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About The Course:

It provides valuable & essential information about basics of Automatic Control Theory. We cover both
theoretical & technical subjects. We discuss many basic elements of practical control systems, different
control functions &relevant terminology, with emphasis on safety, stability &accuracy of control
systems. PID controller is examined & discussed as example. This is essential for newcomers to Control
Theory. Real-life examples are included in this course which is prerequisite or must be completed before
attempting to study about the more advanced Automatic control systems.
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The subject of automatic controls is enormous, covering the control of variables such as temperature,
pressure, flow, level, and speed. The objective is to provide an introduction to automatic controls. This too can
be divided into two parts:

m The control of Heating, Ventilating and Air Conditioning systems (commonly known as HVAC); and

m Process control.
Both are immense subjects, the latter ranging from the control of a simple domestic cooker to a complete
production system or process, as may be found in a large petrochemical complex.
The Controls Engineer needs to have various skills at his command - knowledge of mechanical engineering,
electrical engineering, electronics and pneumatic systems, a working understanding of HVAC design and
process applications and, increasingly today, an understanding of computers and digital communications.

Control is achieved by varying fluid flow using actuated valves. The usual requirement is to measure and respond
to changes in temperature, pressure, level, humidity and flowrate Almost the response must be within a given time.

The control of fluids is not confined to valves. Some process streams are manipulated by the action of variable
speed pumps or fans.

What is a Control System?:

Control system is a process with some
parameters/variables to be controlled
(i.e.,Toil, ). 1%, these variables have to
be measured by sensors. The sensors
output signals (usually electric) are
sent to a controller unit to do one or
more control actions based on some
preset data along with the measured
values. This is also called a cooling
process control. On fig., the controller
may do needed control actions by
controlling flow rate of either water or
oil by using variable flow valves, or by
changing rpm of variable speed pump.

Course main Ojective:

The intention of this course is to provide basic insight into the practical and theoretical facets of automatic
control, to which other skills can be added in the future, not to transform an individual into a Controls Engineer.
This cowrse is confined to control of processes that utilise the following fluids: steam, water, compressed air

and hot oils.

What do we study in Process Control or Automatic Control Systems?

{Introduction to Process Control )
Control in process industries refers to the regulation of all aspects of the process. Precise control of level.
temperature. pressure and flow is important in many process applications. This module introduces you to
control in process industries. explains why control is important. and identifies different ways in which
precise control is ensured.

-[Whv do we need to studv Control?-(Importance of Process Control)
Refining, combining. handling. and otherwise manipulating fluids to profitably produce end products can be a
precise, demanding. and potentially hazardous process. Small changes in a process can have a large impact
on the end result. Variations in proportions. temperature. flow. turbulence, and many other factors must be
carefully and consistently controlled to produce the desired end product with a minimum of raw materials and
energy. Process control technology is the tool that enables manufacturers to keep their operations running
within specified limits and to set more precise limits to maximize profitability, ensure quality and safety.

|The following five sections are included in this module:l

& The importance of process control = Control theory basics @ Components of control loops and ISA symbology
@ Controller algorithms and tuning & Process control systems

Activities & Questions In the course:|

Asyou proceed through the module, answer the questions in the activities column on the right side of each

page. Also. note the application boxes (double-bordered boxes) located throughout the module. Application

boxes provide key information about how you may use your baseline knowledge in the field. When you see the
workbook exercise graphic at bottom of a page, complete the designated exercise before moving on in the module.
Work exercises help you measure your progress toward meeting each section’s learning objectives.
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(PERFORMANCE OBJECTIVE)

After completing this module. you will be able to determine needed control loop components in specific

process control app]lc ations. Straight-tube heat _exchz\nger I shell-side

= (one pass tube-side) J lﬂuid e

l ROCESS t“be"mee‘ tube bundle with |tube sheet
refers to methods of changing or refining raw materials to create siraish: sibcs] ]

end products. The raw materials. which either pass through or
remain in liquid. gaseous, slurry ( mix of solids & liquids) state
during the process. are transferred. measured. mixed. heated or
cooled. filtered. stored. or handled in other way to produce end
product. Process industries include chemical industry.oil and gas ] iafiias i
industry. food and beverage industry. the pharmaceutical industry, m_':;; e L shell side fluid out ll
the water treatment industry. and the power industry.

inlet planum
outlet planum

Reducing variability can also save money by reducing the need for
(PROCESS CONTROL) product padding to meet required specifications. sés iia
Process control refers to the methods that are used to control procest  refers to the process of making a product of higher-quality than it
variables when manufacturing a product. For example. factors such peeds to be to meet specifications. When there is variability in the end
as the proportion of one ingredient to another, the temperature of the product (i.e.. when process control is poor), manufacturers are forced
materials, how well the ingredients are mixed. and the pressure unde to pad the product to ensure that specifications are met, which adds
which the materials are held can significantly impact the quality of  to the cost. With accurate. dependable process control, the setpoint
end product. Manufacturers control the production process for three  (desired or optimal point) can be moved closer to the actual product
reasons:|@ Reduce variability = Increase efficiency@ Ensure safety]  specification and thus save the manufacturer money.
{(Reduce Variability) - ]
Process control can reduce variability in the end product. which JPUimit to ensure qually PV limit to ensure quality
ensures a consistently high-quality product. Manufacturers can also || Process Variable A S\ [\ PV setpont
save money by reducing variability. For example. in a gasoline - \{ LAY
blending process. as many as 12 or more different components good .
- 2 : control Low Variahility

may be blended to malke a specific grade of gasoline. If the refinery
does not have precise control over the flow of the separate PV Setpoint
components. the gasoline may get too much of the high-octane We get the setpoint more close
components. As a result. customers would receive a higher grade fo the limit to ensure quality
and more expensive gasoline than they paid for. and the refinery

. . . . High Variability
would lose money. The opposite situation would be customers
receiving a lower grade at a higher price. Gncrease Efﬁcr'ency]

Ensure Safety, Some processes need to be maintained at a specific point to maximize
A run-away process, such as an out-of-control nuclear or chemical ~ efficiency. For example. a control point might be the temperature at
reaction, may result if manufacturers do not maintain precise contro] Which a chemical reaction takes place. Accurate control of temperature

of all of the processg variables. The consequences of a run-away ensures process eﬁicmncy. Manufacturers save money by minimizing
s the resources required to produce the end product.
process can be catastrophic.

Auto. Autematic door
Precise process control may also be required to ensure safety. For Hae
example, maintaining proper boiler pressure by controlling the inflow ) /;, ,?
of air used in combustion and the outflow of exhaust gases is crucial
in preventing boiler implosions that can threaten safety of workers. W @
(The need for automatic controls) L7 S

There are three major reasons why process plant or buildings require automatic controls:
-- The plant or process must be safe to operate.
The more complex or dangerous the plant or process, the greater is the neaed for automatic
controls and safeguard protocol.
-- The plant or processes should work steadily, predictably and repeatably, without
fluctuations or unplanned shutdowns.
-— This iIs a primary regquirement in factories and buildings to prevent spoilage,
increase quality, production & maintain comfort. These are fundamentals of economic efficiency.
Other desirable benefits such as[Eeconory, specad, and relability Jare also important, but it is
against abowve 3 Mmajor parameters that each control application will be measured.

—{What are the Basics of Control Theory?|

This section presents some of the basic concepts of control and provides a foundation from which to

understand more complex control processes and algorithms later described in this module. Common terms
concepts relating to process control are defined in this section.

IIEEARNING OBJECTIVES]

After completing this section. vou will be able to:
= Define control loop =1 Describe the three tasks necessary for process control to occur:

=[Define the following terms:]
= Process wvariable - Setpoint = DMlanipulated wvariable = DNleasured wvariable
= Error - Offset = Load disturbance - Control algorithinm

=1 List at least five process variables that are commonly controlled in process industries
El AT a high level. differentiate the following types of control:

- |I~.«Ianual wversus automatic feedbaclk Controll - |[Closed-loop wversus open-loop control]
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—|What is a Control Loop?}] [THREE TASKS]
Imagine ¥olu are sitting 111 a cabin in front of a small fire on a cold Control loops in process control
winter evening. You feel uncomfortably cold. so you throw another|industry work in the same way.

log on the fire. Thisis an example of a conrrel foop». In the requiring rthree tasks to occur:
control loop. a variable (temperature) fell below the setpoint (yvour =1 MMeasurement

comfort lewvel). and yvou took action to bring the process back into =1 Comparison

desired condition by adding fuel to the fire. The control loop will = Adjustinent

now remain static until the temperature again rises abowve or falls
below yvour comfort lewel.

Model Reference Adaptive Control | CONTROL SYSTENMS
__'__,/""-_-F-, ____-“h“ﬁu__‘__“_
[CONTINUOUS|analogue [DISCRETE (non-analogue)]
/ .~ - CONDITIONAL SEQUEI\:{'I_\.:&L
LINEAR p A | EVENT BASED
_____\\ e.g. MRAC kY BOOLEAN Logical (high-low) TEMPORAL
W g \ \ ; - -
@& PID> . g FUZZYLOGIC EXPERT SYSTEMS . SR ERSEERETENE
S e g TIMERS
e€.z. PLC

- Continuious - values to be controlled change smoothly {(havwve a function bet. TS50

= T ozical - The wvalue to be controlled are easily described as on-off.

- T . inear — Can be described with a simple differential equation. This 1s the preferred
starting point for simplicity. and a common approximation for real world problems.

= ™Non-TI.inear - This i1s how the world works and mathematics becomes much more
complex. e.g. as rocket approaches sun. gravity 1ncreases. so control must change.

- Sequential - A logical controller will keep traclk of timme and previous events.

Example: control I. The elevator must mowve towards a tloor when a button 1s pushed.
pproblerms in simple < Y
Sleamaer Logical] 2. The elevator must open a door when it is at a floor.
3. It must have the door closed before it mowves. ete,

1. IT the deswred position changes to a new wvalue, accelerate quuckly
towards the new position.
2. As the elevator approaches the correct position, slow down.
1 Accelerate slowly to start.
2. Decelerate as you appro.ach the .ﬁnal position.
3. Allow faster motion while moving.
i 4. Compensate for cable stretch, and changing spring constant,

Sub-control system versus Main control system ( Actual Industrial View): a heat
exchanger control system may be just a small part of a bigger group of processes which
might have many steps/operations before the hot oil comes to the heat exchanger. We
have sub-control system as part of main or general control system. In General, for any
.| process it might be divided into many sub-processes, each one of the sub-processes
EItEl‘ilH.l [:l']llﬁ’l]l. 1]3119] performs a certain small operation or can also be divided into many sub-sub-process

Note that: most Hydraulic or Pmneumatic
svsternms are considered as sub-control sys
anmnd we study them as separate systems.

Example2-MWeichtine Process: to weight a fixed amount
of material to use in next industrial step. The control
action is done by the weighting controller, when the
batch weight reaches the required value the controller
closes the upper feeding gate and opens the lower

discharging gate after starting the discharge belt.

Two Types of main Process control Operations Weégijlt;ting

1-Parameter Control: is to control one parameter in a process. This :

parameter can be directly measured as pressure, temp,...Or can be Weighting " r
calculated from others as density, viscosity. In heat exchanger cooling Controller &
process, we just need to measure and control temperature of 0il (Tiou) /
2-Sequence Control: certain sequence of operations to be done correctly. -". . I
In the weighting process, the sequence in operations: -Open the feeding 3 ! il
valve; -Wait till the weight reaches the required value; -Close the feeding
gate; -Start the discharge belt; -Open discharge valve; -Wait till weight is ;
zero; -Close discharge valve; -Stop discharge belt_ QIGICIeIRICICIC) f,‘,

Discharge
Belt

Most of the complex industrial processes contain both operations, so in order to make efficient
automatic control there are ready made controllers for each type of operations. Using the ready made
controllers decrease the complexity of measuring or controlling single or multiple parts of the big
complex process.

Example: For measuring weights in industry there are Load Cells which use physical properties (like
tension or compression) to measure the weight, for each type of load cells it has its electronic controller
which directly deal and interface it and gives an electric signal corresponding to the measured weight.
So, here we haven’t to deal with the physical properties and its complexity and problems (like un-
stability, zero offset, accuracy, surrounding effects) and we only deal directly with an electrical signal.
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Computer Applications in Control Systems pSail) 8 1Y) cuulal) cilbubs afadi)

Hardware:

Software/programs <:I|€ omputer applications :::> PLC systems/technologies
related to aut.control SCADA conirol systems, RTU

Note: Computer is also a i ;
a A ps Ip o b “ PC INICTO-Processors/ controlers,
evice for Tnput/outpu ‘ Has Software for Control . . . s
R .. ; ’ special CPU's/memory chips
signals (digital/analogue) I Monitor, Database 1 * - 1

\">/[ special control sensors/canrds

Conrolled Conrolled Conrolled
Elements Elements Elements

MNetwork Bus

Sensors Sensors Sensors

Automatic Control Using Computers: When using # of controller units we deal directly with electric
signals that have to be managed and controlled automatically. But, when we have a big process we also
get a lot of electric signals which we have to deal with correctly and etficiently. Correctly means to do
what is required from process to do. And Efficiently means to deal with other problems such as:

*What happen if a controller fails? What if we have an overload in the system? How to manage and
monitor all the process parts? So, Modern control architecture with PCs is built on the following:
1-Each part of the process has its own controller which has a program to fully control this part of the
process. This controller has output signals to control the elements (like motors, valves) and has input
signals to interface the sensors signals coming from the elements (like thermometer, potentiometer).
2-Then through connecting manyv controllers together with a PC by a network, the main PC can
manage the controllers (by sending set points for the controllers and the PC receives signals from the
controllers to monitor the status of each controller) #ass G ST (1o sl g S a3 595/ o8 ASas 8 (5 38 ye aSat: JUia

So, the PC can solve the problem of system overload by re-distributing the loads on the controllers, also
the PC can take advanced actions in case of controller failure or emergency conditions.

Also the PC can store large amount of information about the process in database and make statistical
calculations or charts which is useful for process enhancement.

Set Point
Types of Controllers There are many types of controllers e.Z required Process ng:‘::‘s
but we are going to focus only on two of them. Toilout e gmeasured
1) PID Controller: Toilout
PID (Proportional Integral Differential) controller is PID
mainly used in Parameter Control. To do a control on a controller ‘F;::::ri’;
parameter in a process we use the shown control loop.

