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INSTITUTE VISION & MISSION

Institute Vision | To promote excellence in technical education and scientific

research for the benefit of the societ

To provide quality technical education to fulfill the
aspiration of the student and to meet the needs of
the Industry

To provide holistic learning ambience

To impart skills leading to employability and
entrepreneurship

To establish effective linkage with industries

To promote Research and Development activities
To offer services for the development of society
through education and technology
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DEPARTMENT VISION & MISSION

Department | To achieve excellence in education and research in the field of

Vision Electronics and Communication Engineering for the development
(ECE) of society.

Imparting quality technical education in Electronics and
Communication Engineerin throu§h contemporary laboratory
faalllt][es and accomplished Taculty to cater to the needs of the
industry.

Department - : : :
p. ! . Providing a conducive learning environment through the state
Mission of the art infrastructure and innovative teaching learning

(ECE) practices.

. Infusing the professional skills needed for employability and
entrepreneurship.

. Collaborating with industries for mutual benefit of knowledge
transfer.

. Promoting research in Electronics and Communication
Engineering.

. Providing services to the society through extension activities
and technology enabled services.
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PROGRAM EDUCATIONAL OBJECTIVES

PROGRAMME EDUCATIONAL OBIJECTIVES

Possess strong technical knowledge in Electronics and
Communication Engineering to address the real world
challenges (Core Competence)

Demonstrate continual interest to learn new technologies for
successful professional career (Lifelong Learning)

Exhibit professional skills and practice ethical principles with
social consciousness (Professionalism)

PROGRAM SPECIFIC OBJECTIVES

PROGRAMME SPECIFIC OUTCOMES

Design and Develop solution in the field of Signal processing
and Communication

Demonstrate competency in the design and development of
Embedded / VLSI systems
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PROGRAM OUTCOMES

Apply the knowledge of mathematics, science, engineering fundamentals, and Electronics
and Communication engineering to solve complex engineering problems.

Identify, formulate, review research literature, and analyze complex Electronics and
Communication engineering problems reaching substantiated conclusions using first principles
of mathematics, natural sciences, and engineering sciences. (Problem Analysis)

Design solutions for complex Electronics and Communication engineering problems and
design system components or processes that meet the specified needs with appropriate
consideration for the public health and safety, and the cultural, societal, and environmental
considerations (Design and Development of Solutions)

Conduct investigations of complex Electronics and Communication Engineering problems
using research-based knowledge and research methods including design of experiments,
analysis and interpretation of data, and synthesis of the information to provide valid
conclusions. (Investigation of Complex Problems).

Select, and apply appropriate techniques, resources, and modern engineering and IT tools for
prediction, modeling and simulation of complex Electronics and Communication Engineering
activities with an understanding of the limitations. (Modern Engineering Tools).

Apply reasoning informed by the contextual knowledge to assess societal, health, safety, legal
and cultural issues and the consequent responsibilities relevant to the professional
engineering practice. (Engineer and Society).

—
[
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PROGRAM OUTCOMES - Contd..

Understand the impact of the professional engineering solutions in societal and environmental
contexts, and demonstrate the knowledge of, and need for sustainable

development.

Apply ethical principles and commit to professional ethics and responsibilities and norms of the
engineering practice. (Ethics)

Function effectively as an individual, and as a member or leader in diverse teams, and in
multidisciplinary settings. (Individual and Team Work).

Communicate effectively on complex engineering activities with the engineering community and
with society at large, such as, being able to comprehend and write effective reports and design
documentation, make  effective  presentations, and give and receive  clear
instructions. (Communication).

Demonstrate knowledge and understanding of the engineering and management principles and
apply these to one’s own work, as a member and leader in a team, to manage projects and in
multidisciplinary environments.(Project Management and Finance)

Recognize the need for, and have the preparation and ability to engage in independent and life-
long learning in the broadest context of technological change. (Life-long learning)..
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OBJECTIVES

* To introduce the concept of open loop and closed loop
(feedback) systems

 To provide knowledge of time domain and frequency

domain analysis of control systems required for
stability analysis

 To present the compensation technique that can
be used to stabilize control systems



15UEC904 - LINEAR CONTROL ENGINEERING

REGULATION - 2015 L T P C
3 00 3
45 periods

UNIT | - CONTROL SYSTEM MODELING

Basic Elements of Control System — Open loop and Closed loop
systems - Differential equation - Transfer function, Modeling
of Electric systems, Translational and rotational mechanical
systems - Block diagram reduction Techniques - Signal flow graph

)




UNIT Il - TIME RESPONSE ANALYSIS

Time response analysis - First Order Systems - Impulse and Step
Response analysis of second order systems - Steady state errors —
P, PlI, PD and PID Compensation, Analysis using MATLAB (9)

UNIT Il - FREQUENCY RESPONSE ANALYSIS

Frequency Response- Bode Plot, Polar Plot, Nyquist Plot -
Frequency Domain specifications from the plots -  Series,
Parallel, series-parallel Compensators- Lead, Lag, and Lead Lag
Compensators, Analysis using MATLAB. (9)




UNIT IV - STABILITY ANALYSIS

Stability, Routh-Hurwitz Criterion, Root Locus Technique,
Construction of Root Locus, Stability, Dominant Poles, Application
of Root Locus Diagram - Nyquist Stability Criterion- Relative Stability,
Analysis using MATLAB. (9)

UNIT V - STATE VARIABLE ANALYSIS

State space representation of Continuous Time systems - State
equations — Transfer function from State Variable Representation
— Solutions of the State equations - Concepts  of
Controllability and Observability — State space representation for
discrete time systems. (9)




BOOKS TO BE REFERRED

TEXT BOOKS

1. J.Nagrath, M.Gopal "Control Systems: Engineering ”, Anshan Publishers,
5thEdition, 2008.

2. M.Gopal, ”Control Systems: Principles and Design ”, Tata McGraw Hill, 4th
Edition, 2012.

REFERENCE BOOKS:

1. M.Gopal, ” Digital Control and State Variable Methods ”, TMH, 2nd Edition,
2007.

2. Schaum®s Outline Series, ” Feedback and Control Systems ”, Tata
McGraw-Hill, 2007.

3. Richard C. Dorf, Robert H. Bishop, “Modern Control Systems”, Addidon —
Wesley, 9t" Edition,2010.

4. Benjamin.C.Kuo , “Automatic control systems”, Prentice Hall of India,
6thEdition ,2013.

5. John J.D"azzo , Constantine H.Houpis , “Linear control system analysis
and design”, Tata McGrow-Hill, 1995.



COURSE OUTCOMES (CO)

Develop mathematical models for Electrical and Mechanical
systems. (K3 - Apply)

CO.1

Analyze the time response of first and Second order systems.

