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ENGINEERING DESIGN

* Engineering design is the central task of the
engineer. It is a complex process in which both
creativity and analysis play major roles.

* Design is the process of conceiving or inventing
the forms, parts, and details of a system to
achieve a specified purpose.

* Design is an innovative act whereby the engineer
creatively uses knowledge and materials to
specify the shape, function, and material content
of a system.




The design steps

(1) determine a need arising from the values

of various groups, covering the spectrum from
public policy makers to the consumer.

(2) specify in detail what the solution to that
need must be and to embody these values.

(3) develop and evaluate various alternative
solutions to meet these specifications.

(4) decide which one is to be designed in detail.

The main approach to the most effective engineering
design is parameter analysis and optimization.

* Parameter analysis is based on (1) identification of
the key parameters, (2) generation of the system
configuration, and (3) evaluation of how well the
configuration meets the needs. These three steps
form an iterative loop.

* Once the key parameters are identified and the
configuration synthesized, the designer can optimize
the parameters. Typically, the designer strives to
identify a limited set of parameters to be adjusted.
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The goal of control engineering design is to obtain

the configuration, specifications, and identification
of the key parameters of a proposed system to meet an
actual need.

The design Process consists of seven main
building blocks, which we arrange into three groups:

1. Establishment of goals and variables to be controlled,
and definition of specifications against which to measure
performance.

2. System definition and modeling.

3.Control system design and integrated system simulation
and analysis.

Control System Design Process

1. Establish control goals
2. Identify the variables to control

3. Write the specifications for the variables

4. Establish the system configuration and identify the
actuator

Ifthe 5. Obtain a model of the process, the actuator and the
performance sensor

does not meet

specifications, 6. Describe a controller and select key parameters to be

then iterate the | adjusted

configuration

and actuator 7. Optimize the parameters and analyze the
performance

If the performance meet the specifications, then
finalize design
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The performance specifications will

describe how the closed-loop system should
perform and will include:

(1) good regulation against disturbances.
(2) desirable responses to commands.
(3) realistic actuator signals.

(4) low sensitivities.

(5) robustness.

Control System Components

i. System, plant or process

— To be controlled
ii. Actuators

— Converts the control signal to a power signal
iii. Sensors

— Provides measurement of the system output
iv. Reference input

— Represents the desired output
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General Control System

Disturbance

. Controlled Manipulated
Set-point Error Signal Variable

or
Controller l; Actuator

Reference
Sensor ¢

Actual
Output
Process —»

input

Feedback Signal

The design process has been dramatically
affected by the advent of powerful and
inexpensive computers and effective control

design and analysis software.

e For example, the Boeing 777, which
incorporates the most advanced flight avionics
of any U.S. commercial aircraft, was almost
entirely computer-designed.

 The Boeing 777 test pilots flew about 2400
flights in high-fidelity simulations before the
first aircraft was even built.

10
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« Functionally, how do closed-loop systems
differ from open-loop systems?

Closed-loop systems compensate for disturbances by measuring the
response, comparing it to the input response (the desired output), and
then correcting the output response.

* Name the three major design criteria for
control systems.

Stability, transient response, and steady-state error

11

 Name the two parts of a system's response.

Steady-state, transient.

* Physically, what happens to a system that is
unstable?

It follows a growing transient response until the steady-
state response is no longer visible. The system will
either destroy itself, reach an equilibrium state because
of saturation in driving amplifiers, or hit limit stops.

12
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 Describe a typical control system analysis
task.

Determine the transient response performance
of the system.

 Describe a typical control system design
task.

Determine system parameters to meet the
transient response specifications for the system.

13

Where is control system design used?

* Control Systems are used in Industrial
Automation to regulate how devices operate
in real time. In a closed-loop control system
the controller (RTU, PLCS, DCS) feedback
(error) signal is used to adjust the control
variable such that the process is constantly
trying to match the operational set point.

14
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Where is control system design used?

Control Systems are wused in domestic
applications, general industry, military and
virtually every modern vehicle in the world.
Control Systems are very common in SCADA
and Industrial Automation systems.

Control Systems are used in industries such as
chemical processing, pulp and paper
manufacture, power generation, oil and gas
processing, and telecommunications.

15

How do you create a controller control system?

* General Tips for Designing a PID Controller

Obtain an open-loop response and determine what
needs to be improved.

Add a proportional control to improve the rise time.
Add a derivative control to reduce the overshoot.

Add an integral control to reduce the steady-state
error.

Adjust each of the gains, , and.

16
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Feedback control is Every where
you just have to look for it

17
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College of Electronics Engineering
Department of Systems and Control Engineering

CONTROL SYSTEMS DESIGN LAB
III YEAR II SEM
Lecturer; Mr. Salam Asmer

S u mm a This course deals with practical aspects of the design and compensation of control
systems.

Ma t I Yaob will use Matlab extensively. Prior familiarity with Matlab is assumed. You are not
required to purchase these packages.

Lab Re fhe Ddpatment requires formal lab reports which must satisfy the following
format rules:

1. Title page: This must include a title, group member names, course and section name and date.
2. Introduction: Explain the background and objective of the lab indicating requirements and
desired results.

3. Discussion: Discuss the underlying applicable theory and concepts that support the results.

4. Results: Present results in tabular, graphical or numeric form. Present results from required lab
exercises.

5. Discussion of Results: Discuss results data in context of comparison to expectation, accuracy,
difficulties, etc.

6. Summary and Conclusions: Discuss findings, explain errors and unexpected results; summarize
and indicate conclusions.

1.PLOTTING ROOT LOCI WITH MATLAB

1.1 AI M:
To plot the root locus for a given transfer function of the system using MATLAB.

1.2 APPARATUS:
Software: MATLAB.

1.3 MATLAB PROGRAM:
We present the MATLAB approach to the generation of root-locus plots and finding relevant
information from the root-locus plots.

In plotting root loci with MATLAB we deal with the characteristic equation of the negative
feedback control system:

1+ G(s)H(s) = 0

Then rearrange this equation so that the parameter of interest appears as the multiplying Factor in
the form



1+ [K(s+zl)(s+22)....(s+zm)])/[(s+pl))s+p2)....(s+pn)]=0
In the present discussions, we assume that the parameter of interest is the gain K, where K>0.

Which may be written as where num is the numerator polynomial and den is the denominator
polynomial.

