V is

* A and B are fuzzy sets and subset of X and Y variables
Fuzzy logic is a superset of conventional
(Boolean) logic that has been extended to
handle the concept of partial truth -- truth
values between "completely true" and
"completely false".

Rule base
Quantity

Small | Medium | Large
Softness
Soft | Delicate | Light | Normal
Normal Light | Normal | Normal
Soft
Normal Light | Normal | Strong
Hard
Hard Light | Normal | Strong




Control Surface View, Rule View
AND: min, B:min aggregation:max

softness cycle

—

06 06 0 1

Load Sway Example

Cranes load and unload
containers to/from ships

- Load always sways

- Swaying load may hit other
containers

- Swaying load cannot be
released




Load Sway Example

Ineffective solutions: Why the problem was not solved by the
1.  Position the crane over the target and classical control theory?
wait for sway to subside PID control:
2.  Move container slow, so no sway occurs - The problem is non-linear
3.  Use additional links (cables) to fix the (for example, sway minimization is
load in place and prevent sway important only close to the target)
Most cranes are still controlled by human - Many unknown variables
operators that have skills to quickly Model-based control:
compensate the swaying of the load! - Fifth-degree differential equation that

describes the system

- Works in theory, does not work in
practice
(too many simplifications and unknown
variables)

Load Sway Example

Heuristic strategy:
e Start with medium power.

* If you get started and you are still far away from target, adjust the motor
power so that the container gets a little behind the crane head.

* If you are closer to the target, reduce speed so the container gets a little
ahead of the crane head.

* When the container is very close to the target position, power up the
motor.

* When the container is over the target and the sway is zero, stop the
motor.



o u A W N

Load Sway Example

Fuzzy controller

Distance, Angle
(Linguistic \Varia

Mator Powear

. Fuzzy Inference:
Li (Lingwistic \Fariabie)

Linguistic
Level

Technical
Level

Distance, Angle Maotor Power
{real Variahles) freal Variabie)

IF...THEN... Rules

. IF Distance = far AND Angle = zero THEN Power = pos_medium

. IF Distance = far AND Angle = neg_small THEN Power = pos_big

. IF Distance = far AND Angle = neg_big THEN Power = pos_medium

. IF Distance = medium AND Angle = neg_small THEN Power = neg_medium
. IF Distance = close AND Angle = pos_small THEN Power = pos_medium

. IF Distance = zero AND Angle = zero THEN Power = zero

Spreadsheet Rule Editor - RB1

22] IF THEN -
%{" L Angle Distance DoS Power

1 ZEro far 1.00 |pos_medium

2 neg_small far 1.00 |pos_big

3 neg_big far 1.00 |pos_medium

4 neg_small medium 1.00 |neg_medium

5 pos_small close 1.00 |pos_medium

[} ZEro ZEro 1.00 |zero |
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Rule’s representation

IF X=A1 THEN Y=B1 Rules are 2D fuzzy sets over X®Y space
IF X=A2 THEN Y=B2
IF X=A3 THEN Y=B3

Rule Evaluation

Fuzzy logic is based on the concept that most complicated problems are
formed by a collection of simple problems and can, therefore, be easily
solved.

Fuzzy logic uses a reasoning, or inferencing, process
composed of IF.. THEN rules, each providing a response or outcome.

Basically, a rule is activated, or triggered, if an input condition satisfies the
IF part of the rule statement.

This results in a control output based on the THEN part of the rule
statement.

In a fuzzy logic system, many rules may exist, corresponding to one or
more IF conditions



Output from multiply rules

Condition Action
Rule 1: IF A, THEN Y,
Rule2: IF A, THEN Y,
Rule 3: IF A, THEN Y,
Rule 4: IF A, THEN Y, —l
Logical sum of
all actions
Defuzzification

Control output
to field device

A rule may also have several input conditions, which are logically
linked in either an AND or an OR relationship to trigger the rule’s

outcome
Condition Action
Rule 1: |IF A, AND B, AND C, THEN Y,
Rule 2: |F A, OR B, THEN Y.
Rule 3: |IF (A, AND B,) OR C, THEN Y,




An example of two fuzzy inputs, X; and X, , and one fuzzy

output, Y, .

