CONTROL SYSTEMS

UNIT...1

SYSTEM:-

A system is defined as a number of elements or components are connected
in a sequence to perform a specific function (or) a device.

(or)
It is an arrangement of physical components related in such a manner as
to form an entire unit.

CONTROL SYSTEMS:-
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Examples of control systems.....

CLASSIFICATION OF CONTROL SYSTEMS

Control Systems can be classified as open loop control systems and closed loop
control systems based on the feedback path.

1.0pen —loop control system

2.Closed — loop control system



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 Qutput
r(t) | system (Plant) cl( £)

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 manualiy. |

Open loop control systems are also known as manual control systems or
non feedback systems



Advantages of open loop systemﬁ
1. The open loop systems are simple and economical.
2. The open loop sy'stems are easier to construct.
3. Gene}&}ly the open loop systems are stable.

Disadvantages of open loop systems
1. The open loop systems are inaccurate and unreliable.

7. The changes in the ontnit dne o external disturbances are not corrected antomaticallv.

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.

Error
Detector '
. i Qutput
Reference < Conolior] Open loop system _ p .
Input = 1 (Plant)
Feedback

Fig 1.2 : Closed loop system.



The open loop system can be modified as closed loop system by providing a feedback. The provision
of feedback automatically corrects the changes in output due to disturbances. Hence the closed loop.
system 15 also called qufomatic control system. The general block diagram of an automatic control

system is shown in fig 1.2. It consists of an error detector, a controller, piant (open loop system) and
feedback path elements.

The reference signal ( or input signal ) corresponds to desired output. The feedback path elements
samples the output and converts it to a signal of same type as that of reference signal. The feedback signal
is proportional to output signal and it is fed to the error detector. The error signal generated by the error
detector is the difference between reference signal and feedback signal. The controller modifies and
amplifies the error signal to produce better control action. The modifi ed error signal is fed to the plant to
correct its output.

Advantanac nf anan lnan cuctams



Advantages of closed loop systems
1. The closed loop systems are accurate.
2. The closed loop systems are accurate even in the presence of non-linearities.
3. The sensitivity of the systems may be made small to make the system more stable.
4. The closed loop systems are less affected by noise.

Disadvantages of closed loop systems
I. The closed loop systems are complex and costly.
2. The feedback in closed loop systém may lead to oscillatory response.
3. The feedback reduces the overall gain of the system.

4. Stability is a major problem in closed loop system and more care is needed to design a stable
closed loop system.



EXAMPLES OF CONTROL SYSTEMS

EXAMPLE 1 : TEMPERATURE CONTROL SYSTEM

OPEN LOOP SYSTEM

The electric fumace shown infig 1.3. is an open loop system. The output in the system is the desired temperature. The
semperature of the system is raised by heat generated by the heating element. The output temperature depends onthe time

during which the supply to heater remains ON.

The ON and OFF ofthe s..u]:rplyr is governed by the time setting of the relay. The temperature is measured by a sensor,
which gives an analog voltage corresponding to the temperature of the fumace. The analog signal is converted to digital signal

=¥ an Analog - to - Digital converter (A/D converter).

Sensor

Furnace
.-..rﬁﬁﬁ\_t

\

Control
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Fig 1.3 : Open Iou;u temperature control system.

The digital signal is given to the digital display device to display the temperature In this system if there is any change in
outputtemperature then the time setting of the relay is not altered automatically. -
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CLOSED LOOP SYSTEM

The electric funace shown infig 1.4 is a closed loop system. The output of the system s the desired temperature and it
depends on the time during which the supply to heater remains ON.

Sensor Digital control
Electric AD , _ circuit
Furnacell ] Converter > Inégrfaﬁe ———m Controller (or)
. E red Computer/Micro
= A processor

%
j Heating element

l HE!B}' L—_— I .

J Control - Amplifier ¢—— D/A «—— L Reference input
‘ Circuit : - Converter (Desired temperaturz)
1; AC J;

Supply Fig 1.4 : Closed loop temperature control system.