That is,

num = (s + z1)(s + z2) ....(s + zm)

den=(s+pl)(s+p2)....(s+pn)

Note that both vectors num and den must be written in descending powers of s.

A MATLAB command commonly used for plotting root loci is:
rlocus(num,den)

Using this command, the root-locus plot is drawn on the screen. The gain vector K is
automatically determined. (The vector K contains all the gain values for which the closed loop
poles are to be computed).

If it is desired to plot the root loci with marks 'o' or 'X', it is necessary to use the following
Command:

r = rlocus(num,den)

plot(r,'0") or plot(r,'x")

Plot root loci with a square aspect ratio so that a line with slope 1 is a true 45°line. Choose the
region of root-locus plot to be

-6<x<6,-65y<6

Where x and y are the real-axis coordinate and imaginary-axis coordinate, respectively.

To set the given plot region on the screen to be square, enter the command
v =[-6 6 -6 6]; axis (v); axis('square')

With this command, the region of the plot is as specified and a line with slope 1 is at a true 45°,
not skewed by the irregular shape of the screen.

1. MROCEDURE:

* Write MATLAB program in the MATLAB specified documents.

+ Save the program to run it.

* The input is to be mentioned.

+ The syntax “g=tf(num,den)” gives the transfer function and is represented as g.

+ The syntax “rlocus(g)” plots the rootlocus of the transfer function g.

* rlocus(g) calculates and plots the root locus of the open loop SISO model sys.

+ Now we have to solve it theoretically.

* We have to compare the practical and theoretical outputs to verify each other correctly.



1.5 THEORETI CAL CALCULATI ONS:
enter the numerator of the transfer function

num=

enter the denominator of the transfer function

den=

Transfer function :

1. 6 E XA NMBsldd the G(s) = [K]/[s(s + 1) (s+2)], Plot root loci. {[1] Page 273}

MATLAB Program

% --------- Root-locus plot ---------

num = [1];

den=[1320];

g=tf(num,den)

rlocus(num,den)

v=[-44-44]

axis(v); axis('square')

grid;

title ('Root-Locus Plot of G(s) = [K]/[s(s + 1) (s+2)]")

1.7 RESULTS AND DISCUSSI ON:
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AGec(s) = Kca [(T s +

= Kc(s + 1.9432)/

The value of K. can be determined by use of the magnitude condition.

s + 1.9432 10

=1
© 5+ 4.6458 s(s + l)|s='—1.5—,l'2.i‘JSl.

or
|(s + 4.6458)s(s + 1)

K, = = 12287
© | 10(s + 1.9432)

5=—1.5+ j2.5981,

Hence, the lead compensator G (5) just designed is given by

5 + 1.9432

(JE(SJ — IZZS?m

Then, the open-loop transfer function of the designed system becomes

g+t 1.9432) 10
sz +1)

3 = 1.2287
Gl (e} = T8 (s + 46458

and the closed-loop transfer function becomes

C(s) 12.287(s + 1.9432)

R(s) s(s + 1)(s + 4.6458) + 12.287(s + 1.9432)

12.287s + 23.876
s* + 5.6465° + 16.933s5 + 23.876
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The value of Kccan be
magnitude condition:
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Unit-Step Responses of Compensated Systems and Uncompensated System
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Coll ege of Electronics Engineer
Department of Systems and Contr ol

CONTROL SYSTEMS DESI GN LAB

1 YEAR || SEM
Il nstructor: Mr. Salam
Summar yrhis course deals with practical aspects of
systems.
Matlalkou wild/l use Matl ab extensively. Prior f ami

not required to purchase these packages.

Lab Repolrhtes Depart ment requires for mal |l ab report
format rul es:

1. Title page: This must include a title, group
dat e.

2. I ntroducti on: Explain the background and obj e
desired results.

3. Di scussi on: Di scuss the underlying applicable
4 . Result s: Present results in tabul ar, graphical
|l ab exercises.

5. Di scussion of Resul t s: Di scuss results dat a
accuracy, difficulties, etec.

6 . Summary and Conclusi ons: Di scuss findings, e
summari ze and indicate conclusions.

2. Lead Compensation Techniques Based on the

2.1 Al M:
Lead compensation design by the root-Ilocus methooc

2.2 APPARATUS:
Softwar e: MATLAB.

2.3 PROCEDURE:
Write MATLAB program in the MATLAB specified
t

f

T Then save the program O run it.

M Design a |l ead compensator Gc(s) for the dor
damping ratio and the undamped natur al frequ

T Pl ot Root-locus of the designed System.

T Comparison of step responses of the compensa
T Comparison of Unit-ramp response curves of d
2.4 THEORETI CAL CALCULATI ONS:

A Original uncompensated system
enter the numer ator of the transfer functi on
nums=
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Consider a lag compensator G.(s), where

1
g
s =+ i ~ T
G K.
s+ —
BT
5 + .
| i,
n T s
|GC(SIJ| KC l = KL.
5 + BiT

To make the angle contribution of the lag portion of the compensator small, we require

1
S;+7
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C(s) 1.06

R(s) s(s +1)(s +2) + 1.06

1.06
(s + 03307 — j0.5864)(s + 03307 + j0.5864)(s + 2.3386)

The dominant closed-loop poles are
§=-03307+05864 I' mY.ype.yKomm

The damping ratio of the dominant closed-loop poles is { = 0.491. The undamped natural
frequency of the dominant closed-loop poles is 0.673 rad/sec. The static velocity error constant is

0.53 sec™.
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The open-loop transfer function of the compensated system then becomes

i s + 0.05 1.06
“s + 0005 s(s + 1)(s + 2)

G.(s5)G(s) =

B K(s + 0.05)
©s(s + 0.005)(s + 1)(s + 2)

where

K = 1.06K,




Root-Locus Plots of Compensated and Uncompensated Systems
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If the damping ratio of the new dominant closed-loop poles is kept the same, then these poles
are obtained from the new root-locus plot as follows:

[ s = =031+ j055, s, = —031 — j055
The open-loop gain K is determined from the magnitude condition as follows:
o |s(5 + 0.005)(s + 1)(s + 2)
s + 0.05