Grade
1 NL ZR PL
08 N/
1
04l - /N -
0 .
T
X
Grade
(@ S ZR PL
075 -
025} -
0
T
X
Rule
1 F X =ZR AND X=NL THEN
(b) 2 F X=2zR AND X,=ZR THEN
3 F X,=PL AND X,=NL THEN
4 F X, =PL AND X,=ZR THEN

Input X,

Fuzzy processing example

| Rule
1

IF X,=ZR AND X,=NL THEN ¥, =NL =
2 IF X,=ZR AND X,=ZR THEN Y,=ZR
3 IF X,=PL AND X,=NL THEN ¥,=PL
4 IF X,=PL AND X,=ZR THEN Y¥,=PL
Grade
1 ML ZR PL
due to X,
0.75
0.6
due to X,
0 Output Y,

The logical AND function specifies that the
fuzzy controller will select the lowest grade
(0.6NL) as the outcome of the rule.



Fuzzy logic rules with two inputs are often represented in matrix form to
represent AND conditions.

IFX,=@ ANDX?F THEN Y, =(PL
X,
NOIEIE

NL ZR NL NL
(zR) ZR PL
PL NL NL ZR

S PM

Fuzzy Outcome Calculations

0.6 -
* Once aruleis triggered, meaning that © o4 .
the input data belongs to a 0% - oo "
. . . . Input 60%
membership function that satisfies - A
the rule’s IF statement, the rule will 3 FRINE THEN FoTOR
(b) 3 IFFI=ZR THEN FO=ZR v’
generate an output outcome. 4 IEFI=PS THEN FO=PL v

* This fuzzy output is composed of one
or more membership functions (with

labels), which have grades associated “’

W|th them O = Dutput FO
* The outcome’s membership function oo - "

grade is affected by the grade level of v

the input data in its input membership R B g

function. obe L ouput o

Output 1 is 60% (or 0.6) of the ZR output
Qutput 2 is 40% (or 0.4) of the PL output.

Grade



Example

* Two cars separated by a distance d , which can range
between 0 and 120 feet.

* Car 1travels at a speed of v, ranging from 0 to 80 mph.
* Depending on the speed and distance, car 2 has several
braking options (B) ranging from light to hard if car 1

slows down or stops.

Car 2 Car1
d = distance between cars

v = velocity (speed) of car 1
B = braking strength (function of dand v)

Two input fuzzy sets: distance and speed

* The distance fuzzy set ranges from 0 to 120 feet
* The speed fuzzy set ranges from 0 to 80 mph.

Grade
Short Normal Long

1 NL ZR PL
0 d: distance (input)
0ft 60 ft 120 ft
Grade
Low Normal High
1 NL ZR PL
v: speed (input)

0
0 mph 40 mph 80 mph



The output fuzzy sets

(braking strength)
ranges from light braking to hard braking

Grade

Light Normal Hard
1 NL ZR PL

0 - B: braking (output)
Light Mormal Hard
Braking Braking Braking
Pressure Pressure Pressure

The fuzzy system’s rules

* Example rules:
* |F the distance between the two cars is long and the speed is

normal, THEN brake lightly.

Fuzzy Rules

* IFd=PLAND v =ZR THEN B = NL

IF d=NLAND v=NL THEN B =ZR
IF d=NLAND v=ZR THEN B=PL
IF d=NLAND v=PLTHEN B=PL
IF d=ZR AND v=NL THEN B = NL
IFd=ZR AND v=ZR THEN B = ZR
IF d=ZR AND v=PL THEN B = PL
IF d=PL AND v=NL THEN B = NL
IF d=PLAND v=2R THEN B = NL
IF d=PLAND v=PLTHEN B=Z2R

W oo ~N ot B W N =




Rules in matrix form

S Short Normal Long
F‘E,E NL ZR PL
Low ZR NL NL
NL (Brake Normal) (Brake Light) (Brake Light)
Normal PL ZR NL
ZR (Brake Hard) (Brake Normal) (Brake Light)
High PL PL ZR
PL (Brake Hard) (Brake Hard) (Brake Mormal)

Let: inputs d =45 ft and v = 65 mph.

Grade

* Eachinput Short  Nomal Long
triggers 1
(crosses) two 075+ N\ -
membership .
functions: 0254 :
* inpUt d crosses 0 i d: distance (input)
membership oft  45ft 120 ft
functions ZR Grade
?nd NL, 1 h?.w Nc;E]a| HFI»?_h
* input v crosses
membership 0625+ -\ - /- - -\
functions PL |
and ZR. 03T /SN~ /N
0 1

v. speed (input)

65mph 80 mph



These inputs trigger four rules: active rules (firing

rules)
0.25 0.75
SR Short Normal Long
P‘E NL ZR PL
Low ZR NL NL
NL (Brake Normal) (Brake Light) (Brake Light)
Normal PL ZR ML
0.375 ZR (Brake Hard) (Brake Normal) (Brake Light)
0.625 High PL PL ZR
PL (Brake Hard) (Brake Hard) (Brake Normal)