Digital PID controller has software performs normal control equations but in a digital form. So to do
changes by this loop, the modern digital PID controller has to work with electrical digital signal

As we know that any process is in a physical analog mode, and the sensors supply very small signals | e point Process
(voltage or current) so we need an electric interface circuit to convert the signal to the suitable electric > > Actuator |—> Process Output
mode (voltage 0-10 V, current 4-20 mA), the sensor and the converter are called Transmitter. PID

Controller

Also, in order to drive physical outputs we need a converter to change the electrical signal to the F—
Feedback

Y« R}

suitable physical action (like pressure, displacement, rotation, heat) and this converter is called Interface [« (g core)
. . . . Circuit
Actuator. But now, Most of industrial elements have their own Transmitter and Actuator. Example: & ~ ——~—1 L— 1 L ]|
An electrically controlled valve has electric input signal (volt or current) to control the valve opening, Transmitter
the percentage of opening corresponds to the electric signal. SETPOINT o ba D

HHow thhe PID controller works? Basic function | ) 2.

of controller is to execute algorithm on the | DIFFERENCE LIAREING CONTROL
control engineer’'s input (tumning constants), the | « 8
operator desired operating value & current plant
process values. The basic process variables are:

Set Points (SP):The final or fixed value required RO
for certain parameter (e.g., required T, ,ud) o

ouTPuUT

Tailour

K]r\
AV

Manipulated Variables (MV):variables which we can change in process (e.g., oil & water flow)
Controlled Variables (CV) or Process Variables (PV): variables which need to control its values
(e.g, measured T,;,,.,J- In most cases, requirement for this controller is to act so that the PV is as
close as possible to SP (e.g., required T_,,,J)- In a basic process control loop, the control engineer
utilizes PID algorithms to achieve this through changing the values of MV. The PID controller is
looking at is the difference between the PV and the SP. It looks at the absolute error and the rate
of change of error.

Overshooting versus Steady control: When there is a ""process upset'', meaning the process variable or the set
point quickly changes, the PID controller has to quickly change the output to get the process variable back
equal to the set point. If you have a room with a walk-in cooler using a PID controller and someone opens the
door and walks in, the temperature (process variable) could rise very quickly. Therefore the PID controller
has to increase the cooling (output) to compensate for this rise in temperature. Once the PID controller has the
process variable equal to the set point, a good PID controller will not vary the output. You want the output to
be very steady (not changing). If the valve (motor or other control element) is constantly changing, instead of
maintaining a constant value, this could cause more wear on the control element. So there are these two
contradictory goals. Fast response (fast change in output) when there is a '"process upset'', but slow response
(steady output) when the PV is close to the set point.
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Types of Cot}trol Systems

error

Open l(;l(')p type Closed l‘gop type Aqtuating Controlled
(feedback) Controller —=&l12L_s] controll >
“| process ant iable
R_efertence ACtuating Controlled variable
inpu ' signa contr ontrollg output
signal r _Controller 3 | process &Pela‘ﬂt)|varu1bleE . feedback | (output)
(set pt.) (output) ~ sional ~
Open loop: output information about Controlled variable (i.e, temp of Liquid flow In ‘
liquid in tank) is not used to control/adjust any system inputs (liquid/ ‘ Mixer (Temperature to
steam) in order to compensate for any variations in process variables. . be comr()]]ed)
How to Control: A prediction/guess is made about what the input Steam - S
(i.e., opening of the steam manual valve) should be to get a desired —, Liquid flow out
output. This Prediction is based on some past experience or valve
knowledge about the system or is based on trial & error to get the ’ Open loop System
desired output. ’
—
Examples:

1-Toasters: the quality of toast (i.e, the output) will vary with type of bread, initial temp. of toaster.
2-Automatic Washing Machine: the cleanliness of clothes depends on correct assessment of amount
of the soap & the used program or the length of used washing cycle & its temperature required.
Note: in both examples, we can not or do not measure exact values of the required output.

Disadvantage of Open loop: is frequently unsatisfactory because any unexpected
disturbance to the system inputs can cause large deviation in the desired output.
Advantages :Less expensive than closed loop; No need to measure actual results;
Controller is much simpler because corrective action based on error is not needed
Often human operator must do correction by slowly changing output disturbance
by manual adjustment. In this case, the operator is actually closing the loop by
providing both the output measurement, feedback signal and error comparison.

set point—
ﬁ—pl_ Controller

Closed loop: it uses information about a Controlled
variable(i.e, temp of liquid in tank)to control/adjust
system inputs(liquid/steam) in order to compensate for
any variations in the process output variable.

How to Control: a temperature sensor produces an
electric/pneumatic signal proportional to output temp.

Controller compares feedback signal to desired set point. If difference/error exists, controller sends signal to
control valve to change the size of valve opening to be appropriate to necessary temp. correction action

Example: Objective is control rudder position, and the
reference input is set by the steering wheel. Error bet.
Relative positions of wheel &the rudder is the signal that
actuates controller & the motor. If rudder is finally
aligned with desired reference direction, the output of
error sensor is zero. For step input R, 15t fig. shows
rudder position f(t) depending on system characteristics.

Because all physical systems have electrical and mechanical inertia,

rppJevel control g
ﬂmgllm\\ ]llﬂ({'% A

manual valve

desired
temperature 4

Closed loop
(Automatic

Liquid flow in

Temperature
| Mixer | Sensor
. Steam s
Liquid
Control valve flow out
.

feedback)

Temperature signal to controller

gm\w; Error — Rudder control system of a ship
3 sensor
" Rudder
Steering Ampliﬁer|—>| Motor |—>]Gear train [, 0
wheel ‘ .
the

position of the rudder cannot respond instantaneously to step input, but will
rather, more gradually towards the final desired position. Often the response
will oscillate about the final position before settling. It is apparent that for
the rudder control it is desirable to have a non-oscillatory response.

Output
4 A
oo O: ()
] e S e "a s S ®; (1)
—————— R
-5%

Number of
oscillations

Settling time

3

5%

[

[Performance Characteristics (time domain) |

J/J_:

Performance Characteristics
| (time domain)| t
—-
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Problems on Unit (1) - Ouestlons on: Introductwn to Controllers
1- Select True (\) or False (x) for each statement:
# [True [False statement
1 Measuring devices & sensors are not essential elements for any control system of real physical variables.
2 Control systems are classified as continuous (i.e, analogue) or discrete systems (non-analogue)
3 In Continuous control: the values to be controlled do not change smoothly (no function exist bet. I & O)
4
5
6

In Logical/Boolean control systems: values to be controlled are not easily described as on-off/high-low.
PID controllers are classified as continuous (analogue) systems of the linear type.
Fuzzy Logic controllers are classified as continuous (analogue) non-linear systems

7 Discrete control systems include 2 types: conditional systems (logical & expert) and sequential systems.
8 Linear control system is not analogue type which is not described by simple/linear differential equation.
9 Non-Linear control systems are analogue types which are described with complex differential equation.
10 Sequential controller is discrete/logical system which will not keep track of time and previous events.
11 The PLC-Controllers are expert systems which are classified as discrete-conditional system types.

12 The Controllers which use counters or timers are not of the discrete-sequential system types.

13 Sequence Control is used to check that certain sequence of operations are done correctly.

14 In a modern controller system, a PC can not be used as a device for Input or Output signals.

15 Computer applications in Control Systems include both software & hardware applications.

16 In a modern controller system, a PC can not handle both types of digital/analogue signals.

17 In modern controller system, the PID controllers use digital Input/ Output signals through A/D boards.

2- Using the motion-control of a real elevator, select the type of control system used for each motion/process:

#[Che motion type Logical control [Linear control [Non-linear control
1[The elevator must move towards a floor when/if a button is pushed

2 The elevator must open a door when/if it is stopping at a floor

3[The elevator must have the door closed before it starts to move.

4[f desired position changes to new one, elevator accelerate quickly towards new position
5

6

7

8

As the elevator approaches the correct position, it must slow down

Che elevator must accelerate slowly to start

IChe elevator must decelerate as it approaches the final position

The elevator must allow faster motion while moving bet. different floors
9 Compensate for cable stretch, and changing spring constant

3- In next fig., write correct name of each part. You may use the following words:
Controller Block, Network Bus, sensors elements, Main PC,

Controller CPU, input signals, controlled elements, output signals \‘ l
4- For the figure of the above problem, describe five different types =
& examples of real physical controlled elements in a power plant. \\)/I;/
5- For the figure of problem (3), describe five different types & | '
examples of real physical sensors elements in a power plant. AN -+ - =]
6- For fig. of prob.(3), Explain five different functions of the Main
PC in a modern control system with many separate controllers. : _—
H -
7-Refering to Next fig., Select True(\/) or False(x): R A
# | statement Irue [False

[The main PC can not handle the failure of any of the separate controllers

[The main PC can handle the overload of the system

[The main PC can not manage and monitor all of the process parts

The PC sends set points for all controllers & receives signals from them to monitor status of each one

[The PC can solve problem of system overload by re-distributing the loads on the various controllers

[The PC can not take advanced actions in the case of controller failure or emergency conditions.

[The main PC can store large amount of information about the process in database and also makes statistical calculations
or charts which are useful for process enhancement.

NN U W N -
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8- In next for a PID control system, select & write the correct # of each part. +3 K 7
oo e =z F
[Error sensor |Actuating signal - < I | | ¢
Controller (PID) type IFeed back signal
Reference input signal (set point), r Controlled variable (output) (Tenipestansig)
Controlled process (plant) [Error signal, e _b: controlled)
9- Next fig. is for ...........coeevveinnnnnn, control system type. It works as follows: Tiauid (el
The a('ivantages of open 10op control systems are:.............coooiviiiiiiiiiiiiiiii setpoint Liquid flow in T —
The disadvantages of open loop control systems are:...............cc.ceoevuieeeninnnn. dosired ;JE [ Mixer | Sensor
temperature Steam: #
10- Next fig. isfor ..........c..coeeee control system type. It works as follows: ...... . ;iquid 1
-0l oW oul
The advantages of closed loop control Systems are:..............coeeeveevuenennen.. %
The disadvantages of closed loop control systems are:..............cceveieinne... Temperature signal to controller
11- Next fig. isfor .........ccoceieininnn. control system.
Ttis uSed fOr «.uvn e 3
. I Rudder
Tt works as fOlloOWS: ...oeinii i Steering Amplifier] ¥ Motor] »Gear train} 1R o
Variable 0, (£) TEPIESENLS ... ......uueeieeeeeii e e e e Wheel %‘:
Variable Oc (1) TEPIESENLS ... .euuinttititiit et <
12- Next fig. 1S 01 «.onviniii e e
CUIVE (1) TEPIESEIILS ..o eeneenetent ettt et ettt et ettt e enaen
(@1 N ) B S 0 1SS 1 N
Line (3) rPIreSeNLS «.ueeeteeet ettt ettt ettt eeeen
13- Next fig. 18 Or «.oneniii i e e
Elements G1,Gy,...Gg represent
Hy,Hy,. . . Hg represent .....o..ovvieiiiiiiiiiiiiiiciieeea
1
14- Next figas fOr.......ooooiiiiii e
Discuss System controllability & observability w.r.t. segregated subsystems.
Part (1) represents .........cooeevuiveeniiiennenns Part (2) represents .........ccoeiuiiiinnt
Part (3) represents ..........coeeeeiiiiiiiiiiienn.. Part (4) represents ...............coeneen.
Part (5) represents .........cooeeiiiiiiiiiieninn. Part (6) represents ............ccoeennnn.
Part (7) T€PIESENLS .....eeneitii et e
15- Next fig.isfor .................... control system type.
Ttas uSed fOr «.onetit i
It works as fOllOWS: ...oonuiiiii i e
Sketch the Block diagram represents this system..............c.ccccoeeviiiniin..
16- Next fig.isfor .................... control system type.
Ttas uSed fOr «.onenie i
It works as fOllOWS: ...ouuiniieii i
Sketch the Block diagram represents this SySt€m...........c..coeevueieiineiinnn.
17- Next fig.isfor .................... control system type.
Ttis USed fOr «.uvint i
It works as fOllOWS: «..oonniiiii i e
Sketch the Block diagram represents this SySt€m...........c..coevvueieiiineiinnn.
18- Next fig.isfor .................... control system type.
Ttis USed fOr «.uene i
It WOrkss @s fOllOWS: . .onni i e e
Sketch the Block diagram represents this system..............c.cccooeeviiieiinni.
19- Next fig.isfor .................... control system type.
TEas uSed fOr «.oneti i
Tt works as fOllOWS: ...o.uiniitii i
Sketch the Block diagram represents this SyStem..............cccvveivviinnnnn... s e
Fuecl
20- Next fig. isfor .................... control system type. Conwol vatve "
Ttisused fOr ..o 7 Thermometer | D -
B [——= A Interface]
Tt WOTKS @8 TOIIOWS: ...eiiiiiit ettt e e e ] e | - -

o =
ﬁ Relay -—l.—xmplinc: |——| Ill[uri'actl—
Tcater

Control Theory-Part 1 Page 15 /44 Dr. Mohsen Soliman, ACC Manager




| |Block Diagram mégﬂhbnll)Lab!‘slc&liolgalmb@Glﬁgﬁ]?

Modern control theory is based on time-domain analysis of differential equation
systems. Modern control theory made the design of control systems simpler because
the theory is based on a model of an actual control system. Howewver. the system’s
stability is sensitive to the error between the actual system and its model. This
means that when the designed controller based on a model is applied to the actual
system, the system may not be stable. To avoid this situation. we design the control
system by first setting up the range of possible errors and then designing the con-
troller in such a way that, if the error of the system stays within the assumed
range. the designed control system will stay stable. The design method based on this
principle is called robust control theory. This theory incorporates both the frequency-
response approach and the time-domain approach. The theory is mathematically very
complex.

Because this theory requires mathematical background at the graduate level, inclu-
sion of robust control theory in this book is limited to introductory aspects only. The
reader interested in details of robust control theory should take a graduate-level control
course at an established college or university.

Definitions. Before we can discuss control systems, some basic terminologies must
be defined.

error
Re_ferentce sensorE = Ac.tuat{ng Controlled
Moy Lot [Controller |0l S conmapieq —Controlig
S(ignal r) 1gna Controller |process %peiant)| variable
set pt.
— < teedback (outputy
signal

Controlled Variable and Conrtrol Signal or Manipulared Variable., The conrraodled
variable is the gquantitly or condition that is measurced and controlled. The contredf sigral
or mranipufated variable is the gquantity or condition that is varicd by the controller so
as to alffect the value of the controlled variable. Normally. the controlled variable is the
output of the system. Coarrod menns meansuring the value of the controlled variable of
the svstem and applving the control signal to the system Lo correct or limit deviation of
the measured value from a desired value.

In studving control engincering. we need to define additional terms that are nceces-
sary to describe control systems,

FPlanrs. Ao plant may be a picce of equipment., perhaps just a set of machine parts
Munctioning together. the purposce of which is to perform a particular operation. In this
book. we shall call any physical object 1o be controlled (such as a mechanical device., a
heating furnace. a chemical reactor, or a spacecraft) a plant.