The switching ON and OFF of the relay is controlled by a controller which is a digital system or computer. The desired
temperature is input to the system through keyboard or as a signal corresponding to desired temperature via ports. The actual
temperature is sensed by sensor and converted to digital signal by the A/D converter. The computer reads the actual temperature
and compares with desired temperature. If it finds any difference then it sends signal to switch ON or OFF the relay through
D/A converter-and amplifier. Thus the system automatically corrects any changes in output. Hence itis a closed loop system.



EXAMPLE 2 : TRAFFIC CONTROL SYSTEM

OPEN LOQP SYSTEM

Traffic control by means of traffic signals operated on a time basis constitutes an open-ioop control system. The
sequence of control signals are based on a time slotgiven for each signal. The time slots are decided based on a traffic study.
The system will not measure the density of the traffic before giving the signals. Since the time slot does not changes according

to traffic density, the system is open loop system.

CLOSED LOOP SYSTEM

Traffic control system can be made as a closed loop system if the time slots ofthe signals are decided based on the
density of traffic. In closed loop traffic control system, the density of the traffic is measured on all the sides and the information
is fed to 2 computer . The timings of the control signals are decided by the computer based on the density of traffic . Since the
closed loop system dynamically changes the timings, the flow of vehicles will be better than open loop system.




COMPARISON BETWEEN OPEN AND CLOSED LOOP SYSTEMS.

S.No. Open Loop system Closed system

1. Any change in output has no effect on | Changes in output, effects on the input.
the input.
These are not reliable. These are reliable.
It is easier to build. It is difficult to build.

4. Open loop systems are less accurate They are accurate because of feed back.

5. Open loop systems are generally more | These are less stable
stable

6. Optimization is not possible Optimization is possible

7. Highly sensitive to the disturbances & | Less sensitive to the disturbances &
environmental changes. environmental changes.

8. Open loop systems are known as | Closed loop systems are known as automatic
manual control systems control systems




FEED BACK AND ITS EFFECTS

In general closed loop control systems are more commonly called feed back control system.

It is the property of a closed loop system which permits the output to be compared with the input
of the system so that the appropriate control action may be formed.

The comparison between input and output is carried by feedback elements in closed loop systems

Types of Feedback

There are two types of feedback -
1) Positive feedback
2)Negative feedback

Positive feed back:

The following figure shows the block diagram of positive feedback control system.

E(s) =R(s)+B(s)

R(s) C(s)

v

B(s)




The positive feedback adds the reference input(s) and feedback output

ORI EY: (5 J— (1)
C(s) = G(s) E(s)  ---rrem 2)
B(s) = C(s) H(s) ~ ---rrmm 3)

E(s) = R(s) + C(s) H(s)
c(s) = G(s)[R(s) + C(S)H(s)]
= C(S)[L-G(s) H(s)]=G(s)R(s)

E((?) = GG(S))H 5 —» Transfer Function.

Transfer function is defined as, it is the ratio of Laplace transform of the output to the
Laplace transform of the input.



Negative Feedback

In the negative feed back control system, the resulting error signal is the difference between
input (or) reference signal and feed back signal
. The following figure shows the block diagram of the negative feedback control system.

E(s) =R(s) - B(s)

R(s) C(s)
G(s) >

B(s)

H(s) <

E(s) = R(s) — B(s)

C(s) = G(s) E(s)
B(s) = C(s)x H(s)
E(s) = R(s) - C(s) H(s)
C(s) = G(5)x (R(s) -C(s) x H(s))
C)[L+G(s) Hs)l=G(s)R(s)
Cis) G(s)

R(s) (1+G(s)H(s))

— Transfer Function.




Transfer function is defined as, it is the ratio of Laplace transform of the output to the
Laplace transform of the input.

Effects of Feedback

1) Effect of Feedback on Overall Gain

The overall gain of negative feedback closed loop control system is the ratio of 'G' and
(1+GH). So, the overall gain may increase or decrease depending on the value of (1+GH).
If the value of (1+GH) is less than 1, then the overall gain increases

If the value of (1+GH) is greater than 1, then the overall gain decreases.

In general, 'G' and '"H' are functions of frequency. So, the feedback will increase
the overall gain of the system in one frequency range and decrease in the other
frequency range.