=

The rules’ outputs will correspond to the smallest input
grade value (AND)

IF d=NL AND v=2ZR THEN B=PL
Qutcomes Triggered Qutcomes Selected

NL ZR PL

| min >

Outcome of the first active rule



Rule 3 IFd= IDv=PL THEN 8=PL
NL ZR PL

N

Outcome of the second active rule

IFd=2R AND v=2R THEN B=7R

1 NL Z PL

Outcome of the third active rule

IFd=ZR AND v=PL THEN B=PL

L 1 NL ZR PL
0.625M
B 0 B

Outcome of the fourth active rule

| min




Fuzzy output: union of active rule’s outputs

B: braking
strength

Expert knowledge

Fuzzy logic requires knowledge in order to reason. This knowledge,
which is provided by a person who knows the process or machine
(the expert), is stored in the fuzzy system.

For example, if the temperature rises in a temperature- regulated
batch system, the expert may say that the steam valve needs to be
turned clockwise a “little bit.”

A fuzzy system may interpret this expression as a 10-degree
clockwise rotation that closes the current valve opening by 5%.

As the name implies, a description such as a “little bit” is a fuzzy
description, meaning that it does not have a definite value.



Controller design procedures:
Classic controller vs. fuzzy controller

Models:
«  Process Controller’s
Model level . Requirements Controller design > transfer properties
Model building Implementing

Process level

Control problem
definition

Fuzzy controller design > Controller

Intelligent control systems
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FROM DIGITAL PI
CONTROL

TO FUZZY PI
CONTROL



PID digital

de(t))

1 t
u(t) = Kp <e(t) + FJ;) e(t)dt +Tp It

1

4 € —€
i} eT+T, ") Mj
T

u =K.l e +
n P(n Tli:1

18 e(n—l) B e(n—Z)
€y + ?ZeiT +Ty N

. u =K
substraction (- P( o

T T,
AU, = U, —Ug sy = K,{(e,1 —ey )+ et ?D(en —2e, )+ e(nz))]
U |
T T
Uy = Uy + KP((en - e(n—l))+ -?en + ?D(en - Ze(n—l) +€0 2 )j
|

Digital Pl-algorithm

T
Uy =Ugpgy + Kp [(en —e(nl))+T—en]
|

Un = U(nfl) +Aun

Au, =K, [(en —e(nl))+_|_len]
|
The controller \ﬁ(_/
output change is LYJ
proportional to Error
change:
Aen:en_en-l

Error: e,



Pl control strategy

T
Au, =Kp ((en —e(nl))+?enj
[
Error

change:
Aen=en-en-1

Error: e,

* If erroris pos then increase the controller output

* If error is negative then decrese the controlller output

* If error change is pos then increase the controller output
* If error change is neg then increase the controller output

Write in matrix form AunzKp((en—e(nl))+Tlen]

If error is pos then increase the controller output!

If error is negative then decrese the controlller output!

If error change is pos then increase the controller output!
If error change is neg then increase the controller output!

Consider two variable: e_n and De_n:
IF e_n=pos AND De_n=Pos THEN DU_n = pos
IF e_n=neg AND De_n=neg THEN DU_n = neg

Etc.:
neg neg neg
zero neg zero pos

pos pos poz



Write in matrix form

If error is pos then increase the controller output

If error is negative then decrese the controlller output

If error change is pos then increase the controller output
If error change is neg then increase the controller output

Neg+pos=zero
zero neg zero pos

pos Pos+neg=zero pos poz

Rule base of a Fuzzy PI controller !

DC motor fuzzy speed control




DCmotor

Load

Motor voltage: ELVIS

0. analog output ’\

System Schematic

Rpm: ELVIS
4. analog input

A schematic of the DCMCT system interfaced with a DAQ device is provided in Figure B.2.3.

AMPLIFIER

DAQ SYSTEM
Command Current Encoder Tachometer
AD #0 Al #0 DI #0 Al #4
AN
POWER

CURRENT
SENSE

MOTOR + ENCODER

TACHOMETER

Figure B.2.3. Schematic of QNET-DCMCT system.




The specifications on the DCMCT system sensors are given in Table B.2.3.