Processexs. The Merricomnm—Webster DYictionary delines a process Lo be a natural, pro-
gressively continuing operation or development marked by a series ol gradual changes
that succeed one another in a relatively fixed way and lead toward a particular result or
end: or an artificial or voluntary. progressively continuing operation that consists of a se-
rics of controlled actions or movemoenis systematically directed toward a particular re-
sult or end. In this book we shall call any operation to be controlled a process. Examples
are chemical. economic, and biological processes.

Svarems. A sysiem is a combination of components that act together and perform
n certanin objective. A syvstem necd not be physical. The concept of the system can be
applied to abstract. dynamic phenomena such as those encountered in economics. The
word system should. therefore, be interpreted to imply physical. biological. economic. and
the like, systems.

Disturbances. A disturbance is a signal that tends to adversely alfect the value
of the output of a syvstem. IT a disturbance is generated within the syvstem. it is called
istterrad, while an exrersnal disturbance is generated outside the system and is
an input,

Feodback Confrel.  Fecocdback control refers 1o an operation that, in the presence
ol disturbances, lends 1o reduce the dilference between the output of a syvstem and some
reference input and does 2o on the basis of this difference. Here only unpredictable dis-
turbances are so specified. since predictable or known disturbances can alwavs be com-
pensated for within the system.
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1-2 EXAMPLES OF CONTROL SYSTEMS|(without mathematical egns.)

Speed Control System. The basic principle of a Watt’s speed governor for an en-
gine is illustrated in the schematic diagram of Figure 1-1. The amount of fuel admitted
to the engine is adjusted according to the difference between the desired and the actual
engine speeds.

The sequence of actions may be stated as follows: The speed governor is ad-
justed such that, at the desired speed, no pressured oil will flow into either side of
the power cylinder. If the actual speed drops below the desired value due to
disturbance, then the decrease in the centrifugal force of the speed governor causes
the control valve to move downward. supplying more fuel, and the speed of the | «
engine increases until the desired value is reached. On the other hand, if the speed | —
of the engine increases above the desired value, then the increase in the centrifu-
gal force of the governor causes the control valve to move upward. This decreases

Power
cvlinder

load
-

the supply of fuel, and the speed of the engine decreases until the desired value is e \P:::)l Close L[] Engine
reached. Fuel I Open

In this speed control system, the plant (controlled system) is the engine and the | —
controlled variable is the speed of the engine. The difference between the desired Control valve
speed and the actual speed is the error signal. The control signal (the amount of fuel) Figure 1—1
to be applied to the plant (engine) is the actuating signal. The external input to dis- Speed control
turb the controlled variable is the disturbance. An unexpected change in the load is system.

a disturbance.

Temperature Control System. Figure 1—2 shows a schematic diagram of tem-
perature control of an electric furnace. The temperature in the electric furnace is meas-
ured by a thermometer. which is an analog device. The analog temperature is converted

Thermometer
I Interface
I converter riac

Figure 1-2
Temperature control
system.

Controller

Programmed
input

Electric
furmace

T T T
Relay }-——l Amplifier |———| Interface |—<—

Heater

to a digital temperature by an A converter. The digital temperature is fed to a con-
troller through an interface. This digital temperature is compared with the programmed
input temperature. and if there is any discrepancy (error). the controller sends out a sig-
nal to the heater. through an interface., amplifier, and relay, to bring the furnace tem-
perature to a desired wvalue.

Business Systems. A business system may consist of many groups. Each task
assigned to a group will represent a dyvnamic element of the system. Feedback methods
of reporting the accomplishments of each group must be established in such a system for
proper operation. The cross-coupling between Munctional groups must be made a mini-
mum in order to reduce undesirable delay times in the system. The smaller this cross-
coupling. the smoother the flow of work signals and materials will be.

A business svstem is a closed-loop system. A good design will reduce the manageri-
al control required. Wote that disturbances in this system are the lack of personnel or ma-
terials. interruption of communication. human errors. and the like.

The establishment of a well-Tounded estimating system based on statistics is manda-
tory to proper management. It is a well-known fact that the performance of such a system
can be improved by the use of lead time., or anricipartior:.

To apply control theory to improve the performance of such a system. we must rep-
resent the dvnamic characteristic of the component groups of the system by a relative-
Iy simple set of equations.

Required
product Research Preliminars Product Fabrication Product
——=| Management e amnd | besiem. . Experiments desipn amd - amd | Testing
development s drafting assembling
Figure 1-3
Block diagram of an engineering organizational svstem.

Aldlthough it is certainly a difficult problem to derive mathematical representations
of the component groups. the application of optimization techniques to business sys-
tems significantly improves the performance of the business syvstem.

Consider. as an example, an engineering organizational system that is composed of
major groups such as management. research and development. preliminary design, ex-
preriments, product design and drafting, fabrication and assembling. and tesing. These
croups are interconnected to make up the whole operation.
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Such a syvstem may be analvzed by reducing it to the most elementary set of com-
ponents necessary that can provide the analvtical detail required and by representing the
dyvnamic characteristics of each component by a set of simple equations. { T'he dyvnamic
performance of such a syvstem may be determined from the relation between progres-
sive accomplishment and time.)

A functional block diagram may be drawn by using blocks to represent the func-
tional activities and interconnecting signal lines to represent the information or
product output of the system operation. Figure 1—3 is a possible block diagram for
this system.

1-3 CLOSED-LOOP CONTROL VERSUS OPEN-LOOP CONTROL

Feedback Control Systems. Ao svstem that maintains a prescribed relationship
between the output and the reference input by comparing them and using the difference
as a means of control is called a feedback conrrol svsterri. AN example would be a room-
temperature control system. By measuring the actual room temperature and comparing
it with the reference temperature (desired temperature). the thermostat turns the heat-
ing or cooling equipment on or off in such a wawv as to ensure that the room tempera-
ture remains at a comfortable level regardless of outside conditions.

Feedback control systems are not limited to engineering but can be found in various
nonengineering fields as well. The human body. for instance. is a highlyv advanced feed-
back control svyvstem. Both body temperature and blood pressure are kept constant by
means of phvsiological feedback. In fact. feedback performs a vital function: It makes
the human body relatively insensitive to external disturbances, thus enabling it to func-
tion properly in a changing environment.

Closed-Loop Control Systems. Feedback control systems are often referred to
as closed-loop conrmraol systems. In practice. the terms feedback control and closed-loop
control are used interchangeably. In a closed-loop control system the actuating error
signal, which is the difference between the input signal and the feedback signal (which
may be the output signal itselfl or a function of the output signal and its derivatives
and/or integrals). 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 alwavys implies the use of
feedback control action in order to reduce system error.

Open-Loop Control Systems. Those systems in which the output has no effect
on the control action are called opernn-lioop control systerms. In other words, in an open-
loop control system the output is neither measured nor fed back for comparison with the
input. One practical example is a 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.

In any open-loop control system the output is not compared with the reference input.
Thus, to each reference input there corresponds a fixed operating condition: as a result,
the accuracy of the system depends on calibration. In the presence of disturbances, an
open-loop control system will not perform the desired task. Open-loop control can be
used. in practice, only if the relationship between the input and output is known and if
there are neither internal nor external disturbances. Clearly. such systems are not feed-
back control systems. Wote that anv control system that operates on a time basis is open
loop. For instance, traflic control by means of signals operated on a time basis is another
example of open-loop control.

Closed-Loop versus Open-Loop Control Systems. An advantage of the closed-
loop control system is the lfact that the use of feedback makes the system response rela-
tively insensitive to external disturbances and internal variations in system parameters.
It is thus possible to use relatively inaccurate and inexpensive components to obtain the
accurate control of a given plant. whereas doing so is impossible in the open-loop case.

From the point of view of stability, the open-loop control system is easier to build be-
cause system stability is not a major problem. On the other hand. stability is a major
problem in the closed-loop control system, which mayv tend to overcorrect errors and
thereby can cause oscillations of constant or changing amplitude.

It should be emphasized that for systems in which the inputs are known ahead of
time and in which there are no disturbances it is advisable to use open-loop control.
Closed-loop control systems have advantages only when unpredictable disturbances
and/or unpredictable variations in system components are present. Note that the
output power rating partially determines the cost, weight, and size of a control system.
The number of components used in a closed-loop control system is more than that for
a corresponding open-loop control syvstem. Thus, the closed-loop control system is
generally higher in cost and power. lTo decrease the required power of a system, open-
loop control may be used where applicable. A proper combination of open-loop and
closed-loop controls is usually less expensive and will give satisfactory overall system
performance.

Most analvses and designs of control systems presented in this book are concerned
with closed-loop control systems. Under certain circumstances (such as where no
disturbances exist or the output is hard to measure) open-loop control systems may be

desired. Therefore, it is worthwhile to summarize the advantages and disadvantages of
using open-loop control systems.
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The major advantages of open-loop control systems are as follows:

1. Simple construction and ease of maintenance.

2. Less expensive than a corresponding closed-loop systermn.

3. There is no stability problemm.

4. Convenient when output is hard to measure or measuring the output precisely is
economically not feasible. (For example. in the washer system. it would be quite ex-
prensive 1o provide a dewvice to measure the quality of the washer™s output. clean-
liness of the clothes.)

The major disadvantages of open-loop control systems are as follows:

1. Disturbances and changes in calibration cause errors, and the output may be
different from what is desired.

2. To maintain the required guality in the output, recalibration is necessary from
time to time.

1-4 DESIGN AND COMPENSATION OF CONTROL SYSTEMS

In the actual design of a control system. whether to use an electronic. pneumartic, or
hyvdraulic compensator is a matter that must be decided partially based on the nature of
the controlled plant. For example. if the controlled plant involves flammable [luid. then
we have to choose pneumatic components (both a compensator and an actuator) to
avoid the possibility of sparks. If. howewver, no lire hazard exists, then electronic com-
pensators are most commaonly used. (In fact, we often transform nonelectrical signals into
electrical signals because of the simplicity of transmission. increased accuracy, increased
reliability, ease of compensation, and the like.)

Performance Specifications. Control systems are designed to perform specific
tasks. The requirements imposed on the control system are usually spelled out as per-
formance specifications. The specifications may be given in terms of transient response
requirements (such as the maximum overshoot and settling timme in step response) and
of steady-state requirements (such as steady-state error in following ramp input) or may
be given in frequency-response terms. The specifications of a control system must be
given before the design process begins.

For routine design problems. the performance specifications (which relate to accura-
cy. relative stability, and speed of response) may be given in terms of precise numerical
values. In other cases they may be given partially in terms of precise numerical values and
partially in terms of gqualitative statements. In the latter case the specifications may have
to be modified during the course of design. since the given specifications may never be
satisfied (because of conflicting requirements) or may lead to a very expensive system.

Generally, the performance specifications should not be more stringent than neces-
sary to perform the given task. If the accuracy at steadyv-state operation is of prime im-
portance in a given control system. then we should not require unnecessarily rigid
performance specifications on the transient response, since such specifications will
require expensive components. Remember that the most important part of control
system design is to state the performance specifications precisely so that thewy will vield
an optimal control system for the given purpose.

System Compensation. Setting the gain is the first step in adjusting the system
Tor satisfactory performance. In many practical cases. howewver., the adjustment of the
gain alone may not provide sufficient alteration of the system behawvior to meet the given
specifications. As is frequently the case. increasing the gain value will improve the
steady-state behavior but will result in poor stability or even instability. It is then nec-
essary to redesign the system (by modifyving the structure or by incorporating addi-
tional devices or components) to alter the overall behavior so that the system will
behawve as desired. Such a redesign or addition of a suitable dewvice is called cormrprensa-
tiorn., A device inserted into the system for the purpose of satisfyving the specifications
is called a cormpensaror. The compensator compensaltes for deficient performance ol the
original system.

Design Procedures. In the process of designing a control system. we set up a
mathematical model of the control system and adjust the parameters of a compensator.
The most time-consuming, part of the work is the checking of the system performance
by analvsis with each adjustment of the parameters. The designer should use MATL ADB
o1 other available computer package to avoid mmuch of the numerical drudgerv neces-
sary for this checking.

Once a satisfactory mathematical model has been obtained. the designer must con-
struct a prototvpe and test the open-loop system. I absolute stability of the closed loop
is assured. the designer closes the loop and tests the performance of the resulting closed-
loop svstem. Because of the neglected loading effects among the components. nonlin-
earities, distributed parameters, and so on., which were not taken into consideration in
the original design work. the actual performance of the prototype system will probably
differ from the theoretical predictions. Thus the first design may not satisfy all the re-
quirements on performance. The designer must adjust system parameters and make
changes in the prototyvpe until the systerm meets the specificications. In doing this, he or
she must analvze each trial. and the results of the analysis must be incorporated into
the next trial. The designer must see that the final system meets the performance apec-
ifications and. at the same time. is reliable and economical.
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|[EXAMPLE PROBLEMS AND SOLUTIONS |

A-—21. Simplify the block diagram shown in Figure 2—17.

Solution. First, move the branch point of the path involving /, outside the loop involving /H,. as
shown in Figure 2—-158(a). Then eliminating two loops results in Figure 2-18(b). Combining two
blocks into one gives Figure 2—18(c¢).

A—-2-2, Simplify the block diagram shown in Figure 2—-19. Obtain the transfer function relating C(s) and
R(s).
—[] —7
R(Cs) I I 99 C(s) R(s) @ C(s)

Figure 2—17
Block diagram Ca)
of a system. ‘--—

Figure 218 R(s) = L CCs) RE)* X5 C‘(s)
Simplified block (b 1+ GH> s Figure 2—19

diagrams for the Block diagram

system shown in R(s) | G+ H, | [ ] of a system. T

Figure 2—17. (<) I 1+~ GH> I

Ri(s) Cis) R(s) C(s)
G Go p— —_——| G+ 1|50 -——@—» R(s) Cis)
(a) —_— GG+ Gr o+ 1 frie
i t (b) I ©

Figure 2—20 Reduction of the block diagram shown in Figure 2—19.
Solution. The block diagram of Figure 2—19 can be modified to that shown in Figure 2—20(a).
Eliminating the minor feedforward path, we obtain Figure 2—20(b)., which can be simplified to
Figure 2—20(c). The transfer function C(s) /R(s) is thus given by
C(s5)
R(s)
The same result can also be obtained by proceeding as follows: Since signal X (s) is the sum
of two signals ) R(s) and R(s), we have

9!

— GG G+ 1

X(s) = Gy R(s5) + R(s)
The output signal C(s5) is the sum of G5 X (s) and R(s). Hence
C(s) = G X (5) + R(s) = Go[G,R(s) + R(s)] + R(s)
Aand so we have the same result as before:
C(s5)

R S 1
R(s) 162 z +

A-2-3. Simplify the block diagram shown in Figure 2—21. Then obtain the closed-loop transfer function
C(s)/R(5).