CO-2 1 a ANALYZE)

Analyze the LTI systems through various frequency response

CO-3 biots. (K4 - ANALYZE)

Analyze stability of systems using analytical and graphical

CO4 ethods. (K4 - ANALYZE)

Analyze the MIMO systems using state space model

COSka- ANALYZE)




COURSE ARTICULATION MATRIX

co1|l 3 |22 |-|-|-|-|-|-|-|-1|z2] - 2
co2| 3 (3|2 |-|2|-|-|-|-]-|-12] 2

co3| 3 (3|2 |-|2|-|-|-|-]-1]+-1]2] - 2
co4| 3 |32 |-|2|-|-|-|-]-|-1|2] 2 2
cos| 3 (3|2 |-|-|-|-|-|-|-1|-12] 2 2
CAM| 3 | 3|2 |-|2|-|-|-|-]-]-1]2| 2 2

3- Strong 2- Medium 1-Weak



15UEC904 - LINEAR CONTROL ENGINEERING

REGULATION - 2015 L T P C
3 00 3
45 periods

Develop mathematical models for Electrical and Mechanical

cO.1 systems. (K3 - Apply)

UNIT | - CONTROL SYSTEM MODELING

Basic Elements of Control System — Open loop and Closed loop
systems - Differential equation - Transfer function, Modeling
of Electric systems, Translational and rotational mechanical
systems - Block diagram reduction Techniques - Signal flow graph

(9)




Introduction to Control System

Automatic control is essential
In any field of engineering and

Modesn considered as integral part of
we e . .
cesseat Seory robotic systems, space vehicle

O .
“neon gy, systems, modern manufacturing
e’ c.o::‘;; systems etc.

X
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Terminologies

System — An interconnection of elements and devices for a desired purpose.

Control System — An interconnection of components forming a system
configuration that will provide a desired response.
Plant - A plant may be a piece of equipment, perhaps just a set of

machine parts functioning together, the purpose of which is to perform a

particular operation.
Process — The device, plant, or system

under control. The mput and output
relationship represents the cause-and-
effect relationship of the process.

— > -

Process to be controlled.
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Open Loop and Closed Loop Systems

OPEN LOOP SYSTEM

Any physical system which does not automatically correct the variation in its output, is called an
open loop system, or control system in which the output quantity has no effect upon the input quantity are
called open-loop control system. This means that the output is not fedback to the input for correction.

Input Open lOOp OU ut http://Easyen inéerir
r(ﬁ system (Plant) _}L—czt) i

Fig 1.1 Open loop system.

In open loop system the output can be varied by varying the input. But due to external disturbances
the system output may change. When the output changes due to disturbances, it is not followed by
changes in input to correct the output. In open loop systems the changes in output are corrected by
changing the input manually.



Closed Loop Systems

Closed-Loop Control Systems. Feedback control systems
are often referred to as closed-loop control systems.

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

CLOSED LOOP SYSTEM

Contro! systems in which the output has an effect upon the input quantity in order to maintain the
desired output value are called closed loop systems.

Controller!

Open loop system

' (Plant)

Error
Detector
Reference K N
Input
rt)

Qutput

| Fccdback}# -

o(t)



Example:Open Loop Control Systems

il il
Electric AD Digital
Furnace Converter— Interface —» Display
—“666‘1\ .
Heating element '
Relay —©
Control |  AC supply
_ Circuit [ 0

Fig 1.3 : Open loop temperature control system.



Example: Closed Loop Control Systems

Sensor

Electric i
Furnace[r__.

AID J| Interface
Converter Circuit

N

Relay

Heating element

Amplifier L———

Control ¢—
Circuit

L

D/IA
Converter

' Controller '

-

Digital control
circuit
(or)
Computer/Micro
processor

Reference input

(Desired temperatura)

Supply Fig 1.4 : Closed loop temperature control system.



Open Loop and Closed Loop Systems

4 N

e Simple construction and
ease of maintenance.

e Less expensive than a
corresponding closed-loop
system.

e There is no
problem.

e They are inaccurate and
unreliable

e The effect of external
disturbance signals can be

stability

made very small.

4 N

e They are more complex
and expensive

e Cost of maintenance is
high

e The systems are prone to
instability. Oscillations in
the output many occur.

e They are more accurate
and reliable.

¢ If external disturbances are
present, output differs
from the

significantly

desired value.

I
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Real Time Example

Steering wheel
| | sensor ll'_'
| |
A3 e | 1
s Diver ol S0 L, pomobie
Mm-i 7.__- EENCINEE [SEMESE
course
:
| Measurement A
' visual and tactile
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Introduction

 |dealizing assumptions are always made for the purpose of
analysis and synthesis of systems
* Anidealized physical systems are called as physical model

Low-Pass High-Pass
o— AN o o | | o
R L c
C R
Laplace Transform of output l

Transfer function =

Laplace Transform of input |Mmmoimmmdmons

L7




Mathematical model

After obtaining the physical model, need to generate a
mathematical model

Mathematical models of physical systems are key elements in the
design and analysis of control systems

Use of appropriate physical laws such as Kirchoff’s law , Coulombs
law etc.