Current Sense:

Current calibration

Current sense resistor ohms
I —
Encoder line count 1024 lines/rev
Encoder resolition {in quadrature mode) 0.0879  |deg/count
Encoder type TTL

Encoder 5@1&15

——
Tachometer calibration at QNET A/D input 1050 RPM/V

Table B.2.3. DEMET sensor parameter specifications

43 QNET DCMCT Speed Control [04-QNET_DCMCT_Speed_Contral.vi] Front Panel *

File Edit View Project Operate Tools Window Help
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Speed Pl control
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180

170 K f
|
|
|

165 J
160 [

155 l

|
|
|
K

150
|

—
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Block diagram of the fuzzy motor control

Fuzzy controller Uz U, +dU,

r e du, Plant: DC motor
Oy d y (t)

a Fuzzy (Ul

olav Fuzzifier ™ inference ™ Defyrrifiecl | 4 | Power A
b delay c;gtin;‘ Defuzifie]| Sl PV Lyl Load l—».
amplifier

) Rules

Tacho




Measured rpm data must be filtered (smoothed)
before the controller

raw 8 filtered rpm data

1275- raw rpm [~
1270 - filtered [
+20rpm
scattering 1265-
o 1260 - LI L r{v
2
= 1255-
=
<L 1250-
1245-
Filter: weighted 1240 -
avareage 12351 |
11421 11521
yn=095"yn1+0.05%n; i Time
n |
Block diabram
Fuzzy controller Uz U, +dU,
Iy e du, Plant: DC motor
Ors ", y(t)

) Fuzzy . )
Fuzzifier 9 inference - Defuzzifier | power L

o delay engine T Motor Load fr—
N T amplifier

de, [Rules ]

filter Tacho [t

Y

Filtering means a plus first order component in a control loop!



Rule-invoked

Reference

a0
fJoso
Controller
load

ﬁj
Cycle time

Motor Fuzzy Pl-control

Fuzzy controller,

aktivity factor is

color-coded

1962

6562 gk |

B, Jo-0  oeIQ

Fuzzy rules in matrix E—-"

Motor speed

Fuzzy rules: activities

Parameter estimation from the step response of the

0.63 + Ay

~

system
J

40+
354

\u

305
75
20
154

Ay

v d

] ] 1 ]
20 25 30 35 40 45 50
Time

55 60

1 [ [ ]
65 70 75 80



Block diagram in LV program

* Desired set point (reference) can
be set manually or periodically
(square)

* The amplitude of the disturbance
can be set

Fuzzy Pl-controller

NegL  |Neg 2 Poz Pozl

T et e e [aa N

NEGL  |NEG NEG ZE/l 53 NES

NEG NEG 3 POz 3 £

NEG 3 POz POz pozL ez

3 POz POz pozL pozL et

Outp
Input LV:

— error[e(iT)=r(iT) — y(T) ] [5 terms: NL, N, ZE, P, PI]

—  Error derivative [De(iT)=e(iT) — e((i — 1)T) ] [NegL, Neg, Ze, Poz, PozL]
Output LV:

— Change in motor voltage [A X, (iT) ] [NEGL, NEG, ZE, POZ, POZL]
Rulematrix: symmetrical diagonally
Example: IF e_n = NLAND DE-n = NEG THEN Du_n = NegL



Example |

example |
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Settling time, example I.

1750

SET value
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X FUZZY CONTROLER
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Losd new fuzzy controller!
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End of simulation
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1700 [t/min) 1 dxv
Amp. P
¢ ox Gy -0,0004 TACHO
20000 L e
Freq. 30002
Ho.s50 2000 '[-j:‘fu RULE BASE Ldv;ouT
o v
Offset. 1000 LVINL LI
:) — [ X A u NNeg INag 'zsi [poz ]NPoz Term_OUT

{1/min]

CONTROL VARIABLE

Physical Channel
B pen/ois

Load new fuzzy controller?
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End of simulation
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Tls]
LT
40005

ze INeg  Neg |z = [poz

Neg IZE |r IPnz INPoz

3 Pez [Pz Necz  fneoz
0E+0 0E+0 0E-0 0E-0 0E-0
00 Joses  Jizer  Joeeo ko
0e0  J17e2  fseEl  JoE0 0E+0

e Joro om0 Joeo  Joeso

0E-0 JOE-0 0e-0 o0 Joe0

0 20 a0’ e00 800
Time
Xa ~ j}1700,00 £l ]
xe B ]imuz
o WM




Settling time, example Il.
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Settling time, example Il.
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LabVIEW
Fuzzy system
designer
in tools menu

The fuzzy controller can be

designed in a separated
window (GUI).