IHJI

v
R(=) @ [ <, | @ [ o | @ s C(s)

Figure 221 1 1
II H II V&

Block diagram
of a system. 1

1 H3 H
l' ref Ca (®) G1Ga
R(s) C(s) R(s) G, Ga G, G, C(s)
*®®- G G2 & Gs Ga 1+ Gy Gy Hy 1+ G5 Gy Hy
(a) f 1‘ R(s) G, G2 G5 Gy C(s)
H, H, 15 G, Gy Hy + G CaHo— Gy G3 Hy+ Gy Gy G G H,y Hy
Figure 2-22 Successive reductions of the block diagram shown in Figure 2-21. (c)

Solution. First mowve the branch point between (; and (4 to the right-hand side of the loop con-
taining Gy, Gy, and A5, Then mowve the summing point between «r; and 5 to the left-hand side
of the first summing point. See Figure 2—22(a). By simplifving each loop. the block diagram can
be modified as shown in Figure 2-—22(b). Further simplification results in Figure 2 22(c). from
which the closed-loop transfer function C(s5) /R(s) is obtained as

C(5) GGGy

R(s) 1 + G, GL I, + GG I, — GG, + G, GG G, Fd, I,

A—-2-4. Obtain transfer functions C(s)/R(s) and C(s)/D(s) of the system shown in Figure 2-23.

Solution. From Figure 2—23 we have LV(s) = G R(s5)y = G FE(s) (2—A47)»
C(s) = Gl 0s)y + G (s)y] (248 E(s) — R(s) — FHC(s) (2—a9)
Gr D(s)
Figure 2—23
Control system with R{s) E(s) I ] Li(s) I ] I ] Cs)
-efer D [ —+ e —+ (&
reference input and | | | | | ]

disturbance input. + I—I
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Bwv substituting Cquation (2—47) into Cquation (2—48). we get

C(s) — G, (s3) + G Gp[ G R(x) + G.E(5)] (2—50)
Bwv substituting Equation (2—49) into Equation (2—30). we obtain
C(s) = G, D(s) + G G{G, R(s) + G [R(s) — HC(s)]}
Solving this last cauation for «({s). wc got
C(s) + GGG HC(s) = G,D(s) + G1 GG, + G.)R(s)
Hence
G, Ir(s)y + GGG,y + . )R(s)
o = 2—51
(=2 1+~ GG, G H ( )
MNotce that Equation (2—51) gives the responsce C{s5) when both refercnece input /R(s5) and distuar-
bance input D (s) are present.
To find transfer function C{(s)}/ R{s), we let D(s) — O in Eguation (2 51). Then we obtain
C(s) GGG, + G
R(s) 1 + GGG H
Ciryrzlaeslay 4 ot anen tramgles mrrctiosy & ™ SIS <™ wrram le=t T2 0 =7y — A} m T eamatzeary 2 S 1T Tk
Similarly. to obtain transfor function C(s3 /D253, we let R{s) O in Dguation {2513, Then
C{(s)/I(5) can be given by
sy Sp
D(s) 1 + &G, G H
A_2_5, Figure 224 shows a system with two inputs and two outputs. Derive Cy(s5)/R.(5). Ci(5) /R>(5),

Versa. )

Co(s)/Ry(=), and CL(8) /Ra(s). (In deriving outputs for R,(s). assume that Ro(s) is zero, and wvice

Solution. From the figure.

we obtain C; = G{(R; — G;C5) (2-52) R, C
Cy = Gy(R, — Go(y) (2-53) % Gy E
By substituting Equation (2-53) into Equation (2-52), we obtain BEEEE
C = Gi[R) — G3Gy(R;, — G,Cy)] (2-54)  Figure 2-24 G,
By substituting Equation (2-52) into Equation (2-53), we get SYST&[]] with two
Co, = Gy R, — G,G(R, — G3G)] (>=55) inputs and two G, |
Solving Equation (2-54) for C;, we obtain outputsl
C, = G‘lRI_ ;%%%RZ (2-56) R,
Solving Equation (2—551) fz::-rJC;gives _'-h@ G4 o C2
. — —G GGy Ry + Gy R, (2-57)

2 1 — G1G2GaGy

Eqguations (2—56) and (2—57) can be combined in the form of the transfer matrix as follows:

<, leNeNer
e 1 — GGG GYy 1 — GG.G.Gy || Ry
L Y _ GGGy <y R
T a e ~ ] Pl e e e
L 1 G GGGy 1 G GGGy |

Then the transfer functions Cy(s) AR (s). CH(5) AR (). Cods) /R () and Co(5) /R5(5) can be obtained

as follows:

Fara Fe 05 e e Sreei

e o i e - 134
Ri(s) 1 — Gi1GaGsGy’ Ry(s)y 1 — GGG Gy
Ca(s) . GGGy Ca(s) _ <y

R(s) 1 — GGLGsGy T R (=) 1 — GGG Gy,

Note that Equations (2—-56) and (2—57) give responses
R, and R are present.
Notice that when Ry(s)

and C3, respectively. when both inputs

0, thoe original block diagram can bce simplificd to thosc shown in

Figures 2—25(a) and (b). Similarly. when R;(s) = 0, the original block diagram can be simplified
to those shown in Figures 2-—25(c) and (d). From these simplified block diagrams we can also ob-
tain Cy(s)/Ri(5). Co(s5) /Ri(s). Ci(5) /Rzo(5). and C>(5) /R>(5). as shown to the right of each corre-

sponding block diagram.

R, < R,y C>
Le— [0 ) —
(a) far <, (b) C> — Gy G2 Gy
Ry, T 1 =G GG Gy R, 1 -Gy G2G3 Gy
G |—<—| G’4|—<—|—Gz|—<- Gy
Figure 225 Simplified block diagrams and corresponding closed-loop transfer functions.
Ra fal) Ra Z C2
% G4
(c) < _ — G G3 Gy (D < = Ga
R: 1 —G,GsGs Gy Ry 1— G, G2Gs Ga

(o]
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Tatl)I%jqf ]__apllac]ﬁ Transfqrmn?tions Time Functionf(t) Laplace Transform
This Is interactive mathematics where you leam math fin = "{F(s)) F(s) = L{fin}
Time Fun_tl:tion S Laplace Transform et 2 §>-1
S =2 {F(s)} Fis)= 2L { D} f5+13'
1 -tT 1
1 Tl s>0 1—e S(1+ T5) s>-1/T
r (unit-ramp function — . )
( P ) 52 s>0 ¢“sin wt s a2+ ol s>a
1! - -
t"" (n, a positive integer) | grt1 >0 e“cos ot — = s>a
” 1 (s—a)*+w
e T=a s >dad
sin of I s>0 (o % e
1 52+ @? u(t—a) e s>0
5 K
cos of —— s>0
32 -+ (!)2 e_aSG(S)
; u(r—a)g(r—a . .
t"g(r), forn=1,2, ... (—1)7 d’;(;’is) ( )8( ) Time-displacement theorem
20 (1) —
7 sin of ﬁ s> lol g” 55(5) g(0)
(s 2* « e g"'(1) 57 G(s)—s*2(0)—g'(0)
54— @
f cOs ot 57 )22 s > lol (”)(I) s e G(s) — 1 o(0) —
57+ @ g Sn—Z - gr(o) _ _ g(ﬂ—l)(o)
g(ar) 1 G2 7 ) Scale property , G
- i¥ o 5)
U (7) G(s — a) Shift property &lndt 5
dat it! | o ) G(S) L [ o At
e forn=1,2, ... T §>a g(t)dt e {Jb(f}dijr=0
MNotes on the Laplace Inverse Transformation (=550 | 2l bgast) o iiﬂ-h'—*'-]'
Jj'%i'_ri;'jl:s-j'ﬁ-;-:—xnaj%;:'h.;'z FA RS pu Ol 2 B S8 G2 g2 g o Ball  Fis) (L) Vsl D0 ot K SESe 1gr J glaall
Partial Fraction Expansion: Let function Fis) for which inverse transform is desired often appears as ratio of 2-polyvnomials:
_ON(sY e sty ST e 50 + @5+, 3 _ 3
F(s) = D(5) by s by, sPl4by o sM" 2+ b5+ by’ where by, =18 a > (1)

where indices § and m are real positive integers, the a’s & b's are constants and #, 1s made equal unity (f,=7). To obtain the
inverse transform of this complicated function would be a difficult task. It is therefore desirable to manipulate equation (1)
to a form that may be more readily handled. Specifically, it would be convenient to rearrange this ratio of 2-polynomials in
groups of partial fractions each of which could be easily transformed by inspection in the Laplace tables. It is important that
the highest power of s in the denominator of egn. (1) be greater than the highest power of s in the numerator. (i.e. n > ).

If this is not the case, numerator may be divided by the denominator as many times as necessary to produce series of terms
in s plus ratio of polynomials as remainder which satisfies condition( & > f ). In general, in the study of automatic controls,
the nature of the system is such that the condition ( 1 > i ) is satisfied and the division process is not neccssary.

The denominator of equation (1) can be factored to yvield the form:

i N(s)

o) = GG+ G+ 2
Where —ry. -ra -rz ..., -, are roots of DY sj=0 (or zeros of Dis). that is. values of s for which Dis=0) and may be either real
or complex. First, consider the case where all roots of Disy=0 are different (there are no repeated roots). Then the partial

fraction expansion is given hy:

N(s) i Cy Lo

Fis) = = + + ; 3
(s) DMsY s4n s+ 5+ 1y (3)

The 1™ constant C, can be determined by multiplying both sides of equationi3) by the denominator of the n* fraction,

namely (s4r,).Hence the n™ factor may be canceled on both sides of equation (3). Next, replace s by -r, and solve for C,.
This process is expressed mathematically by the relationship:

(s + 1 }I; (4)

. [Wis)
Cp = lim IIJ{S]I

In particular. then

C; = lim s }{5+ r ]I: C: = lim Iﬂ”: j[$+ e }I: Ly = l|n1 I (s }{s+ Ty ][
= o T TSN e o [p)
Example (1): Determine the partial fraction expansion 3nd the inverse transforén of the ratio ol polynomials:
e o
Gl S R vy TP e ceray sy W 1 P
Solution: F(s) is expanded in partial fraction as: F(s) = :ﬁ 5'3_‘4 5?1 ;. using equation (4) we get
£ —3+2 _1 e ~4+2 _ -2 7 - —1+2 1
C 3~ E1T) 2 C43a—24+1] 3 (—1LF—1+4 &
Therefore, F(s) = £ _Sif ::’_61 ; Now by inspection using the Laplace Inverse Transform Tables we get:
f@) =£1F(s)] = %E‘_gt *%e_‘” "rée_t ; answer
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Mote: If Fis) contains repeated roots in the denominator., the procedure for finding the constants C's for the partial fraction
expansion must be modified. Consider:
— N(s) N(s) ’
= e s = Y 3 P =5 (5)
(=) S+ )"s + e M5+ el e e {5+ Ty )

The root —ry 1s repeated here motimes, and there are o non-repeated roots making a total (e 4m) Factors of Dis). Expanding

in partial fraction from equation (51 becomes:

- "'“‘I I:_] '!:-2 II:lr. I:--ui—'_ I:_Iﬁ-—ll R
Fis) = = e - o + oy —" . (6
DI_:.I (s+n)™ (s+r)m1 541 54Ty S v
The constants Cy, C», and C,, for the repeated roots are determined from the following relationships:
B i N{s) ik - - d [N(s) - 5 1 " Y R [."».’I"lflIr 8 "
= lim {(s+nr )™|: 2 = lim — (5 +r, )™|; ——— im —(5+ 1, Y™|];
P s | D(s) © s——rds [D(s) ! (m— 1} s——ry ds™1 l.DI:.I !
3 2 & . 5 S - - =+1
Example (2): Determine the inverse transform of the ratio of polynomials: F(s) = ﬁ
. : : g o C Ca Ca
Solution: Fis) is expanded in partial fraction as: F(s) = Li B e
= S . 5
oo T2H1 . s+ I5+5J—fn-1I 2432+ 5 —3+1 )
ST | ] = iim —— - = m — e e = L} g T e
L =23 Lz~ sm2dsls+3]  s—z (s + 3)2 (—2+ 3)2 (-3 +2)2
) —1 2 —2 . . . . .
Therefore., Fis) =——=+ e ;  Now by inspection using the Laplace Inverse Transform Tables we get:
Ls+j= 5 £+3
F(t) = E7F(s)] = —te ™ + 273 — 273 answer
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H)—3.567'5in1 00t : e Jportt Slomieie 2 - ¥ =SSPV -

(s+2) + (10O =
et ~ ,_JI TN SN { .4_1_~.L._L|,-¢v_—2 STl S yiogad s YEle , o
K =8 : 57 casess 2200070 u;L._LuiLﬁ,_,_e:...-__.KQ o gws 1Y Ala o
8 o 8 i L
oy s = : . s+2 (s +2) =
J () = 8e — 8re R I R e = L i e =5

Y
15 50mm Il AS | o s 3 B s AT J1ond DY (Lo s 5T (Ve o]
(0) _ gy, x(0)=6 -7 x(0)—0-):crdHl alsyll v F@=8LX0 12 B 4 7x(n)-
X(0)=0 : ol== 131 £ (1) =5.590) 4 24.2x(r) + 4. 8[x()dr -
F(s)=8s5>.X(s)+125.X(s)+7.X(s) : a3 s Linus Q.U:A_.z el e l® JL.,.._._..A_,-..
saditt asletl PID Controller s bt - lalemntt = ulindl @Il ch s e (00 o5

(volt) Ui s,La) e «(milliampere) <buielt = 50l jls 1 :&ws 7= Ke + K7, (:;e ;‘jje.dr
ety ol=att ey s T ety b st ey 2Tyttt e K

T-:2 2 ‘Td—OROOES ;K:3.6 real= 131« I(S)/E(S) « el Ul vs ol [ el
‘5

I(s) = A Jel=ny benlanll LY (LeeSsoeld Jleanabiddl 2
I(s);"E(s)—K(lJrT s+_1_ s) s o s s
_ ~ A {.5-] B —| :Iﬂl.'g EE
4—!—'-!-—1'—!—!— —q__Ln.-.'-_l-._.J_._-:-g.]I_ca_._a)_..zn_ [P TS ra.:-;.q a......:-.. '.a.l_._‘l_n_r I{S-} ___'I=-E!.;r_..'| -1_r=_"-—_LJ_~::-'.
AmMAY (s s — Fodnehy e nsyi—x s 0.00019 X L 0029 4 = 0.37 A=t

'Y{Sj'll 0.3 o L or

f(s) U‘ﬂﬂﬂ'ls +002s+1 ~

I i T 1 Ll S LD Lyt D05 ki

(:(S) - C(.S‘) . 20‘5'

R(s) s +5s+ 100 o'

gt - - ,
>0

= - ER I
L | =+1 <o 1OCs + 2)

|~
I
l@
g

L

¢
)

RCs)) s+ 2087 +— A4ls +— 2
[Additional Examples: | @xample 1) IfF(s)——-L find f (1)
s2 s+5) g "
. K, s+1 ) :[S___ _ 1 =[5 1] ———
F<s>:—+sz s k{m(GR)les sl ie-l= o

g 4 . 4 -5t
. F(8) = m + s 25(s+5) From inverse Laplace-Tables f(t) = E -+ gt —35€ )

Example (2): ay g B P .