5=—0.31+j0.55

Then the lag compensator gain K is determined as

K 10235

=——-= = 0.965
o 1.06 1.06 .
Thus the transfer function of the lag compensator designed is
s 4+ 0.05 205 + 1
G = 0.9656 = 9.656
(5) s+ 0005 702008 + 1

Then the compensated system has the following open-loop transfer function:
1.0235(s + 0.05)
" 5(s + 0.005)(s + 1)(s + 2)
5.12(20s + 1)
T 5(200s + 1)(s + 1)(0.55 + 1)
The static velocity error constant K, is

K, = li“})SGw(S) = 5.12sec”

Gi(s)

MC

SRmf 2 2 LJ LY
Ftt20ayY
nl nmndnpnoe
NB

I
™ R

)

>0 NZ_QZOe
<SR HDBHTE R
O o V¢ ™ TN U

TO
as2F GKS O2 YLIS yiaKk ki
KS2NAIAYIf acadsSyoe
A FEAYdZY 20SNRK220G Ay GKS
NSy @S O2YLISyaliSRaeans

(n) [@n-N
Q¢ (D




HAHTIMNTJ

Al2YYSwwha Ada Yy20SR GKF{J dzy RSNJO
OANDdzyaidl yoSaz K286 S@PSNE 020
O2YLISyal 2N yREF3I O02YLISyal 2N
0KS IABSY ALISOAFAOIGAZ2YaEa 602
NBEaLR2yaS &aLISOAFAOFIGAZYA | YR
ALISOATFAOI GAZ2YEaADP0 ¢KSY[SAGKSNIO?
0S dzZASR®

¢SEG 0221
Yabg RSN} / 2y G NB. e 9 TAGYIKSANI2Y 3
h3alkdr o
¥ /2yONRE {2adiSYya 9yHAYSSNAY
{® bAASO




Coll ege of Electronics Engineer
Department of Systems and Contr ol

CONTROL SYSTEMS DESI GN LAB

1 YEAR || SEM
Il nstructor: Mr. Salam
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Matlalkou wild/l use Matl ab extensively. Prior f ami

not required to purchase these packages.

Lab Repolrhtes Depart ment requires for mal |l ab report
format rul es:

1. Title page: This must include a title, group

dat e.

2. I ntroducti on: Explain the background and obj e
desired results.

3. Di scussi on: Di scuss the underlying applicable

4 . Result s: Present results in tabul ar, graphical
|l ab exercises.

5. Di scussion of Resul t s: Di scuss results dat a

accuracy, difficulties, etec.

6 . Summary and Conclusi ons: Di scuss findings, e
summari ze and indicate conclusions.

3.Lag Compensation Techniques Based on the R
| M:

desired to increase the stHBAtiwd thelubcity e
iably changing the | ocation of the dominart

3.2 APPARATUS:
Softwar e: MATLAB.

3.3 PROCEDURE:

T Write MATLAB program in the MATLAB speci fied

T Then save the program to run it.

T I't is desired to increase the Btatic velocit
without appreciably changing the |l ocation of

T Pl ot Root-locus of Compensated and Uncompens

T The plot of the unit-ramp response curves fo
Systems.
T The unit-step response curves of the compens
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THEORETI CAL CALCULATI ONS:
r the numerators and denominators of the c¢omg

fer function:

fer functi on:

EXAMPAQoeEhsi der the G(s) = [1.06]/[s(s+1)(s+2)]
is desired to increase the Btwttbouelocity err
eciably changing the |l ocation of the dominant
*** Root-locus plots of the compensated syste
** Enter the numerators and denominators of
ems * * % * *
= [1 0.057];
= [1 3.005 2.015 0.01 01,
= [1.06];
= [1 3 2 0];
*** Enter l ocus command. Pl ot the root | oci
us(numc, denc)
ent plot held
us(num, den)
[-3 1 -2 1 ; axis(v); axis('"square')
(-2.8,0.2, " Compensated system')
(-2.8,1.2,"Uncompensated system')
(-2.8,0.58,"0riginal closed-1oop pole')
(-0.1,0.85," New closed-")
(-0.1,0.62, "1l oop pol e")
e(' Root-Locus Plots of Compensated and Uncomg
ent plot released
*** Pl ot root |l oci of the compensated system
us(numc, denc)
[-0.6 0.6 -0.6 0.6]; axis(v); axis('square')

e(' Root-Locus Plot of Compensated System near

*** Unit-ramp responses of compensated systen
ompensated system ****#*

** Unit-ramp response wil/l be obtained as th
sponse of C(s)/[sR(s)] ***x=*

*** Enter the numerators and denominators of
d C2(s)/[sR(s)], where Cl(s) and C2(s) are Le
ansforms of the outputs of the compensated an
mpensated systems, respectively. ***xx*x=x*

= [1.0235 0.0512];
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[1 3.005 2.015 1.0335 0.0512 0];
[1.06];
[1 3 2 1.06 O0];
* Specify the time range (such as t= 0:0.1
command and plot command. ****=*
0.1:50;
tep(numc, denc, t) ;
tep(num,den, t);
,cl1, " -" t,c2,".",t,t,"--")
. 2,27, " Compensated system');
6,21.3, " Uncompensated system');
Unit-Ramp Responses of Compensated and Unc
("t Sec');
(" OQutputs ¢cl1 and c2')
* Unit-step responses of compensated systenrn
mpensated system ****=x*
* Enter the numerators and denominators of
ensated and uncompensated systems ****=#*
[1.0235 0.0512];
[1 3.005 2.015 1.0335 0.0512];
[1.06];
[1 3 2 1.06];
* Specify the time range (such as t = 0:0.1
command and plot command. ****=*
0.1: 40,
tep(numc, denc, t) ;
tep(num,den, t);
,cl1,"-",t,c2,".")
3,1.12, " Compensated system')
3.6,0.88,"Uncompensated system')
"Unit-Step Responses of Compensated and Unc
("t Sec')
(" Outputs ¢cl1 and c2')
ESULT
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2. I ntroducti on: Explain the background and obj e
desired results.

3. Di scussi on: Di scuss the underlying applicable

4 . Resul t s: Present results in tabul ar, graphical
|l ab exercises.

5. Di scussion of Result s: Di scuss results dat a

accuracy, difficulties, etc.

6 . Summary and Conclusions: Di scuss findings, e
summari ze and indicate conclusions.