A control system can be modelled as a scalar differential equation
describing the system. Math

Modelling

Mechanical
system

Electrical

Systems

Translational Rotational 28



Mathematical Modelling of
Electrical Systems

Differential Equations — By Kirchoff’s voltage law and current law

Element Voltage across the element | Current through the element
- R , : t
lSt_). +,v\/\/- V(t):'Rl(t) l(t)zX(R—)
_ v(t)
i) L d. o
4 P W) =Lil i)=—¥0
v(t)
iy ¢ i ()=c0
| v(t) le(t)dt i(t)=C =
' v(t) |
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Ex.1 Obtain the transfer function for the electrical network shown

000 —VW\~ E
L “.__\_R

Volitage ¢ = b=

source \_ ¢ C— ®
1
it
Fig. 2.12. L-R-C senes circuit.
/ o
(0N ) '/\/\/\/ l _7\ -
) S e e

p——
-

It. L) ;Jz,,
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Ex:1 Contd
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Ex:1 Contd..
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Ex:1 Contd..
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Exercise Problem 1:
Obtain the transfer function for the electrical network
shown.

. Ry
I(l')__)
NV N—
Valt) [ +
Vs & v

] _

RC series circuit

35
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Basic Types of Mechanical Systems

* Translational

— Linear Motion

e Rotational
— Rotational Motion

39



Basic Elements of Translational Mechanical Systems

Translational Mass M Weight of the ‘hﬁ_»

i — mechanical system

b M ??I =
B constant
. Translational Spring Elastic Deformation of the
) . body
(ol K
Ua of Y X Y\ o pp

Translational Dash-pot o o
Friction existing In

T Mech system
|

i) F—wo vy
]

15




Common Uses of Dashpots

boor Stoppers _ Vehicle Suspension

o
{/9

o

Bridge Suspension Flyover Suspension




When a force is applied to a translational mechanical system, it is opposed by opposing forces due
to mass, friction and elasticity of the system. The force acting on a mechanical body are governed by
Newton'’s second law of motion. For translational systems it states that the sum of forces acting on a

body is zero. (or Newton’s second law states that the sum of applied forces is equal fo the sum of
opposing forces on a body).

shutterstock.com =« 49362037

(W)
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Automobile Suspension

43



Automobile Suspension

L __ N

|

Center of mas

Auto body

‘i@ 5




List of symbols used in Mech Translational System

x = Displacement, m

dx _
v = — = Velocity, m/sec
dt
o d = Acceleration, m/sec?
= = Acceleration, m/se
17w ar?

f = Applied force, N (Newtons)

f..= Opposing force offered by mass of the body, N

f. = Opposing force offered by the elasticity of the body (spring), N

f, = Opposing force offered by the friction of the body (dash - pot), N
M= Mass, kg

K = Stiffness of spring, N/m

B = Viscous friction co-efficient, N-sec/m

2/14/2022



Force Balance Equations of Idealized Elements

—
X

Z
f—» M 2

Reference

Let, f = Applied force

f = Opposmg force due to mass

d2 2
= or f—Md—

Here, f, <
dt* dt?

2
By Newton's second law,|f=f =M -3—25
dt

2/14/2022



Force Balance Equations of Idealized Elements

> x

:

®| - |

Let, f =Applied force

f, = Opposing force due to friction

Here, f,,oc3 or fy=B—

dt

By Newton's second law,

E f—»

Reference

dx
dt

fox

B8 Reference

e f= fb:BEt- (X)"X2)

d

dx

f:-'fb:B'_

dt




Force Balance Equations of Idealized Elements

¥ > X > X,
T ‘000" % f— ——
K Reference K
Let, f = Applied force f, < (X, —X,)

. = Opposing force due to elasticity

% T‘f= fk = K(X‘ "‘Xz)l

Heref x or f=Kx

By Newton’s second law, lnf= f =Kx l

2/14/2022



Ex.1. Write the differential equation governing the mechanical
system shown in Figure and determine the transfer function.

I-—-bx, —» X

A K B

/—“56?5‘—— M _=_J M

? L wwe— - ()

4 P ; K‘—b

SLPSLZLLLTSLSLALAL LI ELLLALS . X(s)

B, o B, transfer function is T:E)—
Solution:
- - d?x dx

E/Ir:SeSblacil:y diagram fc frn1=M1 = 1 ; fb1=B1"“‘1" fk,=K1X1§

2/14/2022



Apply L.T on force equation We know that:
d2X1 : [{rX(t)} — X(S)

e

dx, d

+Bi—+B—(X - X) + KX + KX, - x) =0

B1dt dt(1 ) iR ng—x(t)}=s)((s)(
t

M;s?X(s) + B;SX,(s) + Bs [X(s) - X(s)] + KX((8) + K [X(s) - X(s)] = 0 2

Pa - x(t)}» = & X(s)
Xy(s) [M;s? + (B, +B)s + (K, + K)] - X(s) [Bs +K] =0 dl

Xy(s) Mis® + (B, +B)s + (K, + K)] = X(s) [Bs +K]

oy Bs+K
{x‘(S) ot Ms? + (B, +B) s +(K, +K) ] R .

Free body diagram for ——» X
Mass M2: '

. _ — s > x ——a-f(1)
A K - —f.,
/50— =t | "
7 o " > 1(t) M,  le——f,
D Ky -
S L PANLLZLLA L LSLALAL LIV LLL AL LLS

B, - E32 "-_-_-__'f;
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2
fo =M, '3;';‘(‘ ' f2 =B, %tx' L X
f=Bo (x-x) i f=K(x-x) | ()
| —1.,
By Newton's second law, M, i W
£ -fo+f +f =f(t) —f,
| —f,

On taking Laplace transform of above equation with zero initial conditions we get, |
M,S”X(s) + B,SX(S) + BS[X(S) - X ()] + KIX($) - X«(s)] = F(s)

[ X(s) [M,s? + (B, + B)s + K] - X,(s)[Bs + K] = F(s) ] — 5 [2]

2/14/2022



[ X(s) [Mzsz +(B, + B)s + K] - X,(s)[Bs + K] = F(s) ] —_— [2]

Substituting for X,(s) from equation (1) in equation (2) we get,

(Bs +Kj?
M;s? + (B, +B)s +(K; +K)

X(s) [M,S? + (B, + B)s + K] - X(s) =F(s)

X(8) [[Mgsl’ +(B, +B)s + K] IMs? + (B, + B)s + (K, + K)] - (Bs +K)? ] _Fs)

RESULT
The differential equations govemning the system are,

L

2. w%+sz%+8§(x—x,)+x(x—x,)=f(t>

ax d
+ B, dt1 +Ba—t—(x,-x)+K,x,+K(x1—x)=0

The transfer function of the system is,

X(s) M;s? + (B, +B) s + (K, +K) _
F(s) [Ms2+(B,;+B)s+(K,+K)|[M;s? +(B, +B) s+K| - (Bs+K)?