[ Ple )| If G () = =5 S i find f© u(t ?)L

from Laplace-tables(Time-displacement theorem) But L [u(t-a) f(t-a) ]= €™ F(s) , | R
. . s+1 4 1 4 [ 4 1 4 -5 a

From example (1); F(8)= m e~ 255 ¥ 52 _ z5(ees) 20 =35+ 5t —3=° )

. g() = f(t-a) u(t-a) wherea=7 :.[g(t) = zis —+ —;l ak—7)— % E_S&—?}) u(t — 7)]

Control Theory-Part 1 Page 27 /44 Dr. Mohsen Soliman, ACC Manager




3s

1 DS 1 3): ™ 1 -
[Example ()3 IfF(s) 3 g e 3 (’ f;)d e 6 i 9] =

= s iy s 5 e & I (cost) = ————
- — — but T( sin )
m F(S) CS+2)2+1 cs+2)2+1 cs,,._z)z_,_l 52_"1 sz+1
From Laplace Table: L (e f(t) )=F (S —a), S>a ; so we find thata—=2  :- (fF(® =3e* cost—6e>" sin t
| Example (4)3]] IfX + 44X + 8x = 0 & =x(0) = O, *x(O)>=4 ; find f(t)
Solution: Taking ITLaplace s2X(s) — sx{(0O0) —=x(C0O> + 43}((5) — aAx(0) + 8X(s) — O
- - % =
. SEXCSD 4 4 AsXCs) + 8X(sd) — O s XCs> — = +4S+8 - 2((5—1—‘2)24— (2)2)

but L (sinm ) =_"*—> From Laplace Table: L (e* f{t) ) =F (S —a), S>a: so we find that

a=—2
so we find that x () — 2e " Tsin 2t
Example (5): 2 s -3 =
| ple (5) 13What is the steady state value for f(t) if: a) F(s)— S(sZ+s+2) ) R = i e
-3 : - . 5 . 3
a) sF(s) = P From Final Value Theorem: lime - f(t) = lim.s .osF(s) = limg<_ .o P L
o S - Sco . S __ O - =
b)) sF(s) = e R ey s, Y oy limes_.o s+ Jwd(s—Jeo) — O this is undetermined value !
Another solution: However, since F(s) has poles in the right half of the img s = plane
s plane or j axis then the limit can't be obtained. ok/’"" not ok
Here: f(t) = sin ot (periodic function) lim, ._ f(t) = is unknown!!!! == 2
2 i -

Example (6):[ Find i =1 (t) , If the switch is suddenly closed switch R
™
Ri +L ::'t( e fort> 0 , i(0)—=0 Taking Laplace: RI(s) + LSI(s)— L i (0) = E(s) [ J

since e(t)= step-function of constant value = e I;.((i)) e +1R/I-) |&E(S) - € >
e (a b L —L _ el e ( 1 )
—_ = = [ - —— —_ — = — = 1 i e e I —
I(s) L (s + (s+R/L)) But @ R b R () R s R \s+R/L
By inverse Laplace: i(t) = %_Ee e RVL -0
e T i
hm () = —_— o lim i(e) —hin-—
i(£) s_,,m L(S + R/L) [t oo =—0 L(S 3 R/L)

This figure is a block diagram that represents the following equation:
E(s) R
G — 1) () ==

[Example (7):] If q =K, (ho —h) & h (0) =0, find h (t)
a =k (ho —h) AlsquA% _-_ﬂ:%(h —R)=K(hy— h); (K

dat
S H(S) — h (0) = K (Ho(S) — H(s)) [HG _ K
Note: IHO (=) s+K 1—+Sﬁ<| &H (s)=

If — = :. First order system =
input 14+Ts vy 4 here =T
O

. — e 2 b —
T H(S) T o s(s+KY Kho (s +S+k) Sy

H(S) — Kh, (—K% _

outputr 1

" ,
K(s + k/ By (E T (s + 1-:))
[ h(® =ho (1 — ™), =0 ]

Ho (S) + Ho(s) —H(s) [ 7 | =
- % H(S) |L“

The above figure is a block diagram that represents the following equation: (Hg(s) — H({(s)D) % = H({s)
Block Diagram [ 9aiall Jalai al) cul_Laid) J o Andlia) AWa|

The block diagram of a system is a pictorial representation of the functions performed by each

component and of the flow of signals. In block diagram all system variables are linked to each other
through functional blocks. This block is a symbol for the mathematical operation on the input signal to
the block that produces the output. The transfer functions of the components are usually entered
in corresponding blocks, which are connected by arrows to indicate the direction of the flow of signals.

a-b
: A aw | se.
-+ a-b
- b Element of block diagram

Summing point: is a circle with a cross that indicates a summing operation.
Branch point: is point from which signal from block goes concurrently to other blocks or summing points.

[Block diagram of a closed loop system]

Summing point Actuating error Branch point /
Ref E signal C(s) ¥ Controlled
input = = G(s) r » véajga).oie
R(s) < = 1 s
C(s) =t =F T % o
for feed back element: B(S)F ab e eleoe Jt M E(s) GE) e Tax ol
B(s) = H(s) C(s) = e K B(s) _
for summing point: E(S)=R(s) —B(s)= R(s)—H(s) C(s) E(=) G(s)H(s) = Open loop T.F.
Also we have (C{S) = E(s) (G(s) So we get (C = G (R—H C)
! % —— 1—4-Gc.:T—I = closed loop T.F. I The output of the closed loop swvstem depends on G((s). Hs) & R
|Closed loop system subjected to a disturbance:l MNsicTemnsl
For effect of N only(taking R=0), + 4N cs)
for this closed loop we get output C g G, - "’ Lt ..
_—_— = H
N =TT G an =} e o
For cffect of R only(taking N=0). we get output Cp R _ e

G R 1 +G,GH
=2 __(G;R+ N) Let G;H >>1 then G,G> H>>1
1 3 i
<. Cn—0 & the effect of the disturbance is suppressed (an advantage of the closed loop system)

C
Also ?R — i.e. independent of G G> (another advantage) If H=1 .. C—R
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—<Cs

[Procedures for drawing a block diagram:| g, E; —Eo T
- e —e & + -E |
i=—5" e, =z f idt — E, I % )

For the closed loop system

The T.F. of the system

[Block diagram reduction:| A e . il A+C A-B+
At L ‘% ‘% +‘% +
+J& i +] ¢ “lc -IB
A A-B A-B+C __ g s
—>® — — W AG, 1G2 — Gy AGGy
+ R = Seloleenio P
e R

»
o
2
>
©

S
9
>
0
+
.9

F=i
A_—
A G G LAG B B AG AG BG A AG—BG
iy =-SEent =l H?
B a B
= B BG
A A G 1| AG
Ne— A _ A[_]AG‘
A i = T
A AG AG, + AG
G L (C<Z ! 2 A AG; < AG+ AG A —
] e, = [T A=
=z — = = -
(7

2

6, A(B+1)
e, 11— .4

<> C R C 1
i i - = = o h 4 C ]+ﬂGj_H]
~
1/G; -] H, o (G,)
R - C = 4 + G,H2
R + G, + + G, G, —R—z
I+ —F7F— —
- il - H> I+ G H ( 2)
L2 )
| Another Solution |
iq@ [ L &by o (G ) 1+ G F,
—] Gy 5o =
< d [H ]
1 +
L = \'Z}:I.J T Gt

1 i 1 I -
P | OO HEHT T R
\ 2= |

4 1
s +3 5

-—— -
R, K C K

(S+3)s+2)s T - L (k5+3)(5+2)s c .
[ [sc+2i+sa| X L ErsEL s P il ORE:(S+3)(S+2)S+K(S(S+2)+S+1)]
|
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Mathematical Modeling input | Physical |output
It is finding Governing Differential Equations of the Physical Systems. W system _H'Er
So modeling is to get set of egquations that represents the dynamics of the syvstem
accurately or at least fairly well.

Modeling
Linear ﬁIl_'IE-iIZI*TEI]‘iEI]'lt svstems Linear ti]n-e-:ar\'ing
svstems
Differential equations of constant e.g., space-crafts control systemy:
Coefficients & single output variable mass change due to fuel
consumpution

Transfer Function G(s):

It is the Laplace Transform of the time-domain mathematical modeling. Gis) characterize the input-output

relation of the svstem that could only be described by linear time-invariant differential eguations.
Laplace [output y{t)}  ¥(5)

B0= Laplace [input x(t)} ~ X(5)
1- Mechanical Systems:
2 —f i - b r_-_"‘ﬁ- —_ £ i =
) SF 7 J_ e o Py = Teverfcat 2V
S E) T G = (—r—_}
4 e~ Fee) MxﬁA—M Ae—pre
o p— |
e C Fct2
o ¥, iaff_‘.l'—'fr’

From free body diagram of one mass syvstem:
fit) =Mi + Cx+Kx

F(s) =M s* x(5) + C s x(s) + K x(s)

F(s) =x[s}[11-152 +Cs5+ K|

output x(s) .

G(5) = — = =
input F(s) Ms2+Cs+ K
A Swstern baving two-imasses: Sgster of feor— pria sses .
From free body diagram of mass (M ;): = g A (T — et i
(MLE2 + K, + Ko+ G5 x,(8) — (0285 + Ko )aa(s) = FIs) ... (1) | ) = = 1 el
———— WA ——] -1, i) z s
From free body diagram of mass {Ma2): s = :
*{CES‘F !{'3}-1‘1{5:! + [.‘1'1-252 +C:5 +K2 + K3}.I2{S:|=c|.._..‘|2f _.:/' £ 4—"_; ;—L - . _n:';"r.:q_!u"
The Matrix will be: e B M Soian 27 o
(M52 + K, + Ko + C,5) —(C:5 + K3 I [11(5j] . [F(s)] S — o i
— (25 + Ko (M52 4+ €5 + Ko + K30 lxa(s2] — L o
For x,. the Transfer function: G(s) = i ; and For x-. the Transfer function: G(s) = %
A Swvstem having three-masses: Tgsters ol TRV e sre S
[J'I-'T]_.'S-z -+ [‘-:1 -+ C:]S -+ [Kl -+ KE]JII = K:I‘] = {’.‘351‘3 = [} ....{1:' - } e AL e
= N e L=
—Koxy + [M2852 + (2 + C)5 + Kzas — €4 Sxs = FUs) oo .. (2) = N ST = e
. . | B ~r /e A, | Fete
— 8, — CyuSxs + [M5° 4+ (O + C 18y =0 e e e (3] = e
L )
The Matrix will be:
[M 82 + (Cy + €215 + (B + K] — K L5 1rx: 0
— 5, [M.52 + (Co + €315 + Kzl .5 [rz] [F{s]]
— O35 — L 5 [Ma52 + (O3 + C,)5]) LX= o
We solve these set of equations. For x,;. G(s) = % ;and For x2, G(s5) = J:—;' and For x;. G{s) = ﬁ
i F 1 = X = g gl
Inertia Z F=m#¥ Inertia z T=]6 o
2 ™=

K
spring F(t) = kx(t) F—ljx\/\/\/\—g spring F =k (y —x) F K
z [ yV V'V 1 o

T N T G
spring T=G©6 2 spring T = G (8; — 65) . LTLLL -
o1

. T o T T LA
Damper F=C(y — %) 1—; Damper T = b (8; — 6,) //91 U 92}
——
Damper T =D 0 T) / s Lever e = ﬁx . aiby 5 e
: 'r] 92;"‘_ T2 a ~ ﬁ__b o

0 d T i ' . >
i =t _ Sz _ 2 ! N
Gear ratio n 8, 3, T, 5 il o =5 \\\1
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2- Hydraulic Systems:

_ dh __ A dp h

Tank Level q; () qo(t) = A St — pg ar -

Where C : Hydraulic capacitance is change in —q; = P

liquid volume per unit change in head: h e | s emte A
Py

C =AAh/Ah=A: some time C is taken as C —= =
R: valve hydraulic resistance is head change to
cause unit change in output flow rate:

dh h

hyrdraulic
resistance

R — ——; for linear resistance(laminar flow) R = — : hi h2
dqgo do Q ——
A dg 1 _dh, dh, [———
Connected two tanks: ——= = = C —pe = D i iz
= N ™ ¥
| B C | B
- dqg 1 .dp, dp2 B I_ 5 2
F1 t fi T == = = — 5 — —1
ow meter orifice = = C ac e D

| lx
s J——‘I‘Ilj— Throttling valve: 49 _ g, 2x__ g, 22 -Ivjb T

dt VY odt 2 di m— \/

e 1

s TR = dq _ dx dp

-l‘—[\||./_ Throttling valve: E K, S + K, T qi I
¥l .