4 LAGLEAD COMPENSAITd OINNni ques Based on the Root-Lo:¢

4.1 Al M:

Laggead compensation combines the advantdegeeasd,of | ag an
compensator possesses two poles and two zeros, such co
2, unless cancellation of pole(s) and zero(s) occurs i

4.2 APPARATUS:
Softwar e: MATLAB.

4. 3 PROCEDURE:

T Write MATLAB program in the MATLAB specified

T Then save the program to run it.

T I't is desired to make the damping ratio of t
0.5 and to increase the undamped natural fre
velocity errorl.constant to 80 sec
Pl ot Root-locus of Compensated and Uncompens

= =

The plot of the wunit-ramp response curves fo
Syst ems.
T The unit-step response curves of the compens



o> oo mb
B> =S B ¢ » B el B

co ——h
o S

—-—c o — O cCc 0 cCc<

co— -
*= —e+ = |0~ —0

*=~a—qa
* @
*

TQ@<TLOT Q< TOTTLATASTN LS

—_——

®»S3PS3 A
Soos N
Z BRI

Jn * x
O —~ * %

*333
* (@]

O =S o0

—~ ~ 1o
o

— Cc
'w

- Qa

*
*

* == %
* M * 3
* 0

O 0O 0 = S

*33330""93

[I]
—~ %

T
r

HEORETI CAL
numer ators

f

f

t

e

e

he

r

r

and

functi on:

functi on:

E X A MPTLhEe
desi
ase

S
e

e

o
nnsg

[ N I
*

D

S0 *»
I 1< S

I T 1|

*

o o

¢

[

* %

*

=]

*

—~ ¥ r—r—

=~

1]

t

r e
he

Pa

o 0
oOhn *=

(@)

py)
o
o
—

m
>S5
— . .
oo wnw =m0 ~*o —

r—rgv

R

feedfor ward

d

g

=

o Q

—_ = =k~

ohr~Q
w

to make th
ndamped
3

u
e 35}

us plots

—
00

w
N
o-

. 0625

Pl ot s

o
o
c
n

eased
t | oci o]
)

q
' 30O

(o3}
o
(o)}

Pl

o
o
c
n
o
—
o

3
g=
o
S

*

(7]
<

~
OoOo—/3>5 " un =

=Sl R

S »vunoon

S®xyo 3T
:-_‘Ao
~T O VS
W~ mo—

Tt un d®WnoT
o
c
—

NIV T~ OD o
— 5~
3
wn

N

e

d

transfer

natur al

(o]

e numer at or s

0] ;

of

* 0
* @

axis((v);

CALCULATI ONS:

enomi nator s

dampin

f the
and

]
ri ocus command. Pl
)

i s(v); axi

Compe

the <co

Compen

of

the ¢

function i s
g ratio

frequency

o
t

f

t he
o 5 r

compensated sy
mi nator s

de

ot

de
an
he

n

o S

el y.

(0]

e root | o

qua

mi n
C2(

mp e
* * %

0 mg

G(s
dc
ad/

St e
of

. 01



D Y~ T O
coTo—a

*
*

c
=]

*
*

O 0O o

*33330

I u
—~ %

<X "QTOO LS
—— =S =Nk

D T T O
ToTo— oI

step(numc, denc, t);

step(num,den, t);
(t,cl,"'-",t,c2,".",t,t,"--")

e('"Unit-Ramp Responses of Compensated and Unc
el ('t Sec');

el (" OQutputs ¢cl1 and c2')

*** Unit-step responses of compensated systen
compensated system ***x=x*

*** Enter the numerators and denominators of
mpensated and uncompensated systems *****

= [25.04 5];

= [1 5.0324 25.102 5],

= [ 4]

= [1 0.5 4];

*** Specify the time range (such as t = 0:0.1
ep command and plot command. ****=x*

0:0.1:20;

step(numc, denc, t);

step(num,den, t);

(t,c12,"-",t,c2,".")

e('"Unit-Step Responses of Compensated and Unc
el ('t Sec')

el (" Qutputs c¢cl1 and c2')

RESULT:
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The characteristic equation is
]. + GleH T G}_Gc == 0
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Open-loop transfer function = (5 + 1)(s + 4) + 20ks
R(s) 5
‘@’@‘ FOETD 5 —~
‘ | -
b2GA0S (KIG GKS I Redzalil 6t S OFNRIFo6fS 1 R2S
Ydzf GALI @Ay 3 FIF OG2NID ¢KS OKF N DISNREAGAO S|

Aay
§° + 552+ 4s + 20ks +20=0
Define
20k = K
¢CKSY 91jdzl GA S +52+4s+ Ks+20=0
SAPARAYI 020K &ARS& 2F 9ljdzl (A2
R2y2002yGlrAy Y gS3aASay

Ks
1+ =
s> + 552 + 45 + 20
K
1+ : -0

(s + 2)s— 2)(5 + 5)
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l = - lim &
SR D - R+ s
we have
+180°(2k + 1) ,
Angles of asymptote = — oy + 90°
The intersection of the asymptotes with the real axis can be found from
Ks
lim = lim —— = lim -
s 5 + 557 + 45 + 20 soos? 4+ 55+ o= (5 + 25)?
§=-25 )
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5= 1.0490 + 2.4065
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K ;
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S

= 28.260

s=—2.1589+j4.9652
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Unit-Step Responses of Two Systems
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Coll ege of Electronics Engine
Department of Systems and Contro

CONTROL SYSTEMS DESI GN LAB

[ YEAR | | SEM
l nstructor: Mr . Sal
Summar yThis course deals with practical aspects
Ssystems.
Matlatou wil/l use Matlab extensively. Prior fam
required to purchase these packages.
Lab Repolrhtes Depart ment requires for mal l ab repo
format rul es:
1. Title page: This must include a title, group
2. I ntroducti on: Explain the background and obj
desired results.
3. Discussion: Discuss the underlying applicabl e
4 . Resul t s: Present results in tabular, graphi c:
exercises.
5. Di scussion of Results: Di scuss results data
di fficulties, etc.
6. Summary and Concl usi ons: Di scuss findings, ex
and indicate conclusions.
S5.Parall el Compensation Based on the Root
5.1 Al M:
Design approach applies to the parallel compense