Choose Environment
Measurement & Automation Expl
Instrumentation

Real-Time Module

FPGA Module

MathScript Window...

DSC Module

Compare
Merge
Profile
Security
User Name...

v v ww

Build Application (EXE) from V1...
Convert Build Script..

Source Control »
VI Analyzer »
LLE Manager...

Import >
Shared Variable »
Distributed System Manager

Find Vis on Disk...

Prepare Example Vls for NI Example Finder...
Rermote Panel Connection Manager...

Web Publishing Tool...

Actor Framework Message Maker...

Control Design and Simulation
Create Data Link...

Find LabVIEW Add-ons...

MXT Application Browser...

-

Launch Control Design Assistant..
Launch System Identification Assistant...
Linearize Subsystem...

Simulation Model Converter...

Fuzzy system designer

{3 DC_f_sim_contrlfs - Fuzzy System Designer

:

File Operate Help

Variables | Rules | Test System

Input variables

en
Den

Output variables

Dun

Input variable membership functions

‘_ _,_
—
—
|

Range

vz

ERYEG

WYY

MINYY




Edit variable window

Fuzzy
Fuzzy variable
variable Range
3 Edit Ve Name | b . |
Name Rafge Membership functions graph
en 2400 | 2400 i m =
minimum maximum N =~
A = =~
Membership functions % ® =~
=k, n =~
Name i Color
NL Trapezoid [~ [ £ 04+
Points = 02
-2400 -2400 -250 -20
0 ] ] | | | | i |
-2400-2000 -1500 -1000 -500 0 500 1000 1500 2000 2400
[} e = Rance
[ ok | [ cancel | [ Help
Fuzzy term = )
Name Edit bershi Switch btw
It membersni
P fuzzy terms

Rule
editor

Rules edited in

IF ...

THEN .... Form

according to the next
steps:

0.P
1

ress +

Select antecedent
terms

Select consequent
term

The rule defined in
list

Select defuzzification
method

Save

function points

*f sim_contrLfs - Fuzzy System Designer
— i

Operate Help

riables | Rules | Test System

ules

15 'Neg' THEN 'Du_n'IS 'NEGL
= n' IS 'NL' AND 'De_n"15 "Ze' THEN 'Du_n' IS 'NEG'

4.TF 'e_n'IS'NL' AND 'De_n' IS "Poz' THEN ‘Du_n' IS 'NEG'

5.1F 'e_n'IS'PL' AND 'De_n' IS 'Pozl’ THEN 'Du_n'I5 ‘POZL'

]

6.1F 'e_n’ IS 'N' AND 'De_n' IS 'NegL' THEN 'Du_n' IS 'NEGL' 4
T.IF 'e_n'IS'N' AND 'De_n' IS 'Neg' THEN 'Du_n'I5 'NEG' M
8 IE ot 1e 1 AN e 1 7o T to -
1- Defuzzification method 3
Center of Area [=]
Antecedents I THEN | Consequents
en [=] [ = =] m (=] Du_n [=] - |z [+]
Den [=] | = [=lion [=]

Antecedent connective

AND (Product) [=]

Degree of support
1.0000 3

Consequent implication

Minimum




|/O surface of a fuzzy controller

Input variable(s) Input value(s) Output variable(s)  Output value(s) Input/Output relatienship
en 0 L Du_n 0
Den 0

Plot Variables a
Input variable 1 Output variable
xaxis |e_n E zaxis Du_n |z|
U 1
-2400 <1000 0 1000 2400 05
Input variable 2
yaxis |De_n E o
U 05 Mumber of input 1 samples Number of input 2 samples
1 20 [ ERE

80 50 -25 0 35 50 80

LabVIEW Fuzzy system designer

* The fuzzy controller have to be saved in a file

* The LV program calls this file

Rule-invoked?

lTFI

Load new fuzzy controller?

LOAD

I DC_f_sim_contr




Rules are only listed in
Fuzzv svstem desiener In the simulation we can
see rules in matrix form

Rules

2.TF 'e_n'IS'NL' AND 'De_n' IS 'Neg' THEN 'Du_n" IS 'NEGL
3.IF'e_n'I5'NL' AND 'De_n' IS 'Ze' THEN 'Du_n' IS 'NEG'
4.IF 'e_n'I5 'NL' AND 'De_n' I8 'Poz’ THEN 'Du_n' I3 'NEG'
5.IF'e_n'I5'PL' AND 'De_n'I5 'Pozl’ THEM 'Du_n' I3 'POZL'
6.IF 'e_n'I5'N' AND 'De_n' IS 'Negl' THEN 'Du_n'I5 'NEGL'
7.IF'e_n'I5'N' AND 'De_n' 15 'Neg' THEN 'Du_n' I3 'NEG'

© Tl o TE IR ARIN Mo o TC 17 TLIERL P, ! TC IRIER!