T~ ~
=
piston g = A % + %C:: ] Lo
3- Thermal Systems:
81 — 82 6‘2 — 63 R 1 R >
Heat flow : q: = R—1& q> = R—z a3 Yy < P= o as
i 1 Ll 1 L2 O rb/O O't’}l (=Y
Thermal resistance : R, = E —+ AK, & Ry = rhz —+ AK, T T
de
Heat generated : q; +qg = C dt2 + q-2
Thermo-fluid: qi + g = as + qgo o I = 5 | I
. dm; o dm,, - .. de aj——~ ™ Asi————
q; = C 9; T &qo—CQOW&qsv—MCE o; m I eo
Where Thermal Capacitance 1s = C = MC .
Thermal resistance is R : For conduction R=1./KA & For convection R= 1/hA
4- Electrical Systems: |i_.—/\/‘3/\____’
Resistance R : V) =Ri(t) & Laplace: V(S) = R I(s) I ~N 1
= ' B
Inductance L : vV = L% & Laplace: V(S) = L .S.I(s) -.‘l—"—/m\——«:
. 1 . 1 i _l «— )
Capacitance C : V = =fidt & Laplace: V(5§) = —=— I(s) B i1
< c.s i = |

Series connection (open loop system) V() =V, +V, + V3 = i(f) R+ L% -+ %f i(t) de
V(s) = RI(s) + L.S.I(s) + ﬁ;(g) = I(s). (R + LS + é}

i R L C

Vis) = I(s) . (Sum of all series impedances) W F———‘j

- . _ - 1(5) _ 1 I V 1
Transfer function: G(s) = Output/Input, G(s) = T (R+LS+é)
Parallel connection: i(¢#) = iq + i, + iz = % -+ C% -+ %f V() dt
Inpur V(s) = I(s) . (Sum of all parallel capacirances) ik ‘;J_ ;
1) =Y | csvisd+ -2 V() — V(. (- +C.5 +-— 4 = l" & 112 T‘li3

)T TR e LS o5 phel— WSkt = .5’ & g%

Transfer function: G(s) = Ourtput/Input, G(s) = % == (i + C.S + i)

Two-loops circuit:
[sum of impedances around mesh 1]. I;(s) - [sum of impedances common on 1,2]. I2(s)
=[sum of applied voltages on mesh 1]

- [sum of impedances common on 1,2]. I1(s) - [sum of impedances around mesh 2]. Ix(s) ' ﬂ
=[sum of applied voltages on mesh 2]....... .. ... .. ... ... ... .. ........ 2) ) B,
7 -1 < r,___ﬁ_.‘. AR
From 1& 2 we get the Matrix form: & ,Ll _\’- 5: —3 !LCS
impedence 11(5)] _V(s) . . - I, (s ves) () 1,60) 8L L(s) T
[ et ][[2(5) = [ o ] If solving as [,(s) is the output.So G(s) = 70 “I" (

Three-loops circuit: we write the governing equation for the current in each mesh:

(14+142s) Li(sh) — (01 +2s) _ Ixdsy -0y . Is(s) = WISy oo, (L) E
— (125 L Ip(s) += (1 +2s5+3s+dsy . Iash—dds) - Ias) =0 ool ono.s (2]
—(1y_. Iyis)y —adsy _ Ianisyr+ 01+ ds+ UIfsy _ Isisy =00 ... ... (30
We put the equations in Matrix form:
2 4+ 2= —1 4 257 —1 1, (s) Vis)
—(1 4+ 2=5) (1 + 9s) e I,(s) ]| = [ o ]
—1 —ds (1 + 4s + 1/s) I3(s) 1]

Generator : €, = Kg if

 — % @b : I
b LI =
— 1
Motor : T = Kpp iy = S ——
- = -
BT

Amplifier - ey = K4 € = =

Sarmyplificer
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ILinear Mathematical Modeis[&_}him LSaila 55 0¥ aSail) alail Al ) z dladll e Agduaks AL -1]
Speed Control Systems (e.g. Turbine speed Governer) =

a a k
For the leverarm: x = e 2 —z L s e S A1)
a; +a, a, +a 2 - .
For the Directional Control Valve: q= KyX coeee- 2 SR o (o ) i s, b 2) z 1 te
» x
for the fuel valve q= ay hmasmessisbessassmsmmmessesEsEeRE R 3) . #
dt

T x
d d = ol una
= wander
Force balance on upper damper: b(q{* o a—;) =g - @) A E—'_ pressure
——

Laplace of last eqn: bS[Y(s)—Z (s)] =k Z(s)

»}
Engine
bS Y(s) = Z(s) [bS + k] =

E ar X(s) | QM1 Y(s) __ a ky /AS
ﬂ“' a, +a,j lﬁ_‘v—v AS 2 S E(s) ay+az 1,k A a; bs

e . A a, bs *X's (ay +az) (bs +Kk)

EN N e coy ey~ Then ¥ 4> fegtegdiesio
ay + a3 _bs Y() a, X E(s) (a;+aj) a;bs
ZH)*P—A Bs+ & [E(S) % ;;_)]

Show that the systems in figures below are analogous systems (Show that
the transfer functions of the two systems are of identical form).

R
The equation of motion for the mechanical system [:i:zw
shown in figure (a) are: b (%, — x%,) + Kk (x; — x,) = by(%, — ¥») 7
Also for the lower damper bz(_x':o — ) = ksy C‘zl_:
By taking the Laplace transforms of these two equations, o . &5
assuming zero initial conditions, we have: <,
BsX(5) — sX.(D] + & [XLs) — X, ()] = basX.(s) — sY()] bt

Barls X, (s) — sY(s)] = kY (s)
If we eliminate Y(s) from the last two equations, then we obtain:

b [s X (s) — sX_,(5)] + & [X(5s) — X,(5)] = bysX,(s) — szbZS—)(v(,‘?t)

b
b b,s + k: A ('k—:-S + 1)(‘_?_2% -+ '_l)
or + k)X(s) = (bys + ky + bys — T Xols) _ .
(bys 1)-Xi(5) ( 15 1 28 — bys s kz) X, (5) XA(s) (%S + 1)(%5_ i 1) © %z_s
1 > |

Hence the transfer function X,(s)/X;(s) can be obtained as:
For elecirical system in Figure (b), the transfer function E (s)/E (s) is found to be:
1

R, + —— A comparison of the transfer functions
E (s) 1T Cps [ R’ + DRGs + 1) P il
E5) 1 R 1 KR,C,: + 1)(R,Cos + 1) + R,Cys sl_lows that the systems shown in
' Uy + G T T oy Figures (a) and (b) are analogous.

Linearization of Nonlinear Mathematical Models|foha sl izl iz dlail) .1:.3....._.:-}

19 i From the Figure: |q;,.(h)=cv'h |; et ) IS id gea Lal
- Fer=E (nonlinear relation between g, & h) Fo -
/| . T Let h = hg + Ahl, Fos fmmmmmme o . =
vl Fo Ti=— Yis + Aq:: » q°=qu+&‘—Io : _ ;;;4'];_4 ki ;PJS&.‘-U
Let h = Ah, §; = Aq;. Go=Aq, (all of small values) i Sier cavy L N
A — 31?0) AR A
Qo =~ Fn h=ne -
&‘o:% h#hé, or [Efo :(% C%)E] I&c,: (%) F l : (linear relation between &, & i)

it is orily accurate prowvided that §, & h are srmali. Using laplace Transformation :

Iéa:(%)ﬁ]———(l D) Also from ﬁgure:lqi — G =—A i’; CFi=s+G: D (Fost+FoI=—_A Lfi;k&

(B Fio™— e — Dest D Iai — L = A ‘;fINote - if the original relation is linear then

the linearized eguation has same form. Using Laplace transformation and form (1):

—~ = = ~ 7 _ R _ R
i— 2 —As AsD—R 0| (2) and for A(0>=0 %* (RA)s + 1 == + 1

ﬁ(s) 1 1 : . — O (Step input H(s)dD—aR (l — 1—)

HCs) (1 1) if Q;(s)=2 (Stepinpuo = svare

a3 (s s+1/T) 07’] al(t) — arRr (1 — e_t/T)I

Pneumatic Control Valve

Air Adr
pressure pressure
signal

~igmal

Pilot air i Elastic
~ memberain

== Air
- pressure
signal

Adr
pressure
signal

Fluid Fluid
— ’- —_—— e —
a) Direct acting b) Reverse acting ¢) Direct acting d) Reverse acting
air-to-close air-to-close air-to-open air-to-open

From figure :Iq(x, h)=K A(x)'v%l
Where x= stem position, A= valve opening,
h= head difference across the valve

g\ =9s Ag\T=9s . daa s [ 1 ] ~
Aqg =~ —~ s A N & = | K == S he + KAL) —F——| R
4 ox 1.=115Ax ah)n::zs h v [ ax = s ] - Cxes) 2 /e
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rEi =k,x kzi‘;l Note: k; <0 ifji — 0 Laplace Transformation lfj = k. X + koH
x

From main valve figure, taking force balance . o ax azx|| s o o L dx azx
of movingmass (M of stem and valve disk) rA kx—c de dc= PA—kX-cC de dr2
W B e 5 B s 2 s T .
T dr2+2§TE+‘x K. P Where T = » 28T = » Ke o
Taking Laplace Transformation : = e ¥ =l
X K If T=<1 or M<<k S = =
V= TZsZ & Z&ETs + 1 P 2&Ts + 1 s + 1

Thus Q@ =k, f"— P + k>H Assuming that fj = 0 (head across the valve is constant)

+1 n l\l
g__K, L
-_ﬁ T Trs + 1 —_— = == — iy o £ oy R oy g e :—(

+ i [ I [l Ay g id K1 )
square root linear equal percentage quick opening linear equal percentage
Types of plugs for pneumatic valves

r 100 T
A1 | ! . j ! :
o9 - Ld L S— 90 O L T e e
F\ Quick-opening J 2 Kvx x(/b){X((/E))} -
ax —- 80 v,x(m P st i Cenae
I 100
2.7 - T = o | SSSESSEES, [ P | S | |- S S
— | Linear // — '
= o / . I - = ] e e e e
= / / =
= - / 4 2 Ty )| LCSCE SUSRESESE: SN | S, NSRS | [PRPCES  EWRS - SRS | DN S,
= o= e 3 vy )| SRPRIDUNE | SESPSERS, | VR | SN | PUSMRISOLCI | SRS | . S| ESUUIOUS. | SRR | BN
= K - )H__}/ l-t - sc. =
= o3 [ = oy LR R I R 0 S R R L
s ..-‘-:_»‘ e al ercentage i [ G R e ena (SiEie i SareE Samatei
2 nnl- =
= — = = o= P I S e ol N N T N
LS o gl e w—— L poe eemoec |Eeme Sty SEmemesn ey I o e e e e e o T e e
o - o e e .3 o e een o . %5 L) 20 30 40 50 =) 70 80 ) 100
Valve stem position (fractiom of full range) Valve position ;). %
Flow capacity chracteristics for various valves Modified linear valve inherent characteristics

Modern Control Engineering.pdf ¢Jsis 958N gasall 2 (3 o, Jualll B) S dflda) Akt ALia] 22 5y
Problems on Units (2 & 3)
1- Find the inverse Laplace of the following functions:

1 1 1
(@) G(s)= (s+3)(s+2) B ) =1o7 H(s+1)2’ (€ 66) =5t 1)(s?+1)

2-Whatis the Laplace transform ofthe following functions:
(a) g(t) = t? cos(w ) () g(t) = et sin(w ) !
3- Whatis the Laplace transform ofthe function shown in the figure below? 10 |

4- Solve the following differential equations using Laplace transformation: 0.5
dz
d_t:-l- 3 7 + 2x=5; where intial conditions are: ¥(0) = 2, x(0)=1 0 . > -t

(]

5-Using the block diagram reduction techniques, find the final R($S)f 4 X G G4 9
closed loop Transfer Function: ’ J
[, .
- [,

C(s) / R(s) for the following Control System Block Diagram.

6-Using the block diagram reduction techniques, find the final [G4]
closed loop Transfer Function: R%Q_;_t —*><l>+—( <o)
C(s) / R(s) for the following Control System Block Diagram. ) ] L ]

7- Write the differential equation and obtain the transfer A <2 =
function for the following if x is the input & y is the output. i; .Sr; = - 3
8- Obtain the transfer function; V,(s) / Vi(s) for the following - i ——
electrical system ~, %, g-( r v,

- g
9- Obtain the transfer function for the following & .
hydraulic system; where the distance of the control 63 \ql h{ Drain
valve opening, X, is input and h; is the output. K h, Ps:,—%—— q J

- X

10- Obtain the transfer function; Y(s)/ X(s) for the A _&_ﬁlz \_H P ;
following system if the piston mass and the damping by —— :j
effects are negligible and if the volume of oil under A, Ry % ﬁ) A ‘
pressure P is V with bulk modulus . | : e [
11- In the figure below the flapper-nozzle valve is used to control piston - /\;74—&{;—‘1 i} 2
position y. Piston mass, damping, and spring constants are m, b and k, and I‘—;T o
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piston area is A. Write the linearized equations and obtain the transfer function Y(s)/ X(s) if the volume of fluid under
pressure P is V with bulk modulus p.

12-Find time dependent Differential equation & corresponding Laplace Transform eqn. for each of following systems:

fa)l B . / Feg =Kk 65— ¥ (b)
_— — Positton with
‘ oy T S
M Frictionless -— N a) > ar
YIFTIF7TITTIT 77 77T P77 TT7 777777 ] i zgs?r-it Ty =0
FIG. 2-1. Spring-mass system. Free-body diagram with o
mass dlsplaced to the l’lgh! (pOQIU\c dire\_UQn) Fig 2-2 System inn which weight is an important factor

5 <, s e
- * I iz = e,
Rod <) B) | - P
3 ax, .= s —} . —1 o
—— Cylhinder * l =re e y TS —
e —— FPiston e e e s - E
Fanracy <'- o Fig. 25 Sprirtg—rrtass—darmper systrerr:. Free—

P 2 >, (=55 body diagrarn: assurming positive
% 2-4. ¥The dashpot. Iy = ( Er. 2t ) displacerntert & velocity.

N R | N b G(ﬁ' —6.) b db,

o S R }N% ;)_g )[ —)

lcﬁ-!wj—i : , — e 3 / {a T ‘b

[& - 3 cr e «Fr
'?ILESFS:;Z‘E‘;‘» et i Eiﬁ 2-7 Torsional system. Free-bodydiagram of muss
e e R e s i o responding 10 a positive displacement at # .
(a) -2 i pm— . |———x T @ T o
c Mg T {1 M, P \ \ bk \
IIITIIIIIT 7Y, IIITTIIT I j } e B 7808 —#—}—‘ I N
...g._" M kaly-2) A ki r—_w-r—‘ ky'x-y) ] \ I ;
R e g IR N 74 (b) ;*.—.-’?
5y ] F -‘;:o;g diagram ofeac'I:‘;na“ fal z 5
'#?f?;:‘;f’/t;‘;’:‘:ﬁ?&/;te io Qi T || FaG. 2-9. A geared system and its equivalent
T w TN G b,
N - I P, g

AR
£ } > I b
—-|‘\ (b 11 I+ 1,_-:% Ie=‘;—,_, b=‘;’—,,

sl 44 Cout
FiG. 2-12. Electrical circuits. - FiG. 2-13. Electrical network.
R L R SRR AR Fressure port Return port
Xxeg e V4 t
£ E

AAN m[ el Bigme = i, f > =

Cylinder .~ Piston area A4
Fig 2-16 Valve-controlled hydraulic actuator
Return {‘Oﬂ‘ pressure p(lrl “;““z Ll ] L W
¥ biidzng sleeve —j A Fig-z_ls E
== e = L = o I Ej‘_- k" k: j._"
=4 | A~
' ! y k: | B
— J y :
i ' P
r Feedback 1! b M o, d
fever | CATRR -y - | fE‘ I 1
Lig.2-17 IlIydro-mechanical Servomecharism No rotation L Y ar——
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Step Response
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300 e _
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o o 51‘30 1 OrOO 1 SIDOT_ p 2)9‘00 25‘00 3000
P e Y SR L g S U SN UC L i S S S0 P S e T i S s
F'S
Transient response of ot step " ramp RO|
% Unit (A=1)
15t Order system impulse
(we examine effect of different
pulse
types of inputs) i l t
First order system if c(t) is input and r(t) is the output (Pacen i ) i .
de . cC 1 system i e
+ T — =r(t ifc(0)=0 C+1SC=R or|== E 7
et T - =10 ©) % Targ| EE gl
: : 1 1 T 1 1 0.63) — =53~
efpl) c=i_x__1_ .
For unit step inpu S S TaoE B mal ; :
— F
System output/response [C ®=1—-e " ] = i
"y 1
For unit impulse: 1
]
For unit ramp: [c(t) =t—Tt+T1T e""] od T‘ -

1 A -
= System output/response c(t) Y
For unit impulse System output/response P ET c(®
= r(t)=t.-~ :
For unit ramp ( )’,’ Steady state
G error
t BT
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Performance Characteristics of 2" order System for Step function input
umjadlgdaamumiu)ﬂl! ‘.\_'Q‘).LASJQ‘J?IJJJIJ_A

The following figure shows adequate parameters used to describe a time domain output or the

performance characteristics of 2™ order closed loop control system subjected to a sudden step input.