5.2 APPARATUS:
Softwar e: MATLAB.

5.3 PROCEDURE:
T Determine the value of k (parall el compen
speci fied.
T Pl ot the unit-step response curves of the s
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4 THEORETI CAL CALCULATI ONS:
m=
n =
ansfer function:
5 EXAMPQoeEhsi der the G(s) .= [20]/1] (s
otting the unit-step response curves i
stems, for k=0.4490 and for k=1.4130
---------- Unit-step response - ---------
***x** Enpter numerators and denominators of
k = 0.4490 and k = 1.4130, respectively. *
ml = [20];
nl = [1 5 12.98 20];
m2 = [20];
n2 = [1 5 32.26 20];
= 0:0.1:10;

= step(numl,denl, t);

= step(num2,den2,t);
ot (t,cl,t,c2)
xt(2.5,1.12,"k = 0.4490")
xt(3.7,0.85,"k = 1.4130")
i d
tle('"Unit-step Responses of Two Systems')
abel ("t Sec')
abel (" Qutputs ¢c1 and c2')
6 RESULT

n

(s+1) (s+4))

one d
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s+ —
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Define
Ka=K
Then
Ts +1
Gl =K e 1

The open-loop transfer function of the compensated system is

Ts +1 Ts +1 Ts +1
Gl G
s Lo ]

Cels)G(s) = K aTs + 1"

KG(s

where
Gi(s) = KG(s)

Determine gain K to satisfy the requirement on the given static error constant.
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1
Zero of lead compensator:  ® = T
1
Pole of lead compensator: ©0=—:
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RSGSNY¥AYSRAY adSLInz Ol fOdzE G O2yaidlyid v
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T® / KSOl GKS LAY YFENHAY (2 0SS ajdzNB A G Aa al
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The compensated system will have the open-loop transfer function G, (s)G(s).
Define

where K = K,a.

N Q6
o Uy C:\x

K,

Cr—h?m)

4K
Gi(s) = KG(s) = o +2)

T A \EAu auSLJAy”Ké IQASEEH\EI)/V)\é[']2
lj§ JSNJAFZNJ{I yOS aLISOATAO!I gg\z
20A08 SNN2NIO2y &Gl yio{AyOS
G AYY
lim sG.(s)G(s) = lims =~ Gi(s) = lim—2% - 2k =20
lim s (8)G(s) = lims ——— 1(s) = im s +2)

K =10
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With K = 10, the compensated system will satisfy the steady-state requirement.
We shall next plot the Bode diagram of
L 40 B 20
Gili®) = e +2) _ jo(05je + 1)
40
207
dB 0
20
—40 ™
0"_
—o0° | -
j\--___________ 17
~180° 4
1 2 4 ?810 20 40 60 100
MYy
ACNRY GKAA LI 20X 0KSLIKFASFYR3ILIAY YIFINBAYA ;
F2dzyRi20SmMTc I YRBbAYTAYAGUR R.|ZINBaLISOGAD
A¢cKS aLJS()ATAOl- GA2y OFftfa F2NJ LIKIF &S Yl NHAY
(Kdzda FAYRUKS FRRAGAZY It LKIF&§ £ SR YySOSE:
NBtFHGAGS &GroAfAlE NBIjdANBYSY (G Adoocd¢2 |
2F pnc ﬂ)\uKde RSONBIFaAy3 (K|S O fdsS 27
O2YLISyal 12NYdza i O2y G NROGdzi S G KS NBIj dzA NBR L
Ab2(])\y3 GKFG GKSTRRAGAZ2Y 2F | €t BIF RO2YLISyal
YIIyAddzRS OdZNBS Ay GKS . 2RSRAFIANI YZ 6S NB|
ONRP&aa2OBSNIFNBIljdzSyOe gAfft 0S aKATISR G2 GK
2FFTaSHUGKSAYONBFaSRLKIA&ASEFA2TFDMo2. 0 Rdz
(KS3IFHAY ONP&a2OFSNIFNBIjdzSyOed | 2y aARSNA Y 3
ONZ&a2PSNIFTNEIjdzSyOez ¢S Yl & I-AgészSAGKI-G qyY
LIKIFaStSFIRNBIjdZANBRD b & K LBINBE )y ¥ I1G(KS tiep ¢
KFa 0SSy FRRSR (i2 O02YLISyalidsS F2NJGIKS aKAT
ONR &aa2BSNIFTNEBIdzSyOe o0
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S l+a 1+a
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qY FToyc O2NNBalLRyRa (i2 " I'nodund hyOS GKS
TIOG2NI K8 0SSY RSUSNYVAYSRAY KS O a4ia
LKL aSntSHRIY3ItSs 6KSYSEG ad|SLIAa (2 RS
TNBIdZSYyOASa . Tmk¢ FYR. IT'mMmkoh[¢co 2F GKS £ S|
¢2 R2 8425 6STANKG y230S (KIHG 0KS YI EAYdzy LK
qY 200dzNBE [ G GKS 382YSUNRO YBLYy 2F GKS
TNEIdzSYyOASaE 2NJ. ' MKk O0Kh d¢p ® ¢KS | Y2
Y2RAFAOFGAZ2Y AY GKSYI I3YyAGdZRSE OdzNBS | § Rd
2T UKSUSN)XYOCabmMOKOh ¢abmi Aaly
o1
|+ joT A %5E v
Note that
1 1 1
~a ~ Vood 040 6.2dB
and |G] (jm)| = —6.2 dB corresponds to @ = 9 rad/sec. We shall select this frequency to be the new

gain crossover frequency w.. Noting that this frequency corresponds to 1/(VaT), or
w, = 1/(VaT), we obtain

1
= = Vaw, = 441

and

M




The lead compensator thus determined is

s + 441 0227s + 1
Os) = K184 ~ % 00545 + 1
where the value of K, is determined as
K 10
K.=—=——=417
C a 024
Thus, the transfer function of the compensator becomes
s+ 441 0227s + 1
Gs) = 47 154 ~ 000545 1 1

Note that

A¢KS O2YLISyal iSR agaisSy KIa {

GNJ VATSNTdzy OliA2VY

HAHDNTJ

KS F2ftt26A

s+441 4
Gulm)Gls) = 4T s + 184 s(s + 2)
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AYONBlI aSAYy 0KSALISSR2FNBALRYASD
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Coll ege of Electronics Engine
Department of Systems and Contro

CONTROL SYSTEMS DESI GN LAB

[ YEAR | | SEM

l nstructor: Mr . Sal
Summar yThis course deals with practical aspects
systems.
Matlatou wil/l use Matlab extensively. Prior fam
required to purchase these packages.
Lab RepoTrhtes Depart ment requires for mal l ab repo
format rul es:
1. Title page: This must include a title, group
2. I ntroducti on: Explain the background and obj
desired results.
3. Discussion: Discuss the underlying applicabl e
4 . Resul t s: Present results in tabular, graphi c:
exercises.
5. Di scussion of Result s: Di scuss results data
di fficulties, et c.
6. Summary and Concl usi ons: Di scuss findings, ex
and indicate conclusions.