2)Effect of Feedback on Stability

A system is said to be stable, if its output is under control. Otherwise, it is
said to be unstable.
The overall gain of negative feedback closed loop control
system is
C(s) _  G(s)

R(s) (+G(s)H(s))




if the denominator value is zero (i.e., GH = -1),
then the output of the control system will be infinite. So, the control system becomes

unstable.
Therefore, we have to properly choose the feedback in order to make the control

system stable.

3)Effect of Feedback on Noise

To know the effect of feedback on noise, let us compare the transfer function relations with
and without feedback due to noise signal alone.

Consider an open loop control system with noise signal as shown below.

N(s)

R(s) " C(s)
—_— G, G, p——

e

The open loop transfer function due to noise signal alone is



transfer function due to noise signal alone is
C(s)
----- =G, (Equation 1)

It is obtained by making the other input R(s) equal to zero.

Consider a closed loop control system with noise signal as shown below.

N(s)

R(s) + C(s)

H

The closed loop transfer function due to noise signal alone is

_____ = e (Equation 2)



It is obtained by making the other input R(s) equal to zero.

Compare Equation 1 and Equation 2, In the closed loop control system, the gain due to noise
signal is decreased by a factor of (1+G_G,H) provided that the term (1+G_,G_H) is greater than
one.

4) Effect of Feedback on Sensitivity

The parameters of any control system changes with the change in environment conditions. Also
these parameters cannot be constant through out the life. These parameter variations affects the
performance of the system

for example, the resistance of the winding of a motor changes due to the change in temperature
during its operation.

So, a control system should be insensitive to the parameter variations

Sensitivity of the overall gain of negative feedback closed loop control system
(T) to the variation in open loop gain (G) is defined as



So, we got the sensit
(1+GH). So, Sensitivit
If the value of (1+GH
If the value of (1+GH

stem as the reciprocal of
lue of (1+GH).




Transfer function

. the fransfer function of a system is defined as the ratio of Laplace transform of
output to the Laplace transform of input with zero initial conditions.

Laplace Transform of output I
Laplace Transform of input ]

Transfer function =
with zeroinitial conditions

The transfer function can be obtained by taking Laplace transform of the differential equations
governing the system with zero initial conditions and rearranging the resulting algebraic equations to get
the ratio of output to input.

Block diagrams

Block diagrams consist of a single block or a combination of blocks. These are used to
represent the control systems in pictorial form.

Basic Elements of Block Diagram

The basic elements of a block diagram are a block, the summing point and the take-off point.
Let us consider the block diagram of a closed loop control system as shown in the following
figure to identify these elements.



Summing point Take-off point

R(s) + %sl

G(s) T

H(s) [«

The above block diagram consists of two blocks having transfer functions G(s) and H(s). It is also
having one summing point and one take-off point. Arrows indicate the direction of the flow of
signals.

Advantages of Block Diagram Representation

1. Very simple to construct block diagram for a complicated system
2. Function of individual element can be visualized

3. Individual & Overall performance can be studied

4. Over all transfer function can be calculated easily.



Disadvantages of Block Diagram Representation
1. No information about the physical construction
2. Source of energy is not shown

BLCOK DIAGRAM REDUCTION

When a number of blocks are connected, the over all transfer function can be
obtained by block diagram reduction technique. The following rules are associated with the
block reduction technique.

1. (Cascaded blocks

Rule-2 : Combining Parallel blocks

l »G, =
G/ G,= 'GAG,
» G, G % > " )




Rule-3 : Moving the branch point ahead of the block

Ta

- Rule-4 : Moving the branch point before the block

Rule-5 : Moving the summing point ahead of the block

N p—

LR fE—

1 mems .




Rule-7 : Imerckangtng summing pﬂmt

. B
% A+ B*—*C — A »@ A=C % A-C +E =A+B-C
c | '

Rule-8 : Spliﬂing summing points
5 .