Ex.2. Determine the transfer function Y,(S)

of the system shown in figure. F(S) fiy |18
K
Solution: l—> 2 : ¢
Free body diagram for T Y
Mass M1: () M.
e—f,
M, K——‘fu KZ é
"'—‘_—fm
.“—fuz M2 —l_ Y2

The opposing forces are marked asf_, f..f,andf,

dz)’1 :

dy
=M—=5" f, =B

& y fa=Kyy o T =Koly - y2)

By Newton's second law, f,;+f, +f; +fio = f(1)




On taking Laplace transform of equation (1) with zero initial condition we get,
Mis?Y(s)+ BsYi(s) + K,Yys) +K,[Yi(s) - Yo(s)] = F(s)

Y(s)[Ms® +Bs -+ (K, +Ky)] - Ya(s)K, = F(s) —> [2]

Free body diagram for _

Mass M2: d2y2
fn2 =Mx—5=; fio = Ka(Ya —¥1)
dtc .
) By Newton's second law, f, +fo =0
—f
M,
e f,z

444444444



d
ML Koy, -y =0

On taking Laplace transform of above equation we get,

M,s2Y,(s) + K,[Y,(S) - Ys(8)] = 0

Ya(s) [Mps% +Kz]1 - Yi(s) K, =0

2
[ - Y(8)= Y, (s) Mst‘”‘z ] —>  [3]
- 2

Substituting for Y,(s) from equation (3) in equation (2) we get,

rMzs2 +K,
Kz

Y,(s) ] [M;s? +Bs + (K, + K;)| - Y(s) K, = F(s)

—

(M52 +K,) [Ms? +Bs + (K, + K,)] - K>
Yz(s,) K .
2

v

Transfer Yo(s) _ K,
Function: F(s) [M,s2 +Bs + (K, + Kz)] [M252 - K2] - Ki




Exercise Problem-2

Draw the physical model and mathematical model of
the Restaurant plate dispenser and thus determine the
transfer function of the system

/ Plates
| S
JESaan09000a0asneH]

Piston

56



Transfer function of Restaurant plate dispenser

Solution: 1‘, [
o
3 L—) -
W, i
| )
? (/Z,/’z/\p/ =T
- —
\ Py T ¥ f<
a¥e T



%[Q)D('f’ RS +M Slj < P(SB

_..(_-S-)— =i ' Trowafoy
¢ +Rs +Mea™

‘FMCHW .




Rotational Mechanical Systems
Basic Elements

Input: T —Torque, A force which tends to cause rotation
Output: © - Angular Displacement

0
Moment of Inertia of Mass, J ( i (H_ !

Rotational Spring, K 0,00 Y Y Y X o3 T

Rotational Dash, B 0,




List of symbols used in Mech Rotational System

= Angular displacement, rad

0

B L i

gt = Angular velocity, rad/sec
dz

= = Angular acceleration, rad/secz

dt?

T = Applied torque, N-m

J = Moment of inertia, Kg-m2/rad

B = Rotational frictional coefficient, N-m/(rad/sec)
K = Stiffness of the spring, N-m/rad

2/14/2022



Torgue Balance Equations of Idealized Elements

> \ d’
,, a | T=Tj=d—5
T 0 dt®
Fig 1.14 : ldeal rotational mass element.
Y 4o
PV T=T, =B—
T 6 — dt
Fig 1.15 : Ideal rotational dash-pot with _
one end fixed to reference.

N N e 7
7¢f 1 [T=neK)

Fig 1.17 : Ideal spring with one
end fixed to reference.




Ex.3. Write the differential equation governing the mechanical
rotational system shown in Figure and determine the transfer

function L
A S | g
T K it hiscau S ©
Solution: (Applied Torque) (Output)

In the given system, applied torque T is the input and angular displacement 8 is the output.

Let, Laplace transformof T = L{T}=T(s)

Free body diagram for Moment

Laplace transformof 6 = £{8) =6(s) of Inertia J1:
Laplace transform of 0, = L{6,} =9 (s) A v\ v\ 3
o(s) L&) )
Hence the required transfer functionis —— 1 9

T(s)

2/14/2022



d*0
Tin= J‘."d't'al Tk =K(8,-8)

By Newton'ssecondlaw, T+ T, =T

d29 —1+K(0,-0)=T \ \T{Tv\
Ll "y 51 R N e
- T 8,
J(:ng‘+Ke, k=T | = . )

On taking Laplace transform of equation (1) with zero initial conditi
J; 8% 0,(s) + K9,(s) —K8(s) = T(s)

(J; 52 +K) 8,(s) — K 8(s) = T(s) L 2)

2/14/2022



s e {s Bl

Free body diagram for Moment

T 6 —
(Applied Torque) (Output)
. d% do N
T)? = JzF s Tb = BI ' Tk . K(O - 61)

By Newton's secondlaw, T+ T, +T,=0

‘;22+Ba-+x(e 6,)=0

de _de
J,—+B—+K08-K8, =0
dt+m 4= —> [3]

On taking Laplace transform of above equation

T, T

\RXK
ae////

J, 5%6(s) + B s 6(s) + KO(s) —KO,(s)=0

2/14/2022



(J, 8% +Bs +K) 8(s) — K0,(s) = 0

[9,(§)= (.J252+BS+K) o(s) ] — 4

K

Substituting for 6,(s) from equation (3) in equation (2) we get,

(J,8% + Bs +K)
K

: 2 2.0 2
[(J,s + K) (J25K+BS+K)—K JG(S)=T(S)

(Js® +K)

6(s) - K8(s) = T(s)

Transfer - 8(s) _ K
Function: T(s) (J,52+K)(st2+Bs+K)-K2

2/14/2022



Ex.4. Write the differential equation governing the mechanical
rotational system shown in Figure and determine the transfer
function.