6.Basic Characteristics of Lead Compensation

6.1 Al M:

Pl ot bode diagr am. The plot of the wunit-step re
and uncompensated systems using MATLAB to exami:r
compensator.

6.2 APPARATUS:
Softwar e: MATLAB.

6.3 PROCEDURE:
T Pl ot bode diagram of Compensated and Uncomp

T The pl ot of the unit-step response curves
uncompensated systems.

6.4 THEORETI CAL CALCULATI ONS:

M



Enter the numerators and denominators of the cor
nums=

den=

Transfer function:

numc =

denc=

Transfer function:

6. 5 EXAMPAQoeEnsi der the G(s) = [20]/[s(0.5s+1)], P
num = [20];

den = [.5 1 0];

bode(num, den)

grid

title('Bode Diagram of Gl1(s) = [20]/[s(0.5s+1)1, ")

x Pl ot The wunit-step response curves of the sy
[ 4]/ [s(s+2)], It is desired to design a comp
error constant Kv is 20 sec”™i 1, the phase ma
|l east 10 dB.

%* ****Unit-step responses***x*x*

num = [ 4] ;

den = [1 2 4] ;

numc = [166.8 735.588];

denc = [1 20.4 203.6 735.588];

t = 0:0.02: 6;

[cl1,x1,t] = step(num,den,t);

[c2,x2,t] = step(numc,denc, t);

plot (t,c1,"' ,t,c2, -)

grid

title('"Unit-Step Responses of Compensated and Uncompe
x|l abel ("t Sec')

ylabel (" Qut puts')
text(0.4,1.31," " Compensated system')
text(1.55,0.88, " Uncompensated system')
Y%* ****UJUnit-ramp responses****x*

num = [ 4] ;

den = [1 2 4 0];

numc = [166.8 735.588]

denc = [1 20.4 203.6 735.588 0]

t = 0:0.02: 6,

[cl1,x1,t] = step(num,den,t);

[c2,x2,t] = step(numc,denc, t);

plot (t,c1l, ,t,c2, -1)

grid

title('"Unit-Step Responses of Compensated and Uncompe
xl abel ("t Sec')

ylabel (" OQut puts')

text(0.4,1.31," Compensated system')
text(1.55,0.88, " Uncompensated system')
6. 6 RESULT:
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The open-loop transfer function of the compensated system is

Ts+ 1 Ts +1 Ts+1
Gels)G(s) = K gr 160 = gpg 4 1 KOU) = 57 1 GO)

where

G,(s) = KG(s)

Determine gain K to satisfy the requirement on the given static velocity error
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We shall use a lag compensator of the form
]
Guls) = K.B Bj;“:ll - Ke— T EN)
T
Define
Kp=K
Define also
K

Gils) = KG() = (o Dom + 1)

The first step in the design is to adjust the gain K to meet the required static velocity error con-
stant. Thus,

; ; : : Tt : .
K, = !{mstl.(s)G{s) = }l__l}}]smﬁ(s} = I}lj}}sﬁl{s)
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Thus, the transfer function of the lag compensator is
L
S = {1 1135;+—11 - K 11D

100
Since the gain K was determined to be 5 and 8 was determined to be 10, we have

PO e
ST T

The open-loop transfer function of the compensated system is

5(10s + 1)

GA3)G(S) = 7005 + 1)(s + 1)(05s + 1)
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Coll ege of Electronics Engineer
Department of Systems and Contr ol

CONTROL SYSTEMS DESI GN LAB

1 YEAR || SEM
Il nstructor: Mr. Salam
Summar yrhis course deals with practical aspects of
systems.
Matlalkou wild/l use Matl ab extensively. Prior f ami

not required to purchase these packages.

Lab Repolrhtes Depart ment requires for mal |l ab report
format rul es:

1. Title page: This must include a title, group
dat e.

2. I ntroducti on: Explain the background and obj e
desired results.

3. Di scussi on: Di scuss the underlying applicable
4 . Result s: Present results in tabul ar, graphical
|l ab exercises.

5. Di scussion of Resul t s: Di scuss results dat a
accuracy, difficulties, etec.

6 . Summary and Conclusi ons: Di scuss findings, e
summari ze and indicate conclusions.

7.Basic Characteristics of Lag Compensation by

7.1 Al M:

Pl ot bode di agr am. The pl ot of t he unit-step r
compensated and uncompensated syst ems usi ng MAT
characteristics of the | ag compensator.

7.2 APPARATUS:
Softwar e: MATLAB.

7.3 PROCEDURE:
T Pl ot bode diagram of Compensated and Uncompe
T The plot of the unit-step response curves a
uncompensated systems.

7.4 THEORETI CAL CALCULATI ONS:

Enter the numerators and denominators of the c¢omg
nums=

den=
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6.67s + 1
66.7s + 1

143s +1
0.143s + 1

5 Q7
8§ +7

5+ 0.15
s + 0.015

Ge(s)

)= )

(s + 0.7)(s + 0.15)20
(s + 7)(s + 0.015)s(s + 1)(s + 2)
B 10(1.43s + 1)(6.67s + 1)
~ 5(0.143s + 1)(66.7s + 1)(s + 1)(0.55 + 1)

( >(

G.(s)G(s) =

)

Unit-Step Response of Compensated System
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Summar yrhis course deals with practical aspects of
systems.
Matlalkou wil/l use Matl ab extensively. Prior f ami

not required to purchase these packages.

Lab Repolrhtes Depart ment requires for mal |l ab report
format rul es:
1. Title page: This must include a title, group
dat e.
2. I ntroducti on: Explain the background and obj e
desired results.
3. Di scussi on: Di scuss the underlying applicable
4 . Result s: Present results in tabul ar, graphical
|l ab exercises.
5. Discussion of Results: Discuss results data in
di fficulties, etc.
6 . Summary and Conclusi ons: Di scuss findings, e
summari ze and indicate conclusions.