LV_IN2

RULE BASE

LV_ouT

— IDe—" Term IN2 un
Ie:n—TElmJNl NeglL INEg IZE IPoz IPozL Term_OUT

NL NEGL NEGL NEG NEG 7 ML

N NEGL NEG NEG € POz iEC

ZE NEG NEG I POz POz B

P NEG 7E POz POz pazL I

PL 7 POz POz POZL pazL ol

Fuzzy Pl control simulation:
Block diagram
u=U,,+40,
Fuzzy controller
r - - du,
e, Plant: DC motor y(t)
(«")rq‘ -
. o Fuzzy @
Fuzziir| ) inferonce - peruzziien L] P Lt ol ioad |l
n amplifier
¥
Rules
Tacho -t

DC motor transfer characteristic: first-order + time delay: FOPTD system:

P(s) =

TS5

Tls‘l‘].e

The model parameters have to be estimated for simulation are k: gain, a T, : time
constant and t time delay.



Simulation of Fuzzy Pl-control

Fuzzy controller, FOPDT
aktivity factor is Motor model

—— [——
- _coorcosed SRR parmeies Sy
: orco

v

Rule-invoked

Reference

il
Cycle time [ I
|

Fuzzy rules in matrix
form

No active rule

H

EE
-

"7
o6t

E

e
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—
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|




No active rule

_sim_contrir2fs
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Fuzzy Pl-control: a: revision, b: error in the rules

#[5][@[n]

No active rule: the controller output will freeze
(Too large error or error-change: out of defined input limits )

TR .
Be §& Yoo Post Qpoate Jook Window Hep
2@ 8|




The membership functions covers the possible input
domains

Smaller rule base

o Joeo oeo  Joeo oo Joro
e« iies  fieeo  foeeo  foeo
e Jiseu  Ji4es oo ok
e« Joewo  foeeo  foeo  foeo




Intelligent control systems

577

SOFT CONTROL OF
A 1 DEGREE-OF-
FREEDOM
HELICOPTER
MODEL

Experimental setup

counterweight

encoder

* The Quanser
Vertical Take-Off
and Landing (VTOL)
Trainer is a balance
like, 1 DoF
helicopter model
The system consists
of one variable-
speed fan with
safety guards,
mounted on the
end of a
cantilevered arm.

* The VTOL device

Var.speed pivots about the
motor pitch axis



VTOL model interfaced with a DAQ device

DAQ device:
NI-ELVIS board

Controller: PC

Measured Process Variables
(PV):
* Position measurement:
* Optical encoder
* analogues variables:
* Armature current

Manipulated variable (MV):
* motor voltage:
* Pulse-Width Modulated§f)
(PWM) Power amplifier

The control algorithm was

developed in:

* LabVIEW graphical
programing system

Equilibrium state

Variable speed of fan - change in pitch position

Change in motor voltage: change in armature current: change in torque: change in
pitch position



Free-body diagram of 1DoF VTOL

* The torque generated the propeller and the gravitational torque
acting of the counter-weight act in the same direction and

* oppose the grawtatlonal torques on the helicopter body and

propeller assembly
Ln _— :‘
Iz e il " =
w2, o0
« ",, = \ Body ) 4
y /Q/‘\Tmo
W mo _
1=
= KT

K, 1s the thrust current-torque constant

With respect to the current, the torque

equation: ; 1
‘KrIm + 11y g cos(8()) 1y - mygcos(b(z))]) - 2" e cos(8(1)) L;, =

Cascade control

The VTOL device is broken down into two subsystems:
— the voltage-current dynamics of the motor
— the current-position dynamics of the VTOL body
Two different dynamic requres different control strategy:
Cascade control:
— Inner control loop: slave controller tuned for the voltage-current dynamics of the motor
— Outer control loop: master controller tuned for the current-position dynamics of the
VTOL body
This arrangement models the situation of a manual expert control:
a build-up, low level servo control (inner loop)
and Human Operator supervisory control: (outher loop)

Human Operator Type Control: Fuzzy Logic Controller as master controller in
outher loop



Block diagram of the Cascade control

outer loop -
pich sl Inner loop
e (ir]_'—- fu "PwM| U e ; pitch
zzy motor position PV
delay .| controller AL amp. | (V) |current proc proc. o

T

The cascade control consists of two nested control loops:

the inner loop with a Pl current controller is designed to regulate the current
inside the motor according to a desired current reference.