2/14/2022
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Ex.4. Write the differential equation governing the mechanical
rotational system shown in Figure and determine the transfer function.

K B

Solution:

\ \ : 17"g - dt
T‘/B[ J‘ '\ '&‘\

2/14/2022




d%, d

J1 eem——— 812 5{(61 —_— 9) + K(01 — 0) T

On taking Laplace transform of above equation with zero initial conditions we get,
Ji5°6,(8) +5 By [0(5) - 6(s)] + K0y(s) - K(s) = T(s)

6,(5) [4is” + 5By, + K] - 6(5) [By, + K] = T(s)
- The free body diagram of mass with moment of inertia J, is shown

_ a0 d
To T T, T, Tp"’sz? : Tmz=312a‘(9'91)
'R EY T=B= ;i T=Ke-6)
6

By Newton's second law, Tp+ Ty + Ty + T =0



2
Jz‘:?ea-s,z—(e ens?-m(e 8,)=0

2
‘c’“;’ B12 il +—(B,2 +B)+KO-K8,=0
On taking Laplace transform of above equation with zero initial conditions we get,

J,5%0(s) - B,,80,(s) + $0(s) [B,, + B] + Kb(s) - Kb (s) = 0
8(s) [s°J, +5(By, + B) + K] - 04(s) [sB,, +K] = 0

[s%J, +8(B,, +B) +K]
[sBy, +KI

04(s) = B(s)



Substituting for 6.(s) from equation (2) in equation (1) we get,

| 2
s+ 0 SRS s, K 0= T

(U5 3By +K) s 5B +B) K- (5B, + K
T 6(s) = T(s)
! (B, +K)

(s) (8B +K)

(5) (Js°+8Byy+K) [J;8° +8(By; +B)+ K] - (B, + K)z




Block Diagram Reduction Techniques



Introduction

Block diagram is a shorthand, graphical representation of a
physical system, illustrating the functional relationships
among its components.

The simplest form of the block diagram is the single block, with
one input and one output.

The interior of the rectangle representing the block usually
contains a description of or the name of the element, or the
symbol for the mathematical operation to be performed on the
input to yield the output.

C - R G(s)=R(s)/C(s)




Need for block diagram reduction

* It 1s normally required to reduce multiple blocks
into single block or for convenient understanding 1t
may sometimes required to rearrange the blocks
from 1ts original order.

* For the calculation of Transfer function its required
to be reduced.



Components of a Block Diagram

e System components are alternatively called
elements of the system.

* Block diagram has four components:

— Signals

— System/ block

— Summing junction

— Pick-off/ Take-off point



R(s) . C(s) g R(s). Gls) C(s)
[nput Output
Signals System
(a) ()
Ri(s)  + C(s) = R(5) + Ry(s5) = Rs(s) R(s)
! Lt -
/+_ R(s) R(s)
S .
2 R(s) R(s)>
Summing junction Pickoff point

(c) (d)



Rules for Block Diagram Reduction Techniques

1. Combining bloc

Ks which are in cascade or in parallel

Gl ' GE

 — { GG, | —

G

2. Moving a summ

_I_

_|_
1 T* — G +G | —
GE
I e R i
G

Ing point behinb a block




Rules for Block Diagram Reduction Techniques

4. Moving a pickoff point behind a block

— 171G T <) 1 G

-

s
G

5. Moving a pickoff point ahead of a block

—1 G > <) J"G—“




Rules for Block Diagram Reduction Techniques

6. Eliminating a feedback loop

+ _
Pl T
N 1+GH
H




Ex.1: Reduce the Block Diagram to Canonical Form.

Step 1: Combine all cascade blocks using Transformation 1.

Step 2: Combine all parallel blocks using Transformation 2.




Step 3: Eliminate all minor feedback loops using Transformation 4.
6,6,
—_——
1-G,GH,
Step 5 Repeat Stepsd to 4 until the canonical form has been achieved for & particular input.

Rt (4G4 646, ¢ R+ GGGyt Gy |
= G|G | 1= 010.3,

___@._

|




R + GGGy + Gy) L.
1 - G,GH,

Transfer function: =

| -
G1G4(G2 + G3)

C(S) _ 1-G1G4H1
R G
(GlG4(GZ+GB)j
C(S) 1- G1G4H1
R(S) ((1— G1G4H1) + GIG4AH 2(G2 + GS))
1-G1G4H1
C(S) G1G2G4+G1G3G4

R(S) (L-G1G4H1)+G1G2G4H2+GLG3G4H?)



Ex. 3: Find the transfer function of the following system using block
diagram reduction techniques

Ris) -+ "




Solution:

1. Eliminate loop |
R(s) 4




Solution:

1. Eliminate loop |
R(s) 4

——rG—r




':‘:1|--

2. Moving pickoff point A behind block -

GH
R(s) - , 1)
& 1 H H(HEH)
K‘“‘m_m // 2

—— H.[ _____N@fa'ﬁéabaﬂk loop




G

2

2. Moving pickoff point A behind block

1+G,H,
4 G, z ¥ (S )
1+G.H,
H;%.Hl LD,
. . -"/. GE
———— | H,7— Notateedback loop
3. Eliminate loop I
R(s)  + S S
4_.® 1+G,H, r
7 L 1 (+G,H,)
3 G,

sing rule 6




3. Eliminate loop |l

G
R(s) + GG, Y(s)
— 1+G,H,
H H3+H1(1+GEH2)
G,
lZs.ing rile 6 — & —
| 1+GH
Y(s G,G
T(S): ( ) — 12

R(s) 1+GH,+GGH+GH +GG,HH,



Ex.4: Find the transfer function of the following system using block
diagram reduction techniques

R(s), Y (s)




1. Moving pickoff point A behind block G,

R(s)
+ +

—Q—1 G, ¥ G,

_ ]

| Y(s)

.
s |
1 s
_ b +
=
\ S
S
v g




1. Moving pickoff point A behind block G,

H4

R
(i ) . - Y(s)