8. Basic Characteristics of Lag- Lead Compensa

approach.

8.1 Al M:

Pl ot Bode diagram. The plot of the unit-step resp
and uncompensated systems using MATLAB to examin
|l ag- Lead compensator .

8.2 APPARATUS:
Softwar e: MATLAB.

8.3 PROCEDURE:
T We will foll ow the details of the procedur es

by the reference.
T Pl ot Bode diagram of Compensated and Uncompe
T The plot of the wunit-step response curves a
uncompensated systems.



8.4 THEORETI CAL CALCULATI ONS:

Enter the numerators and denominators of the c¢omg

nums=

den=

Transfer function:

numc =

denc=

Transfer function:

8. 5 EXAMPAoeEnsi der the G(s) = [K]/ [s(s+1) (s+2)],

x Pl ot The unit-step response curves of the sys

= [ K]/ [s(s+1) (s+2)], it is desired to desig
static velocity error constant Kv is 10 sec”"i
gain margin is at | east 10 dB.

num = [20];

den = [1 3 2 0];

bode(num, den)

grid

numc = [20 17 2.1];

denc = [1 10.015 23.245 14.345 0.205 0] ;

bode(numc, denc)

grid

num = [1];

den = [1 3 2 1];

numc = [20 17 2.1];

denc = [1 10.015 23.145 34.345 17.205 2.1];

t = 0:0.1: 20;

[c1, x1,1t] = step(num,den, t);

[c2, x2,1] = step(numc,denc, t);

plot(t,c1,".",t,c2,"'-")

grid

title("'"Unit-Step Responses of Compensated and Uncompen

xl abel ("t Sec')

ylabel (" OQutputs')

%* ****Unit-ramp response****x*

numl = [1];

denl = [1 3 2 1 0];

numlc = [20 17 2.1];

denlc = [1 10.015 23.145 34.345 17.205 2.1 0];

t = 0:0.1: 20;

[yl,z1,t] = step(numl,denil,t);

[y2,2z2,t] = step(numlc,denlc, t);

plot(t,y2,".",t,y2,"- ot - - )

grid

title("Unit-Ramp Responses of Compensated and Uncompen

xl abel ("t Sec')

ylabel (" OQutputs')

8.6 RESULT:
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How do the PID parameters affect system

dynamics? |
U(s)=Gpp (s)E(s) = (Kf’ +K, 5 +KDSJE(S)

The effects of increasing each of the controller parameters Kp,
K, and Kp can be summarized as

Response | Rise Time | Overshoot | Settling Time | S-S Error
Kp Decrease Increase NT Decrease
K, Decrease Increase Increase Eliminate
Kp NT Decrease Decrease NT

NT: No definite trend. Minor change.
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Ziegler-Nichols Rules for Tuning PID Controllers. Ziegler and Nichols pro-
posed rules for determining values of the proportional gain K, integral time 7;, and de-
rivative time 7, based on the transient response characteristics of a given plant. Such
determination of the parameters of PID controllers or tuning of PID controllers can be
made by engineers on-site by experiments on the plant. (Numerous tuning rules for PID
controllers have been proposed since the Ziegler—Nichols proposal. They are available
in the literature and from the manufacturers of such controllers.)

There are two methods called Ziegler—Nichols tuning rules: the first method and the
second method. We shall give a brief presentation of these two methods.

(FirsttMethod) In the first method, we obtain experimentally the response of the
plant to a unit-step input, as shown in Figure 8-2. If the plant involves neither integra-
tor(s) nor dominant complex-conjugate poles, then such a unit-step response curve may
look S-shaped, as shown in Figure 8-3. This method applies if the response to a step
input exhibits an S-shaped curve. Such step-response curves may be generated experi-
mentally or from a dynamic simulation of the plant.

Vd A

' VAGTaadSLI NBaLR

ki

Plant
u(t) e(t)

c(f)
Y Tangent line at
inflection point

/-

QX
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Type of
Controller K, T, T,
T
P z o 0
T L
Pl 0.9 I 03 0
i4
PID 1.2 i 2L 0.5L

¢

Notice that the PID controller tuned by the first method of Ziegler—Nichols rules
gives

1
G/(s) = Kp(l + i + T,,s)

T 1
=121+ +
12L( ILs OSLv)

2]

s

= 0.6T

Thus. the PID controller has a pole at the origin and double zeros at s = —1/L.

nKMP K
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Figure 84
Closed-loop system
with a proportional
controller.

Figure 8-5

Sustained oscillation
with period F,.
(P, is measured in

(SeeondMethiodd In the second method, we first set 7; = co and T, = 0. Using the
proportional control action only (see Figure 8-4), increase K, from 0 to a critical value
K., at which the output first exhibits sustained oscillations. (If the output does not ex-
hibit sustained oscillations for whatever value K p may take, then this method does not
apply.) Thus, the critical gain K, and the corresponding period P,, are experimentally

ol (1) o)
—»@—» K, {——| Plant

c(t)

sec.)
determined (see Figure 8-5). Ziegler and Nichols suggested that we set the values of
the parameters K, 7;, and T, according to the formula shown in Table 8-2.
Table 8-2 Ziegler—Nichols Tuning Rule Based on Critical Gain
K, and Critical Period P, (Second Method)
Type of
Controller K, T T,
P 0.5K,, ) 0
P1 0.45K, = P. 0
e or ]2 cr
PID 0.6K,. 0.5P, 0.125P.,
Notice that the PID controller tuned by the second method of Ziegler-Nichols rules
gives

Thus, the PID controller has a pole at the origin and double zeros at s = —4/P,.

) 1
G.(s5) = K,,(l + Ts + T,ﬂs)

i

0.61(“(1 + + 0,1253.,;)

05F,s

ol g

)
= 0.075K, P, ————
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(EXAMPEEB=D Consider the control system shown in Figure 8-6 in which a PID controller is used to control the
system. The PID controller has the transfer function

1
G(s) = K,,(l & S & T,,s)

T

Although many analytical methods are available for the design of a PID controller for the pres-
ent system, let us apply a Ziegler—Nichols tuning rule for the determination of the values of pa-

rameters K,,,

T;, and T,. Then obtain a unit-step response curve and check to see if the designed

system exhibits approximately 25% maximum overshoot. If the maximum overshoot is excessive
(40% or more), make a fine tuning and reduce the amount of the maximum overshoot to ap-

proximately 25% or less.