(Process Variable (PV) : | armature current ; manipulated variable (MV)): U motor
voltage.

The current reference is genereated by the controller in outher-loop : a Fuzzy PI-
controller

(Process Variable : the pitch of the VTOL trainer; output variable: Current Set
Point (SP))

Cascade control loops
on the LV front-panel

outer loop

Inner loop

pitch
urrent pitch
PI controller PWM| u motor PV position Py |,
amp. [(v) | current proc proc ‘
? o
\ »
o
o
o
.
.
x 2y comtRoLsR
& 1 ponition LF3 mply  enable out
>4 I » >
— — N T | - f—
;. 0 n_l?“xl". . : : |l | erocess vasiasLe
i .
hatmanidl | NCODER,
SigmaType




The fuzzy Pl controller

van (as master)

Output LV:
Current SP
change

Rule-block
(5x5=25 rules)

nput linguistic variables

1Ei:| —_— 1. Error [Err(iT)=SP,os(iT) — PV,0s(iT) ] [5 terms]
0= 1 | 2. Delta Error[D_Err(iT)=Err(iT) — Err((i - l)T) 1[5 terms]
1 1 Output linguistic variable: (manipulated variable (MV)).
; B ] — Requred change in motor current [D_I(iT) ] [7 terms]
) | | The rule-base is simmetric for a diagonal

Rule example: IF Err = NN AND D_Err = NEG THEN dXv = Nneg
Defuzzification method: CoA (Center of Area)

Control requirements

1. disturbance rejection — staying at a given setpoint and
2. command tracking — implementing setpoint changes
* Requirements in VTOL control:

— Avoide unstable states: growing sinusoids are not allowed
— max 20% overshoot

— to reach the setpoint more quickly : low rise time and settling time

* Problem: the system is highly nonlinear and unstable!



1. Problem: too slow command tracking or unstable

behavior _
mady Outer loop:
* Plwastuned for =
disturbance m\
rejection at I \/\J\w =
+Pitch position V
* Disturbance a4
damped cuE_;w Innerloop: = —
(but unstable state e s
canoccure atneg. [ o———

Pitch position!)

Pl parameters

Active fuzzy rules

Time

tuned for + position

Parameters of Pl controller

*F—;EI
38 0 O I O g
0 0 o O

Position
SP and
PV

Current
SP, PV
and MV




Attemps to tune for disturbance rejection at
negative position
* Too slow control, o
Pitch (deg) PV_pos
no steady-state

reaching in a
desired time

period!

B NN iGN AS
15628157 158 159 160 161 162 163 164 165 166,51
Curren it (A)

1,4+
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0.6~ T
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Solution: Fuzzy Decision System for Gain Sceduling
Control

[ Fuzzy
> n-delay DS
" Inner loop
it outer loop delay P
S @,{E”—,—D gp b fourent . current pitch
-\ Fuzzy =2 SP_AA Bl troll PWM | U motor | PV _| position Py
K L. delay .| controller Q_f/ &/ Hsinl A ™ amp. [ (V) ]| current proc| proc. [
D_Ermr T
NS

K, Proportional gain, is tuned, Ti: integration time , constant

MV, = MVj_y + Ky, | (Er7y — ETme_1) + % * Errk> /Dig. Pl-algorithm
13

— AT:samplinginterval, continoustime=k AT
— Erng=SP_l,—PV_I,

AT - _ .
K;= KpT—: Integral gain, increases with increasing K, !
i



The fuzzy DS for adaptive tuning K,

2. LV: Delta_error LV_OUT

| NEG IZERO IPDZ | H_POZ

e T S R
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L_LOwW

L_Low
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LLow

LLOW  |H_HIGH
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NO M N oW oA
RPN Y

R T o B B B B B R B
01 22 23 24 25 26 27 28 29 30 31,24

Adaptive tuned Pl controller in fuzzy cascade control

Rise time: 1.5 ut (in 10%)
Settling time: 1.8 ut (in 5%
]