4>®—' G, ® G, G, s G4 ,/B g

_ |




1. Moving pickoff point A behind block G,

R(i) . Q Y(s)
——{()—— G, —(X— G g

_ |

Q)
Q)

fas




1. Moving pickoff point A behind block G,




2. Eliminate loop | and Simplify

—————————————————————————————————————————————————————————————————————————————

R(s) |
o {G1'a G,G,G, T L, Te
- L= 1+ G,G,H,
| 7
S G, |
';E """"""""""" JLI2
- G, 7
H,
Vi ?‘Z@Edback 17 %t feedback
.GZG3G4 H,—-G,H,
1+ G,G,H, +G,G,H, G,




3. Eliminate loop Il & IlI

R(s) o GG.G.G, Y (s)
- 1+G,G,H,+G,G.H,

H,-G,H,
G,

l&;ing rile 6

T(S) _ Y(S) _ GIG2G3G4
R(s) 1+G,G.H.+GGH, +GGGH,-GGGGH,




Skill Assessment Exercise 1

Find the transfer function of the following system using block diagram

reduction techniques
H,|
R(s) + +,é'§>_ ;-;4- +® Y(s)
_ F— B 4
A




Signal Flow Graphs



Outline

Introduction to Signal Flow Graphs
— Definitions
— Terminologies

— Examples

Mason’s Gain Formula
— Examples

Signal Flow Graph from Block Diagrams
Desigh Examples



Introduction

Alternative method to block diagram representation,
developed by Samuel Jefferson Mason.

Advantage: Mason’s gain formula is used to find the
overall gain/Transfer function of the system.

Simpler than tedious Block diagram reduction method

A signal-flow graph consists of a network in which nodes
are connected by directed branches.

It depicts the flow of signals from one point of a system
to another and gives the relationships among the signals.



Fundamentals of Signal Flow Graphs

« Consider a simple equation below and draw its signal flow
graph: y = ax

* The signal flow graph of the equati

a -
X e oy % a,

:g b3 alxl + a'?X"

« Every variable in a signal flow graph is represented by a
Node.

 Every transmission function in a signal flow graph is
represented by a Branch.



Signal-Flow Graph Models

ab
= o— —» -0
X, X
a+b
— o > -0
X X,
X ac
x“ )s bc




Terminologies

An input node or source contain only the outgoing branches. i.e., X;
An output node or sink contain only the incoming branches. i.e., X,
A path is a continuous, unidirectional succession of branches along which
no node is passed more than ones. i.e.,
X, to X, to X;to X, X, to X, to X, X, to X5 to X,
Aforward path is a path from the input node to the output node. i.e.,
X, to X, to X5to X, , and X; to X, to X, , are forward paths.
A feedback path or feedback loop is a path which originates and
terminates on the same node. i.e.; X, to X5 and back to X, is a feedback

path. A




Terminologies

A self-loop is a feedback loop consisting of a single branch. i.e.; Ay is
a self loop.

The gain of a branch is the transmission function of that branch.

The path gain iIs the product of branch gains encountered in traversing
a path. i.e. the gain of forwards path X; to X, to X;5to X, IS A,;A3,A 5
The loop gain is the product of the branch gains of the loop. i.e., the

loop gain of the feedback loop from X, to X; and back to X, is A;,A,;

Two loops, paths, or loop and a path are said to be non-touching if
they have no nodes in common. A,




Consider the signal flow graph below and identify the following

Ggls)
~ Gi(.ﬂ ~ G:(S) i G;‘..\") ) (;4(” m GT(‘”
R(s) O——0O——0O——0——0 ——0 )
Hl‘.\')
a) Input node. Hy(s)
b) Output node.

c) Forward paths.

d) Feedback paths (loops).

e) Determine the loop gains of the feedback
loops.

f) Determine the path gains of the forward
paths.



Consider the signal flow graph below and identify the following

Gﬁ(s )

Gl(S)

= Cls)

* There are two forward path
gains;

L. G1(5)G1(s)Gs(5) Ga(s)Gs (s) G (s)
2. Gi(5)G2(s)Gs(5) Ga(s) Gs (5) Gir(s)



Consider the signal flow graph below and identify the following

* There are four loops

4. Ga(5)Ge(s)Hs(s)

Gy(s) ~ Gs(s) — Gi(s)
> - :

Ris) (Or—
W%)

H,(s)

1. Gz(S)Hl (S)

2. Ga(s)Ha(s) Hy(s)

3. G4(5)Gs(s)Hx(s)



Consider the signal flow graph below and identify the following

Gels)

Gi(s) GH(s) (+(s) Gals) s)
Ry o 2 BOY, B “ o
W\Q@) Va(s) Vi(s)

H,(s)

H3(S)

* Nontouching loop gains;

L [Ga(s)H1(5)][Gals) H2(s)]
2. [Ga(s)H 1 (5)][Gals)Gs(s) Ha(s))
3. [Ga(s)H 1 (s5)][Ga(s)Ge(s) Hi(s)]




Consider the signal flow graph below and identify the
following

a) Input node.
b) Output node.

c) Forward paths.

d) Feedback paths.

e) Self loop.

f) Determine the loop gains of the feedback loops.
g) Determine the path gains of the forward paths.



a) Input noc¢ %

b) Output node

Input and output Nodes




(c) Forward Paths

X, to X; to X to X, to X; to X, to X; to X

X, to X; 1o X; to X;

X, to X, to X, 0o X, to X, to X; to X



(d) Feedback Paths or Loops

X, to X, to X,

X; to X, 10 X

X, to X. 10 X X 1o X5 to X,;
T X to X, to X, o



(d) Feedback Paths or Loops

X, 10 X, t0 X; 10 X, X; to X, to X; to X,



(d) Feedback Paths or Loops

X, to X, to X, to X, to X, to X,




(d) Feedback Paths or Loops

X; to X; to X, to X; to X, to X; to X,




(e) Self Loop(s)

X, to X,



(f) Loop Gains of the Feedback Loops
Ag

Ay Ay
Ay A
AsqAss
Ags Asg

A6 Aga;

Ags Asg Asy

Ay,

i

AppAzqAn

Ay AsyAgsAsq Ay
Az Agr A5 Ays A3 A3

ATT




(g) Path Gains of the Forward Paths

A32A43A54‘465‘4?6

A7

A AsaAgs Ase




Mason’s Gain Formula:

« The transfer function, C(s)/R(s), of a system represented by a signal-

flow graph is;
C(s) 1 Z”: PA
R(S) AS

Where

n = number of forward paths.