““““ 74& _—7/;%

= / steady state
CcCIrTOoOT (t— ==
IR Number of i

oscillations

Settling titme

S%o

f#_,

1- Maximum overshoot: is expressed as %rage of size of input step function {e.g., 6§ = 10-15 % of step value R).
2- Mumber of oscillations.

3- Rise Time: time taken to rise the output from 5% to 95% of the input step function E.

4- Settling time (Te=41) time taken until the output falls within £ 3% saw. of the steady state error value (as t—oo).
5- Steady state error. -
These parameters are interrelated. and control requirements tend to conflict. The maximum owvershoot can,
generally only be decreased at the expense of an increase in rise time: steady state error can generally only be
reduced at the expense of making the transient more oscillatory.

It can be useful to be able to describe a complete transient response by a single numerical value. Several tvpes of
functions have been used for this purpose. the chosen value being called the performance index.

IAE = _rDJ' le(t)dt (integral of absolute error) &  [ES = J:c e? (t)dt (integral of error aquared)
ITAE = jﬂ L le(t)|dt (integral of time x absolute error)

Bwv changing the system parameter (e.g., constants of the PID controller), the performance index may become
minimum. This would be the best transient response for the chosen performance index.

Time-Response of 2nd Order System for different input functions:
2
£xX= ©n T.F. of closed loop 2nd Order System [For unit step: R = %]

R(s) 524 2Zw,S+ w3 —
Where A, & A, constants & P; & P, are the roots of characteristic equation : S* + 2 LopnS+w?,=0
1 &5 - 1 L
Ay=- =2 A= -——4+—2—
h =z 2 ft-'2 -1 2 2 ,22 wad
PT:'gmn""mn\}Cz—l,P2="€wn'mn-‘/€2—-1

If Z>1 over damped ( 2 negative real roots)

If £<1 under damped (pair of complex conjugates)

Ay Ao
= — 4 e
- &) s S_P, S—P,

If =1 critically damped (2 negative equal roots)
If <1 wunder damped (pair of complex conjugates) e

e—tont
Y e ]7

c() = 1- \/———g—sm(mdt + @) where
11—
[

P.O.=Percent Overshoot

Wa = ®n [} _ £2 = damped frequency , ¢ = tan

i_zc2
If “—;—'E:- - 0—>|:tan(mdt + @)= _}___Q_] Sltan(wgty + @) =tane | i—ez
Thus wygtp =nn and Peak time = tp = F"»
< d A : [
D b o g IiS""(7c + tp)] sin(rx + ¢l=c‘5):5n:s<::fzp¢ o t tu ] i ) ¢
1_c2 =- = t.
—Zm = C —Lr .
[Cmax =1+ V¢ ]& Percent overshoot =P.O. = 100 e Vi-¢? TELPY
2
Also we could prove that: Rise time =t, = Z— ‘p €31
ts = % 2% criteria) or we get t =—=_ (5% criteria)
Settling time = t; =7 ( S E Ewn
n BN IR N JNUNE. T S, 1 2
For unit impulse: R (s)=1| C(S)= - — : . 2
[ P | S + 2CwnS + @’n 0 [Time responsE for unit fnpuise and
Time response: [c(t) 2z Aleplt + AzePZt] Where A; = -As = Wy :‘?; ifferentvalaes of £ i
2 fcz = o = Y 3 = Yot 12
|F01" unit ramp r(t)=t | So R(s) = 1/S? P output time response
B A A ClS)=—g—————n c(t)
c(s)= E"1+ 2 p 2 S< (S +2§th+mn)
S S-P,_ S—P, . 22?1
~2E -
= :By,=—"=2 Ajand A; = e
Where B1 1 2= “m, ®, 2w, JC2 —
c(t) = t—o—~" }é;;"l‘ + AyeP2h
Tl e "'\Transient part

Steady state f‘--‘
error
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Summary of Time-Response of Control Systems
1°** Order Svstems: (where X, is system output, X, is system input & we assume always zero initial conditions X,(0)=0.0)

dX
a ito I b X, =cX;; applying Laplace Trans form we get: a SX,(5) | b X,(S) = ¢ X;(58) or X,(S)aS | b] = ¢ X;(5)
=
System T.F., G(5) = ):,‘:E:; === a/;/irl ,Let ¢/b =K & a/b =T ; whre K is steady state gain & T is Time constant
. - ) R _ output _ Xg(5) K 2K ST 4% o
So the 17 Order system T.F., G(S) = el = B = TE rUnltstepU(t)—j_ i éﬁ“”
Output Modes of 1°* Order systems: st e ,Mls"__{.?ff?)
Examine transient response or effect of different types of input signals as shown: R{E)= Fa 1 . Ur;;te
1) Impulse response: if the input X;(t) = 8(t) or X(t) = A (1) - — — e
From tables L{S(t)}:l & L{A 3(1)}=A ., A is a constant M) —irmpulse
Hols) . _ s . g N e l=1F =
G(S) = % (5) — 1+ S & X;(85) = A, so X,(85) = TS Ldividing by T, we get — ouTpur
AK/T . . AK —~_ > ()
X,(5) = ————, from inverse Laplace tables: X,(t) = —e /7 — =
1/ +s - -
2) Step response: if the input X;(t) = u(t) or X;(t) = B u(t) Mt — EReacey
From tables L{u(t) }=1/S & L{B u(t) }=B/S ., B is a constant , so X;(s)=B/S /“;‘f_\:)
— - r
Xo() = _BK =44 € where A=BK & C=-BK 1 X,(5) = 2K | ~5KT e
S(1+ T S5) s 1+TS s 14718
from inverse Laplace tables: X,(t) — BK (1 — e /7 )
Assume B=K=1, so X, ,(t) =1 — e /T Note that at t = T, we have X, (1)=0.632 z

3) Ramp response: if the input X;(t)= Q . t where Q is a constant

From tables L{ Xi(t) }= L{ Q.t}= Q/S?, so we have X;(s)=Q/S? X(E) framsiont T

X,(5) K/T Q K/T A B C recponse ]
G(S) = = , 50 Xp(§)=———"——="+—+——

X, (5) 1/c+S S2(1/c+85) S 52 10+ S >uCe> 4

. —QKt QK QKt*? . . Ramp o
X, (5) = — tS2 Py and from inverse Laplace tables: input i ;E:_—sz‘;'y
_t . _t XK ()} res ponse

X, () = QK (t T l7te © ),and for K =Q = 1,we get X,(t) = (t T ltTte = ) = i ) ;‘__f-

. d?x,(t dx,(t .
|@2nd Order Systems:| a d;2( ) C‘;t( ) +cx, (t) = e x;(¢), by taking Laplace we get
©)
aS2X,(s) + bS X,(s) + c X,(s) = e X;(s) » (@ S? + bS + ¢) X,(s) = e X;(s) T.F. G(s) =
kw2
(5242w, S+w, )

e

X;(s) (aSZ+bS+c)

General form of T.F. of 2" Order Systems: | G(s) = ; where w,, = natural frequency & { = damping ratio

System Example: f(t) = k x(#) + bx () + m (&) by taking Laplace: s e
F(s) = k X(s) + bSiX(s) + mS2X(s) y = g; -
Tre : 8 1
TF-G(S) = e T s ¥ k- SE ¥ b ms ¥ k/m STE_ ™
Comparing with the general form w2 = i and { = L ) T =
e 2k
e Modes of 2" Order Response: . ]

From the system characteristic equation (a $2 + bS +¢)= 0
—b+vbZ—aac
2a
1) b? = 4ac; two distinct real roots,the system is over damped
2) b*’= 4ac ; equal roots S;=S5,, the system is critically damped

3) b? < 4ac ; two complex roots ,the system is underdamped

We get two roots 5; & 5, = we have 3 cases:

T e rd o pemazs)

&
Back to the System example: F(s) — (772 52 4+ BS + K)X (S
For the tranmnsient response without extermal forcing, we hawve F(s) = O
e get 2 roots S, & S5, — 7biw’2b7174m for critical damping b2 — 4frm:
s we Frarre o critical darmpirng coeficierntocall as b, — 2./ Fk m
Fa F=]
Rermermber that the dampitg raftio, { — ———— ; S0 we get § — —
2~ Forrm B
For underdamped system|(Z<1) subjected to step input: X;(s) = 1/S , the output X,(s) shall be
A BS+C . .
X, (s) = < + ST r2cw,Stwi? and from Partial fractions: A=k ,B=-k,C=-2 {w,k
1 5+2 -
X, (s) =k [E — Wisw:wn?] let us call the damping frequency, w, ,where wg; = W, /1 — {2
- -5 —_ Talwn o T(SHfwn) ¢ Wa
Term 1 = GriwotrwaE & Term 2 = (5+§w,,j2+wdzwe can prove that Terml + Term2 = rTwoTiwgE ||1—::2 [(_S+§wn':|3+wdz]
By taking inverse Laplace: x,(t) = k|1 — e_cwnt[ coswgt + ’.:_ sinwg t ”

I1— ,;
J
For critically-damped system ({=1) subjected to step input: X;(s) = 1/S , the output X,(s) shall be
w,, 2 1 w,, 2
S S2 420w, S+w,2 S (S+wy)?

Characteristic equation has roots S, = 5, = —w,,;s0 X, (s) =
We can show that the output shall be  x,(t) = k[1 — e ™ (1 + w,1)]

For over-damped system (Z>1) subjected to step input: X;(s) = 1/5 , the output X,(s) shall be
2

1 W,
Xo(s) = S S 1 2.;,”:;5 . an,Let the characteristic equation hasroots 5, = —0,& S, = —o>
1 wy, =
Xo(s) = —. - swhere 5, = —@w,, — wu+/d{Z2 —1 & 5, = —qw,, + w,+/{? — 1 ;50 we get
S (5 =505 —52) N 1
x,(t) =1 e (Z+TT—1Dwpt e —(Z—/TF—Dwnt

W YR 2/72 -1 —JT—1)
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(Important Parameters of the Underdamped Systems:]

1) Delayv time t; :

The time required for the output response X,(ty) to reach 50% o
value (which is the amplitude of X(t)) at the very first time.

2) Rise time ¢, :

Time required [or output response X (1) (o reach 90% (or [rom 5%10 95%)
of the final value (which is the amplitude of X;(t)) at the very first time.

T, e U Annell Al Cliad Chldy w300 2a o iy el CADAEA) e

3) Peak time ¢, :

Time required for output response X,(t,) to reach the 1™ peak of the

over HII(]UI.

4) Maximum over shoot A; or M, :

Maximum Peak of output response X,(t;) but measured from uni
{if the final steady state value is not unity, so the Mp=[X(1p)-X(
5) Settling time ft, :

output, X (t)
/

f the final 2  [input
= steady state error
2 Gl XUBDLS UL ™R, T iy .
go9-- S $12%
T | :
=3
s
ﬂ 0.5
= |
-

t
p
[RESTFIPES SEIICE TR Dt SO s

ty
D)X o(2) }

Time required for response X,(ts) to reach 2% or 5% tar trom and stay within a range about final value

Analyvtical expression -y 3, 31 Index L.t
S = e T 10020 0O = =1 Maximum overshoot & .13 .. .ai —»
Vs J— z tp 3oyl Cea -
= e 1 — E7
T o~ 1—0-75’ O == <=1 Delay time T4 e3>t Gosandl — Y
o (0” =
= ==
Td;:1+0.6(,, + 0O.15E L ==
ce?
7 o -8+ 2.55 O —< & <1 Rise timme T, s.leem S o135 fpasy —F
- —(0" B =
I_gl+l.l:§+l.4c§2w(§21
e
<4 Settling time T, a=— =yt ey —=
Z: = = e N
< 22,
s — A, — A, — 1l e e Ly g2 IDamping index W = =11 ;lias —o
A,
- I L;EJ"LL:}-L'Q_QELJ{'Z-AM T“nq_._...l)g\"—'\"l
Q_Qa)i_ug‘_,_m/\_]_d_mll.lé ‘Jli.ia._.la lld_,q T"Il,,,.‘j
I Céwv"ﬁm,o kd_ua)_ad‘at_)d_v}_bb)_éa_amlnd_i_—v
k -J)_-JQT_H);gtd_})\;xoss)_ul_.wu_mlnz_b_aJldlf)_hq_d
]C 1na_t._,41_144;,_‘=uuu14_,,)31w_.uy_.41
(_,_LQ 3).3_3—1' (t)L":h:d! 35.5) . X -59""” LG—Jﬂ//Lﬂ—) ._gj.a_'ﬂ tg—a.::;ﬂ ,._;l
R Ul IS P P NS NSRS Bt I =N AP [ I ) S gl b=
m =

N GENEUC-- | SN TR I | RS RPRe %= I SR P I A S 4|
i LX) XD | foe(iy — S =0 (D)

~x

A=13)

dr’

tEeieia EL5100WI ‘_z-.c.).J;,_u PN Y [P @ B - SN IS SRR, S TS S WS A

vl

725 x(s) + Csx(s) —|—(k§(s) —f(s) (rrrs” + Cs + B)x(s) = (s)
- I
JCs) 7775 —|—CS—|—k ST+ 5 Crrnr + K2
CC:Q,‘\;;{??? :..;"_,._:_‘L._ cf:L P (00 J— ,'I?ﬁ _-.1 ‘.!
ol aenil Jelas (€ allnild oosell el e ladl S0,ET1 2 @D, L oeeSenl Aenls o &
x(s) I /m 1 a2, N
— ES 5 = LI P i |l § WY
S (Cs) s+ e s + A ks + 280,85 + o) e
f(s)Jaan 1 1 g X(S)T A
f(s)= L —I k s? + 28,5 + 2] I(t)3=-
@

CEALSLET AS L1 g alin isi_..._‘n Lgl=—u = 22 Sl gounll SI101

5 5 F-a A e | Jf"“:;’

A

B {9 JPE SN L EOEUNEE P WU SIS PN ADC T SN Y I S WPy W N I JW R W | - W IO
= lm#&!mwwo
E et Bl Ben® evas X(1) dca !l aulaen W

+ 2E&ewr, s + o,
[Esidt Ao, (od alinid diastl Slen oV 3
@’
x(s) = slews X(S I
) s(s? +2&w, 5 + @) T )z