Since the plant has an integrator, we use the second method of Ziegler—Nichols tuning rules.

By setting 7; = co and T, = 0, we obtain the closed-loop transfer function as follows:

C(s) _ K,
R(s) s(s+ 1)(s +5) + K
M H
R(s) G 1 C(s)
) G+ DE+5)

Figure 8-6 PID
PID-controlled controller
system.

The value of K, that makes the system marginally stable so that sustained oscillation occurs can
be obtained by use of Routh’s stability criterion. Since the characteristic equation for the

closed-loop system is

s +657+55+K,=0

the Routh array becomes as follows:

1 5

6 K,
30 - K,

6

K
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Examining the coefficients of the first column of the Routh table, we find that sustained oscilla-

tion will occur if K, = 30. Thus, the critical gain K, is
K180
With gain K, set equal to K, (= 30), the characteristic equation becomes

$+652+55+30=0

To find the frequency of the sustained oscillation, we substitute s = jw into this characteristic

equation as follows:
(jo)? + 6(jw)? + 5(jw) + 30 = 0
or
6(5 — @?) + jo(5 — ?) =0

Mn

from which we find the frequency of the sustained oscillation to be w*> = Sorw = V/5. Hence, the

period of sustained oscillation is

e @F
P.=—=—— =28099
e @

Referring to Table 8-2, we determine K,,, T;, and T, as follows:
5 = 06K, = d8

T; = 05P;, = 1.405
T, = 0.125P, = 0.35124

The transfer function of the PID controller is thus

1
GUs) = K1+ 7+ Tis )

= 18(1 + + 0.351245)

1.405s

_63223(s + 1.4235)?
s

Mp
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The PID controller has a pole at the origin and double zero at s = —1.4235. A block diagram of

the control system with the designed PID controller is shown in Figure 8-7.

Figure 8-7
Block diagram of the
system with PID

controller designed k)

63223 (s + 1.4235)%

C(s)

by use of the
Ziegler-Nichols
tuning rule (second
method).

s

1
s(s+ 1)(s +5)

PID controller

Next, let us examine the unit-step response of the system. The closed-loop transfer function

C(s)/R(s) is given by
C(s)

6.3223s% + 18s + 12.811

R(s) TS+ 65 + 11322352 + 18s + 12811

The unit-step response of this system can be obtained easily with MATLAB. See MATLAB
Program 8-1. The resulting unit-step response curve is shown in Figure 8-8. The maximum
overshoot in the unit-step response is approximately 62%. The amount of maximum overshoot is
excessive. It can be reduced by fine tuning the controller parameters. Such fine tuning can be
made on the computer. We find that by keeping K, = 18 and by moving the double zero of the

PID controller to s = —0.65—that is, using the PID controller

G, = 18<1 e ! + 0.7692 ) = 13.846 o+ GEEY 8-1
o(s) = 3077s T ) T s D
Unit-Step Response
- ‘].l 1.8 T T T T T
YONJ on o ]
Y LJI" MYy 14 ]
I T mdn 12 |
Qo
T 1
Zus v
Figure 8-8 .
Unit-step response 0.6 1
curve of PID- 0.4 !
controlled system
designed by use of 0.2 E
the Ziegler-Nichols ] : : ] : g
tuning rule (second o 2 4 6 8 10 12 14
method). Time (sec)
MT
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Unit-Step Response

YL my /\

I T ndcp

o
o
i

Amplitude
o
(=

Figure 8-9

Unit-step response of
the system shown in
Figure 8-6 with PID 02 F : ; ]
controller having
parameters K, = 18, b : . . : j ‘
7; = 3.077, and 0 1 2 3 4 5 6 7
T, = 0.7692. Time (sec)

I
i
L

My

the maximum overshoot in the unit-step response can be reduced to approximately 18% (see
Figure 8-9). If the proportional gain K, is increased to 39.42, without changing the location of
the double zero (s = —0.65), that is, using the PID controller

Gy(s) = 39 42(1 4 +0.7692 > _ 3030 8 08 82
o(s) = 39, 30775 A ) TR s (8-2)
Unit-Step Response
1.4 —

YL opdnH

I T nocp ‘-2'/\ : | S

L
E 0.8
. (=3

Figure 8-10 5 0.6 4
Unit-step response of
the system shown in 04l i
Figure 8-6 with PID
controller having o2l _
parameters ’
K, = 39.42, : : : ] : ] : i
T; = 3.077, and 0005 1 15 2 25 3 35 4 a5 5
T, = 0.7692. Time (sec)

L
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Figure 8-11
Root-locus diagram
of system when PID

controller has double

zero at s = —1.4235.

o+ 142357 1 |
5 s(s+ 1)(s+5) I

H N

Figure 8-12
Root-locus diagram
of system when PID
controller has double
zero at s = —{.65.

K = 13.846
corresponds to G(s)

given by Equation (8-1)

and K = 30.322
corresponds to G,(s)

given by Equation (8-2).

jar
L s
K =60
C D 5 Ot 0.65)° 1
5 s(s + 1)(s +5) | - I j6
1 K=30322 / r
- ja
K=13.846
2
| - i
=00 ] |
T T T T T T u T T T * T T
-10 -8 -6 —4 _] 0 2 o
K=13.846]
- —i2
K=13846
- —i4
K=30322 L
- —i6
K =60
- =8

the values of K and a are
K =29, =025

with the maximum overshoot equal to 9.52% and settling time equal to 1.78 sec. Another possible
solution obtained there is that
K =127, a=02

with the 5.5% maximum overshoot and 2.89 sec of settling time. See Problem A-8-12 for details.
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Summary

Two things to take away from this review of
Ziegler-Nichols tuning:

1. Relationships between Kp, K; and Kp and important
response characteristics, of which these three are most
useful:

» Use Kp to decrease the rise time.
» Use Kp to reduce the overshoot and settling time.
» Use K to eliminate the steady-state error.

2. The Ziegler-Nichols tuning rule (reaction curve method)
for good initial estimate of parameters.

HH
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