P. = the it forward-path gain.

A = Determinant of the system

A, = Determinant of the it forward path

* Ais called the signal flow graph determinant or characteristic
function.



Mason’s Rule:

C(s) 1
R(S) AZ;PA

Pi = Forward path gains

A = 1- (sum of all individual loop gains) + (sum of the products of
the gains of all possible two loops that do not touch each other) —
(sum of the products of the gains of all possible three loops that
do not touch each other) + ... and so forth with sums of higher
number of non-touching loop gains

A; = value of A for the part of the block diagram that does not
touch the i-th forward path (A, = 1 if there are no non-touching
loops to the I-th path.)



=

o 0k W

Systematic approach

Calculate forward path gain P; for each
forward path I.

Calculate all loop transfer functions
Consider non-touching loops 2 at a time
Consider non-touching loops 3 at a time etc.
Calculate A from steps 2,3,4 and 5

Calculate A; as portion of A not touching
forward path |



Example #1: Apply Mason’s Rule to calculate the transfer function of the
system represented by following Signal Flow Graph




Example #1: Apply Mason’s Rule to calculate the transfer function of the
system represented by following Signal Flow Graph

There are two forward paths: CEs)_1 Z": DA
R(s) A&
P 1= GIGIG-'-I P 95 616364
Therefore, 9 — PIAI T P2A2
R A

There are three feedback loops

|—1 — G1G4H1a |—2 — _GlG2G4H29 |—3 — _GIGSG4H2



There are no non-touching loops, therefore

| .

Y=
L A%

R A

A = 1- (sum of all individual loop gains)

A=1-(L +L, +Ls)

A= 1_(GIG4H1 -G,G,G4H, _GIG3G4H2)



Example#1: Apply Mason’s Rule to calculate the transfer function of
the system represented by following Signal Flow Graph

|
L

!
(S
LTS

Eliminate forward path-1

A, = 1- (sum of all individual loop gains)+...

Eliminate forward path-2

A, = 1- (sum of all individual loop gains)+...
A, =1



Example#1: Continue

Plﬁl -+ Pz ﬁz G]GIG-! + 615364
.& 1 - G]G.q H[ + G]GZGJI.HE + GIGEGd Hz

C
R

Transfer function:
G,G4(G, + G,)

" 1- G,G,H, + G,G,G,H, + G,G,G, H,




Example #1: Apply Mason’s Rule to calculate the transfer function of the
system represented by following Signal Flow Graph.

_H2
R(s) G, G, G, G, G, 1
o —= > + > " 0
1 1 2 4 5 7 8
3\'%/ f\:H_a/
G Fig 1
SOLUTION - ¥
R(s) G, G, ]
— 5
1 7 8
_H3
G Fig I

LITIAN 6



There are Mdfomard paths. .. K=2

Let forward path gains be Ps and Pz.

R(s) 1 G, G,
e

e
1 2

W
-
o
Q¢
~
<o

FigZ.:Fbrwardpath_-l. o
; R£S) 1 G; . GB 1 . C(S)
{ e | 3

GG

3 43

Gain of forward path-1, P, = G G, G
Gain of forward path-2, P, = G G,G,



individual Loop Gain

There are three individual loops. Letindividual loop gains be Ps1, Pt and P

< 3¢ i :-Hs
Fig 4 : Loop-1. Fig 5 : Loop-2. Fig 6! Loop-3.
Loop gain of individual loop-1, P11 =-GzH

Loop gain of individual loop-2, Par =-GzGsHz
Loop gain of individual loop-3, Pa1 =-GsHz



Gain Products of Two Non-touching Loops

3 GZ, g4 6 65: 67
-H; -Hs

Fig 7 : First combination of 2 non-touching loops.
L 12 =(-G.H,) (-GsHa) = G, GsHH,

oy N

Fig 8 : Second combmatlon of 2 non-touching loops.

L22 :(-G12G3H2)‘_("G5H3) -~ Gz_GsGinHg,




c

R

Calculation of A and A,

PA, +PA, |

A

Azl—(L1+ I—z + I—3)+(|—12 + Lzz)

= 1-(-GzH1- G2G3Hz - GsHs) + (G2GsH1H3+ G2G3GsH2H3)

Since k=2

Ay = 1, Since there is no part of graph which is not touching with first forward pat

The part of the graph which is non touching with second forward path is shown in fig 9.

-
-

4

Ay = 1-(-GeHh) = 1+ Gty \_./

-H



Transfer Function

C PRA +PRA,

R A

G,G,G3G,Gs + G,GsG (1+ G,H,)
1+ G H, + G,GyH, + GgH, + GoGsHH, + G,GaGsH,H,
G(G,G3G,Gs + GGG + G,G,GGeH,
1+ GgH, + G,GaH, + GsH, + G,GsHH, + G,GGH,H,
G,G,Gs [G,G; + Gy / G, + GgH
1+ GH + G,G3H, + GgH, + G,GHH; + G,G3GH,H,




BD to SFG

Block Diagram Signal Flow Graph
R(s) Gis) Ol ) GE) )
R(s) Cis)
R(s) C(s)
*, E(s) 56) R )
R(s) C(s)




From Block Diagram to Signal-Flow Graph Models

Example#5
Hl
R(s) E(sf— X \— X C(s)
_.®__.Gl _.@__1>62 _.®72>GS .G, |—e—

139



—_—

T

H,

14V
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Skill Assessment Exercise 1
Find the transfer function of the following system
using block diagram reduction technigues

—th

R(ﬂ) Sq S, Ss3 ((5)