Settling
time: in 5%
rao0 |/ error band

Pitch
* Outer loop:"5™ \ =
4 o \ | Aii
4 Rise
] time:
* in 10%
2 band
4 VA\IAU
. Innerloop:culr::mm
7 SPI 0,81
1.2—2 I
1] MV_U [092 ]
0,8
G ETZ o
* Proportional:gain
(Kp) tuning: -

e e T R B B UL I B
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Time



2. Problem : nonsimmetric dinamic characteristic of
the VTOL model

* Oscillation around the lower position

SP_pos [-a00 ]
Pitch (deg) FV_pos
5_
4- =
2-/\//‘,
0
2
4_ /\ [\ I
; IURAVAY
_E:I" 1 1 1 ey 1 [ N
2100 22 23 24 25 26 21 28 29 30 3124
Time

Modified fuzzy Pl controller

LV_ouT

2. LV: d_error

Output LV:
Current SP
change

Rule-block
(5x5=25 rules)

* Observation: inclination for oscillation around SP particularly at positions
below of horizont. Even growing sinusoid can occure.

* Expert suggests: avoiding intensive decreasing , effort to increase, ...
* Possible solutions:

— LV terms membership function modification

— and/or rule base modification, simmetry broken (in Figure)




Active fuzzy rules
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Parameters of Pl controller

Position
SP and
PV

Current
SP, PV
and MV

Command trecking

SP_pos
Pitch (deg) PV_pos
[
* Quter loop: o Acagastia
7
o
27
N i
6]
* Inner loop: € 63797 98 99 100 101 102 103 104 105 1061066
P Time SP1
124 P
1{\;/—_—\ wo N foor
] S S
06—
. . 9 97 ag 99 100 101 102 103 104 105 106 107
* Proportlonalgaln a Time b et ]
1 . 3]
(Kp) tuning: )
K
L I e I R B I I e e
96,39 97 a8 a9 100 101 102 103 104 105 106,62

Time



Results

Rise time: 0.8 ut
Settling time: 1 ut
Pitch (deg) el | i

Y e e

"{\!\ j \nl\.-’\
vy =

B
9637 97 98/ 99

LB e e ey e |
101 102 103 104 105 106106,6

Rise time: 1.5 ut
Settling time: 1.6 ut

For reference: Cascade control with PID controller
in the outer loop

L B Sto) i
parameter settings by the /) QNET-VTOL Flight Control ‘ o |
manufacturer ,<‘ At ;- Device s L= =
INSTRUMENTS ;" = g Setpoint [/ |
SUANSER Pitch (deg) e
10
Dietscopes -

Position B

| 6+
Current CH - o
ez v 2
Position Setpoint 0-
signal Type 2-
o :

| Ampl\tuds"r)q’go deg o
4 8-
Frequency £ 15 Hz
5) . -1~ ' ' ' | ' ' ' ' ' '
| Offset 000 deg 00 20 20 BY 40 50 260 A0 80 290 300
Setpoint |\
Position Control Parameters Current (A) Measured |/
: E : L :
kp o0 Alrad
Lok H200  Aladss 4
kd o0 Asfrad 3 N
Current Control Parameters 2
Ckpc  goso VA -
0-
VTOL Offset (deg)




Cascade control with PID controller in the outer
loop

Setpoint
Pitch (deg) Measured
10+ l( Rise time: 1.8 ut _}
8 /’
6 / /!
P =
oL\ /
. , \
4 [
6
-8
-10-% |

20,0 21,0 220 23,0 240 25,0 26,0 27,0 28,0 29,0 30,0

No settling time into 5%band !

Cascad L with E SP_pos
ascade cFJntro with Fuzzy Pitch (deg) PV_pos
controller in the outer loop, 6-
fuzzy adaptive Pl controller in o A Lo,
te inner loop ] r~
2]
. . 0]
Rise time: 0.8 / 1.6 ut ;
Steady-state 2]
-4 Lo
-57..””‘..........” L L L B S N
Setpoint
Pitch (deg) Measured

Cascade control with PID 10

controller in the outer loop

Rise time:1.8 ut q \
No steady-state

reach in desired
time-interval z&,u 20 20 230 240 250 260 270 280 290 30',0




* R.C.Dorf, R. H. Bishop, Modern

* Control Systems Engineering, 8e
* L.A.Bryan, E. A. Bryan,

Command trecking & disturbance rejection

Suggested textbooks

NORMAN S. NISE

. RICHARD C. DORF ROBERT H. BISHOP
control systems, 12.ed. Prentice g : :

Hall, 2011.

PROGRAMMABLE
CONTROLLERS, THEORY AND
IMPLEMENTATION,

An Industrial Text Company
Publication

Atlanta * Georgia ® USA, 1997,
ISBN 0-944107-32-X MODERN CONTROL SYSTEMS

CONTROL
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ENGINEERING
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