A A+B-C =

C

Rule-9 : Cﬂmbmmg summing points

e

J




Rule-10 : Elimination of (negative) feedbacff loop
(R-CH) (R-CH)G

ov
U
A
h

G

v

1+ GH

R>§ (]
CH-EFCT

Proof:

C=R-CH)G = (C=RG-CHG = C+CHG=RG

C G
- C(1+HG)=RG ==
CA+HG) ~ R 1+CH

 Rule-11 : Elimination of (positive) feedback Iﬂup

—'@ET'E:L .

- [H e

1-GH




PROBLEMS ON BLOCK DIAGRAM REDUCTION

Derive the Transfer Function using block diagram reduction technique

R (S + C(S

(S) + . ‘ . )

Hl HZ
H3
Step 1 ; Eliminating the feedback paths
R(S) * G, G, C(S)
R >
A 1+GlH1 1+GZH2




Step 2 - Combining the blocks in cascade

R(S) + GlGZ C(Sl
(1+G,H,)(1+G, H,) -

Step 3 ; Eliminating the feedback path

R (S) G,G, C(S)
1+G,H, + G,H,+G,G, H, H,+G, G, H,

. C(s) G,G,

« « The Transfer Function Rr(s) 1+6,H,+G,H, +G,G, H, H, + G,G, H,

2) Determine the ratio % for the svstem shown in figure

—» C(S)




Step 1: Mmring the branch point after the block

H,

A\ 4

> C(S)

G,G,

1+G,G;H,

H,
G,

Step 3: combining the cascade blocks

G,G,

1+G,G,H,

> C(S)

c(s)

H,
G,




Step 4: Eliminating feed back loop

R(S) : G,G,G4 c(s)
1+G,G,;H, +G,G,H, -

Step 5: Eliminating feed back loop

R(S) G,G,G, C(S)
—> —
1+G,G;H, +G,G,H, +G,G,G,
C(S) G,G,G,

. . The Transfer Function R(S) 1+ G,0.H, + G,G,H, + G,G,G,



3) Findtheratio ©*)%s, OF the system shown in fig.

H2 ——‘\
R(S) N G, 3 — G % G, » C(S)

Step 1: Mmring the branch point after the block
H
/6

+
3
+ +
R(S) G, — G §>— G; » C(S)
+
L H,

Step 2. Eliminating the feedback path

H,
G,

+ G c(s)
G G 3 »
R(S) "@_' HreaYs 1+ G,H, >




Step 3: combining the cascade blocks

R(S)

Step 4: Eliminating feed back loop

H2
G3
< G,G c(s)
G — 273 >
s 1+ G,H,
c(s)
R(S) G, G,G, >
1+G,H, +G,H,

Step 5: combining the cascade blocks

R(S)

Step 6: Eliminating feed back loop

C(S)
GleG3 —

g 1+G,H, +G,H,
G,G,G, )

R(S) ————»

1+ G;H, +G,H, +G,G,G,




. . Transfer function of the system is

C(s)_ G,G,G,
R(S) 1+G,H, +G,H, +G,G,G,

4) Reduce the block diagram shown'in fig 1 and find C/R.

ELUT!O-N

Step 1: Move the branch point after the block.




Step 2: Eliminate the feedback path and combining blocks in cascade.

(He—

&
I B

Step 3-Combining parallel blocks

FARLR IR XL EY PE T T T
-

Yo

1+ GH

B, & J. G

Step 4: Combining blocks in cascade

R i G _
1+GH G,

—

o

GG +G,

C G, Gy} | G GG, +G
_R-z[1+G1HJ(GE+E?]_{1+G,I—I]{ o

J_

1+ GH




IESULT
The overall transfer function of the system, E = mGﬁ? +Gy
R 1+GH

5)

The block diagram of a closed loop systemis shown in fig 1. Using the block diagram reduction technique determin:
ssad loop transfer function C(s)/R(s).

R(S) l _@ - (S)

I—H1{5}4 ' Fig I.

ZSLUTION
Sfép 7 - Splitting the sﬁmming point.




Step 2 :Eliminating the feedback path.

C(S)

R(S) ‘ .