—b%)—b@l 4’@_’62 "G; "'G4 H@——b

+ - -




Step :1

Shifting the take off point between the blocks G, and G; to after the

block G;

R(‘S) Sq

+

—

— 1/G; [*

Gs

S3

C(s)

Fig. 1.2.6.2



Step :2
Combine the blocks G; and G3s, 1/G3; and Gs which are in series

> Gs/Gs
R("i) " S1 " S, N Ss3 ((5)
4’@_’ G, G, G; " Gy _’{X}__'
I
H |
H, <

Fig. 1.2.6.3



Step :3

Eliminate feed back loop I, and then combine blocks G4 and G5/ G;

which are in parallel

R(s) . Si

—

1 + G,GsH,

o Gy G3

Gy + (G5/G3)

C(s)

Fig. 1.2.6.4



Step :4

RGs) . Si

Combine the blocks which are in series

—

>

(G1G, G3)(G3G4 + Gs)

C(s)

Gs(1 + GoGsH,y)

II

Fig. 1.2.6.5



Step :5
Eliminate the feed back loop 11

(G165 G3)(G3Gy + Gs)
(:Tj(]. + GEGEHI)

C(s) =
R(s) 1+ [G1G2Gs(GsGs+Gs)| H,
Gi(1 + G,Gs3H;y)
C(s) = G1G2G3 (G3Ga + Gs )
R(s) Gs(1 +G,G1H;) + [G1G2G3 (G3Ga + Gs)] Ha

Answer.



Skill Assessment Exercise 2

Find the transfer function of the following system using block diagram
reduction techniques

R(s) +




Solution:
1. Moving pickoff point A behind block G,

________________________________________________________ I
H:".
R(s + ' . + Y (s
_)__-cg:-—. G, 90— 6, G F9— )
| L =
H G,
I == D
H, G,

¥
Q
s




2. Eliminate loop | & Simplify
H,

o= |
il
R(s) | + e X e +
- L 1+ G, H, + G,G,H,
H, |
G,




3. Eliminate loop |l

R(s) G,G,G, +d (5)

| 1+G.H, + G.G.H, + GG, H, +T
| G

4

: |

Y _ -, G G,G,

1'(s)=
() R(s) 1+ G.H,+G,G,H, + G,G,H,



Skill Assessment Exercise 3
Using Mason’s gain formula, find the transfer function of the following system
represented by signal flow graph

> eta)




C(S)

R(S) A

Here K =2

Forward paths Individual loops
P1 — G-LGEG_;G;; Ll — (:}EHE
Pg — GjGGGTGg ]__.2 — GgHg

L; - GﬁHﬁ

L,q_ - GTHT

Two pairs of two non touching loops are
there. They are

L1 L3 — GgHg G@'Hﬁ

Lz L4 — GgHg GTHT



A=1—-(Li+Lo+Ls+1L4 )+ Li Lz +L> Ly)
=1 - (GH, + G3Hs + GgHg + G;H7) + (GH> GgHe+ G3Hiz G7H;7)

ﬂkl =1 — (GE,HE; + G?H?) =1 - G5H5 —GTH?
ﬂxg =1 - {:GEH;_J-"‘ G_;H_;) =1-— GgHg- G3H3

P, Ay +P,A
c(S) 1 A1 pJAY)

R(S) A

(G1G2G3Gy)( 1 —GeHg -G7H7) + (GsGeG7Gg)( 1 — GoHz- GsHs)

1 — (G:2H> + G3sHs + GgHg + G7H7) + (G2Hz GeHet+ G3Hiz G7H7)

Ans.



Skill Assessment Exercise 4
Using Mason’s gain formula, find the transfer function of the following system
represented by signal flow graph




SOLUTION
I. Forward Path Gains

There are two forward paths. .. K=2. Letthe forward path gains be P, and P.,

R(s) - G, G, G, G, C(s)
o ' O P <O - O —»—-0
1 , i 3 4 5
Fig 2 : Forward path-1
R(s) @ G, C(s)
o——> o °
1 2 3 = 5
Fig 3 : Forward path-2 G

Gain of forward path-1, P,=G,G,G.G,
Gain of forward path-2, P,=G.G,G

y Ronr B



adividual Loop Gain

There are five individual loops. Let the individual loop gains be p. . p,,, P, P,, and p,,.

'Hw G
2 - 3 G
2
5 G3 \Q—j
—
2 3 4 -H,
Fig 5 : loop-2 Fig 6 : loop-3
G
o 4
Fig fionp-t Fig 8 : loop-5

Loop gain of individual loop-1, P, =-G,G,H,
Loop gain of individual loop-2, P,,=-H,G,
Loop gain of individual loop-3, P,,=-G,GH,
Loop gain of individual loop4, P, =-G,G,GH,

Loop gain of individual loop-5, P, =G



Gain Products of Two Non-touching Loops

There are two combinations of two non-touching loops.
Letthe gain products of two non-touching loops be P, and P,,.

2_% O‘ O

-H
Fig 9: First combination of Fig 10 : Second combination of
two non-touching loops two non-touching loops
Gain product of first combination

} P 7™ P21P 5™ (“Gsz) (Gs) = GstHz

Gain product of second combination
of two non touching loops

of two non touching loops

} Py =Py Py, = (-GyGgHy) (Gs) = -G,GsGgHs



Calculation of A and A,

B=1- Py Py Py + Pry £ Pig) + (P +Pp)
= - (—G263H1 = H2G2 = 026364H3 t GS “ G2GGH3)
+ (‘GszGs . GZG5G6H3)

 Since there s no part of graph M\ichisndttouching forward path-1, As=1,

- The partof graph which s notiouchingfo:ward path-2is shown infig 11,

4
Fio []
s h=1-Gs J



“ransfer Function, T

- ByMason's gain formula the transfer function, T s given by,

- -;- ) PyAy (Number of forward path i€ ard eaded: jor
K

% [p,A,+p,A,]=l 6,6,6,6, X1+ 6,GGy(1- Gy

6,6,6,G, +G,6,6; -G 6,66, _
1+GzG3H +H G +GzG3G H3 G +G G6H3 G H2G5‘020506H3