Faebal 3 SlSes HYWha ¥ odna S o L= o s X(S) ‘,La_a.s:_ Uy ok { B ENTS | [P S — =S PN I U =N
_(00 Az(go(é _1) ng—l-‘—'
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[(over damped system)] seesnil do,na alins s & > 1 i A >0 EFSLV D=3 —T]

:ASINIe o E. 5.5 c 5T 4+ 2E@,5 + @] soo=Il S sl ye==a3 ATl slia 2
&, =—E,— DgASE® —1 = — e (& +JET —1)
s, = —Ew, + D, ~ET —1 =— o, (& —JE* — 1)
>’
x(s) = = - S Y23 -+ <
s(s —s,0(s —5,) 5 s — 5, 5 — 5,
- S 5r s — = s, 2
(1) =1+ Be" +Ce ST A N
5, 5, 5, ik -
(critically damped system) z, = awe>3 sxalba. £ =1 i A = OFAsCdl D31 —3)
S,=5,= —&@, cinoliwias imza . 87 + 2E,S + 0, - s B, ol Se==a ALl sla 2
2 —o7 :
x(s) = e 4, B ,___C [F(O=1—¢ “A+w,D]E =D
s(s + Saw,) s s + S, (s +Ew,)”
(Under damped systern) oo<i==Tti a3 ‘31._1;‘_: S =1 = A < O=3=31 331 —=]
T AEIl= A= o 57 + 2&c0, 5 + 22 Soo=—T1 B, Siey ol Cye=— ATl Tl Slia 2
e — o 9 ==
s, =—Far, + jear,J1 — &2 s, = —EFer, — Jeo,~J1 — &7
l=> A Bs + <
x(s) = = == + > = =
s .S‘[(.S‘+§(OD)2 +(002('1—§2)] s (s + Eer,)° + e (1 — &7
x(r) =1 — ﬁeimﬁ _sill[\;"'l — &7, F + Q] (& <= 1)
~1 — =
/K Fagsi PR = TSR RN R T IR PCUNE R, 1_52
10— = — e — — Lﬁ""“‘—'L"‘-‘-—"}ﬂ-‘ A-TL-JI;.;_AA umtstep mpm m),dl Q arcig? Pl
=10 ¢ = g_Q
~f =15 . r a)‘)\/ﬁ s M e o ik s g 250
M = ol [ A S Leil) 2l Bl ¥l L olnied sl e .
>
I = B3l (o s 3alnil| 59,00 381001 a3l oo F(F ) yslaxill 553 cpay] @
= ; Sles P T O & O s Holamill 89,00 32Nl (pa 31 g o[ (7)) olaeidl 8950 (e
0 5 vl o %5+ Caply Ay ad J] DleinWl ad o o0l el say (7)) Gomcall ey @
Mathematical response of second- order systems Je> % AL ies Jlsl == g (e 2 s/ - [Cas?)
with step inputs. |ts =3/«:f00| SN SO EN RN P W WS - -1
it R poy - po— = z
— - |:MJ.}%W)L7‘Q&)MM!)J:—YI
e
T L Ky (£) !
N d)—“
(& Vis cous bl SN PP W S
+ Inertial o=
L DC Notor L:ad:} friction N R
O =
Tl
S plicwa SO G pmma tV -2 == Torgue ¢ ) Angulurrule

a =g R8s @ J6§3+BQ=¢}.JI:R:;L‘JI:\J;L..L|0 (H Ldr+Rz+KQ e ¥ Ll 0

a %Ei)ﬁg Ja;f?JFBQ:KI-.J&] 2(3)5(Q)erislall zoe (3) K 7 =l ponll aye - S 2slall @

5 _ K. , 49 dQ) T P
C=XK +RB gt at g +Q = Gelils it bl Jle hoasd HLall e o satlls
‘all"*l'r‘_’_“ =1 ﬁaznd_a}_n el sy rg:}% ._,_a._g‘- Sle Al e 5l a3l ol gas T, = B‘g:w .
(HD 51001 semani a5 ‘L (Nm.s/rad) Sl=ea ¥ Jales - B (kg.m?) teodl youmB a3y - J

WMs g E (NmMV/AD 2t cos K Q) 515001 sematt daslza R

V.s/rad) SL,e=tl aadiza et - Ko ad/s)et pm el Lol 5012e ol -

71 Rz - 4a, . o L ) o
mo—\||a2 _aa—ziaz,b_m ‘&uﬁ@uﬁ@.)w.«_i)mﬁwmulﬂ%s

s AT et L e S eles cSl= 15[ JBs )
J=62%x10"kg.m’ . B=1.0 <10* N.m.s/rad.L =002H_.R =1.2Q
K, =0.043N.m/ A. K, =0.043Vs/rad
AUl b lant) Aslell-o o ygsmll 55l Q.A)JI col—c u—l._ul_l._\ll o bl G Il B = T I as sl
‘_,_‘_w-_‘_LI f,_._u)taﬁu_\_‘_u Ada ! -u'La_r_._...E’l— ALQA§”¢'9.M Al s _'1_'1).¢.H—
Te:L/R:0.02/1 2=0.0167s -~ 1,~J/B— 6.2><10'4/1.0><10'4:6.2s -7 [=0
= 0.0063,a, =0.379.G =21.8 - =dalall Yol =il

0.0063 dd@(”+0 %79M_J+ (1) = 21.8e()]: mls Listt aslatl ot Ui s

f=_% _ 0379 _ 5387 1 1 — LSV Eaes .
=T 2Ja. T 2700063 =\ a, =V 0.0063 = 0-079F bt ¥l Ry saminz
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‘au_a_‘J!q_;L_-:-_,_._...! -

DIoslelln bgs i shoubls asdh o8 allusll 55 el ATslall sy Al nd_,L;;._._uq‘_,J_;\_J_.__u._.\_,_‘_r
_0.0063s" 03795 +1=0 o= ca=us

Lo Gl & a2 . A=(0.379)7-4x0.0063x1=0.137=0 : .o 5atl lown e,

_ (=0.379 —0.137) _ _ (—0.379 ++/0.137) _

7 > 20 0063 —57.393 2><0506'~; —2.765

T ] }()_bE " I ‘o I ‘e OB (1) wily sl 1 o J1 1y

T ThRTY T e Al W el sl

/ E=5V, 00,12 1l L e o gl s s m()w,.m i Ll 2 ] ol
i/ o) = 13727100571 0507 e ops BEDLS (s )

&0 /

40 ’/’

/
20 ./'
00/ 0z oa 06 08 , 12 e 16 e

Time (sec)
e in ’,L_.:_'I)..-..n‘.u;\_“;__‘@__lu;___;_nz/\ -‘.\J&H:;

v(s) e [100 ¢ (- o]
4b®—h.35+1 > '_7_\&! Jo,Lu.gJ!.L‘J_\_‘r_LLaLe.Lu.Q_! ._l_m(g_l_-:wlagj_m.mi_u,ﬂ
T o loal lan 3(5))“ PSR- WIS T N EO (O
v N PR [V STIRRN PR EL AN UL VR

y(s) _ 100 100 __100 _ 099 _ 1 -
W5y = 35 01/ 173551 =35 2101 =0.0207s + 1= 299 02075 + 10 =

o5 0.118 = 4%0.0297 = T . 206 0.065 = 2.2x0.0297 = T} .2065 0.0297 = T : o7 Lia Ina Sy

v(s) xalodl lade esmmad Al Lo I Y vaS)
IR =PI | Solasells aliad Comn

AUt A5 5a s Lo . })((jg S RS N DY DN ST S-SR L [ -3 | BTSN g (F
LI Ee ot Ltee, KS ISQO USSRV RS- ATE I [ U I SESORE g Py me_:qngi <
Pl e s s Vs S LN T o i()l%OK) SrI100KS T+ % &S
S5+ 1005 [1+ S+ 100K — I;((;S)) PR it Lateme 1 GG —10—01000K)
AN A0 53 el o Sy o b TS(S + 1(1)3?() +100 ;:((j))

G5 =g Al 1L Lol (e 1 230 R il O 3 & sl (Fo)
W ocastl jlaes Ti ettt ey Ty col35 ey T o3t Gosatll 08 H5lad B v -y
E=035<] glecliiny 28w, =42 ik= @, =06 Jlclin, @ =36-) : l=dl %
T,70.279 (Tg=0.125.0=36% : oo YV i Joosdl 55am ol el ol 3oty
p=0.178 . T~1.42
TASW Al et Jlondl 2 ALl LI Slesli el & @B o ol [ E i »as )

N 20 ) N 16 | 12
G = rgs+20 T O= o rgiri6T GO=g g1
G(s) = &2 TR SR PO DR TSI CUCS S TN IS TPNPC TN 6 SNRE YIRS IR TS

s* + 25w, 5 + @]
E<1 &f me £0.894 —v E=1-v E=1 51 s & 1.155 -y 0s==5 o

sl 20 eon . D) L s Ll ALl aliied oSy 5 Al [0
= S +100(1) = 50 Al ps=maia
! Ll Wl o oy pee L | Sl W1 -V ﬁu—‘-‘-”i—‘——l—1 YT el enls -

() =1—e . G=5.1=0.1: ol
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0 ¢ djrgf) ‘ d,;gfhz},(r)_zzmmm;ubwmaf@fug
.ulmw)tﬂm_)jpﬁ_ﬂumyu '% G‘au_\.dlt_«.w_u—'f JMY'#’S.J&JL&-X}”JALM.QQM/\J!;;)J y: _b»al

G=1 -l -Y S olea ¥l T s ©p=1.414 ¢ E=1.06 -y :J=!
v(it)y=1l—e? +e’ -v

AL S B2 s B 5 B o LS u),md,ap_,_mﬁu_u umnﬁui_, 151 EVOmras)

.

(=

0.5 -LI_\_I:IL u?"“‘)jl 15 _!.}-al
B BS-=-00 N4 (ISP N1 | FE——py a_,d.mwt_,Mp)ot_u af oy T ,x‘n_)_q) vy T, @ NINRECRUUE
G=1 -+ M;=16% -v. T=09sec -v . T, 0.2856C =) s Ll
Examples of 2nd Order Systems:|(Field Control oF DC Motor) II“C‘:ﬂJ‘
T(t) = JE,(t) + BO,() —»T(s) = SUS + B)6,(s) - -
T) =Kiif — T(s)= Kelf ~ SGS+B)E,=K.If ef F
. di
€ = Ryip + Lf_;‘ti — Ef = (R;+ L;S)I, ---’
~ S5(JS 4+ BHE, = K.E .6_". — viscous
Ry +LsS Er SUS+ B)(Rf + L .S) friction
% - J el L < KtiRé.f = ) Often Ty << T, g—" - S(I;'t/f +Bl)
Lr s TonS + 1) +1 - L
r S(BS+1)(1+RfS) F
[Example:| The block diagrem shown in figure is used to control Ox E [ |Er [Gel O,
the output shaft position 8¢ using a field control DC motor . s "

The output of the sensor shaft position is compared with a signal in the -
same form to obtain the error signal E. Also, the block of the constant-gain controller K represents
a fast response power amplification. _ 6o __ 0.5 . 6o _ 2K

If G(s) = £ =

[For a unit step input, 8g=1/S ] $(0.255+1) fr  S2+45+2K
0,(1)=1-1.207 ¢ %% 10 207 414" ; K=1 S B (0)=1-2.737 &1 1 737 MY s K=19
Bo(1)=1-1.1547 &' 5in(3.4641t+1/3) ; K=8 90(t)s;, = lim Bo(t) = lim 560(s) = 1

However, if‘

_ 2K
E=0r(s)=0o(s) E 5'2 T 5Z(57 + 45 + 2K)

p_(S2+45+2K)— 2K %’sr'—hme(t) thE(s)-—hmM__=2
~ 52(S?2+ 4S5+ 2K)

5-0824+4854+2K Ko
So, es. is reduced by increasing K. Also, since

8, _ 2K
O, 852+ 45+ 2K

sop? =2K and 2{ @, =4 and The steady state error = 2_4 _
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Problems on unit (4)

1) A thermometer having a time constant of 12 seconds is allowed to come to
equilibrium in the room air temperature at 30°C. Then it is placed in 100°C
water bath for a period of time then removed and re-exposed to the 30°C
ambient conditions. If 10 seconds after the thermometer is removed from the
bath, it reads 45°C. Estimate the length of time that the thermometer was in
the water bath.

2) Figure (1) shows a mechanical vibratory system. When 8.9 N step input
force is applied to the system, the mass oscillates, as shown in the figure.
Determine M, C, and K of the system from the response curve.

Hint: the inverse Laplace transform of x® 4

CE))=w,? /[s (s*+2¢w,s +co2)] ;& <1 is:
i 0.03 — g X_ — T T

C@E)=1— i .
@) Jl_?sul(cudt +@);

(o, =2, f1-¢7

> cosgp =4 )

N fm e e e

Figure (1) .
3 <4 5 t

3) Open loop transfer function of a servo system with unit feedback is given by:- G(s) = s_(l—{l—LTs_)
a) By what factor should the gain K be multiplied so that the damping ratio is increased from 0.2 to 0.6?
b) By what factor should the gain K be multiplied so that the overshoot of the unit step response

is reduced from 80% to 20%?

1

4) block diagram of a servomechanism is shown in fig (2). R(S) + .. 1z 775 5
Determine the values of K and T so that the maximum e L | S
overshoot in unit step response is 50% and the peak time
is 5 seconds.

5) For the hydraulic positioning device shown in fig(3), Oil Supply —~
where a=4cm,b=12Zcm, A = 10 cm?, - |l' al | *®
k. =20 cm>/sec/cm. e(t)
Examine the dynamic nature of the system R

Figure () 1+tTs -

by plotting the response to:
i. a step input disturbance x = 0.5 cm.

ii. a ramp input disturbance x = 0.25 t cm. | -
iii. a sinusoidal input disturbance x = sin 2t cm. i J—

A Figure (3)

6-The next fig. shows schematically hydraulic
servomechanism, a feedback system commonly found in X0 T
practice, whose function is to move a load M to a position
y(t) in response to a command signal x(t) using hydraulic
supply to provide the power. Find the transfer function A Supply ] A
Y(s)/X(s) if a) The inertia, viscous load and effect of oil '
compressibility are neglected. b) The inertia, viscous load
and effect of oil compressibility are considered.

T e(t) C l y(®

7-The next fig. shows a liquid level control system in a tank which has a square cross- 7”().”([}
section area of A=1 m”. The tank output valve has a hydraulic resistance of R=500

s/m”. Find the following: h()

a) The differential equation of the system, b) Time constant of the system, c) The
Gain coefficient d) If the system input is Qin(t)= 2x10™* m’/s, Find the Time
response equation h(t) of the system if the tank was empty at t=0.0 (zero initial
conditions, e) sketch the time response equation and find the steady state output for unit step input

R
\-’L]L—.’hslv ‘L-\ = u“u;:l

End of File
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