Gy(s)




Step 5 :Eliminating the feedback path and feed forward path

e | o

G ERE)] |
! AT <) N
Gy(s) H,(S)d—‘ 1+ G,(s)H,(s)
i Ga(s)
AR Gy(s)H(s)
Step & :Combining the blocks in cascade
R(S) | Gyls) | )
Gyfs) g 1+ G(8)Hy(s) + Gy(s)}Go(s)H(s) : >

. Cls) _ Gy(s) [G(s) + 1]
~R(8) 1+Gy(s) Hy(s) + Gy(S) G,(s) Hi(s)
RESULT

The transfer function of the system s,

C(s) Ga(s) [G1{S}+1]
R{s) ~ 1Gy(s) Ho(s)+Gy(s) Gofs) Hi(s)




Using block diagram reduction technique find closed loop transfer function of the system whose block diagram is show
infig 1.

SOLUTION

Step 1: Mmring the branch point before the block




Step 3 Moving summing point before the block.

b




Step 5:Eliminating the feedback path and combining blocks in cascade

B L bl
: .

R R R

GGGy +Gy)| ] C

1+ (GGaH) ‘[
Hole

LLLLL] L]

G{G,Gs +Gy) G{G,Gs + GG,

1+ GG, H, N 1+ GG,H, . GG,G; +GG,
" Gy(G,G; +G,) Hy 1+ GGH, + G,G3H, + GH, 1+ GG.H, + G,G3H, + G4H,
1+GG.H;, Gy : 1+ GG, H, ' '

1




Step 7- Eliminating the feedback path

GGG, + GGy C

R >
1+ GTGEHT + G2G3H2 + G,;Hz I

®

GG,Gs + GG,

C__1+GGH+ G,G,H, + G4H, _ G,G,G; + GGy
R 4, GG,G; + GGy 1+ GGH, + G,G3H, + GH; + GGG, + GG,
1+ GG,H; + G,G3H, +GyH,
RESULT
The overall transfer function is given by,

C GG.G; + GG,

R 1+ GGoH, + G.GaH, + GH, + GG,Ga + GG,




From step ...3 t can be done as Shss g
—_— MOV!‘na, B‘QV’C"\ Po-'“t ‘Bt" Ha 6"‘

n
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6‘, (62.@'3'4" ﬁrz
14 (6,6 4Hy +G4.4,
et \
,"' G’ (GAG'&"'G\#) GzHr

X 3
I+ (GaG3 Ha + GyH, ,,.3%_

GI (G\ZG@, +4<¢-> I+Azqs H:_-l-qq_;.,‘_'




7)

~ising block diagram reduction technique find the transfer function C(s)/R(s) for the system shown in fig 1.

Fig 1.
B _UTION

Si#ep 1 -Rearranging the branch points

R(S)




Step 2 :Combining the blocks in cascade and eliminating the feedback path.

{Fale

R(S) '@ '@ é

A

3

\

"y

Stgp 3 : Moving the branch point after the block.

R(S)

»G|
(Hj«

Hale




Step 4 :Moving the branch point and combining the blocks in cascade.

Hyle

- %

1

e

H{H.«

<

C(S)

Step 5 : Combining the biocks in cascade

R(S) | @




Step 6 : Eliminating feedback path and interchanging the summing points.

GyG3Gs

- 1+GHH, GGG,

1= GyG3GsHs 1+ G HH, - G,G,G,H;
1+ G4HH;

Step 7 :Combining the blocks in cascade and eliminating the feedback path

RO )| Ci0Cs L cs)
2 1 1+ GHH, - G,G.G.Hs A—T_._*
2 H,(1+ GgHiH,) - l
~ :;I.-‘ g | G 3G 4 . .
K |
G,G,G3Gy

( G{G,G,G, N H4{-1+G4H1H21] " 1+ GHH, ~ GyG3GaHs + GG H, (1+ GyHHy)
P Y )

14| —
E& 1+ G HH, — GoG,GH; G3G,



Step 8 : Eliminating the unity feedback path.

R(S) i GG.G;G,
. : 1+ GHH, — GoGyGaHs + GG H, (1+ G H L)

| GG,G.Gs
CC(s) _ 1+ GyHH, - GpG3GH, + GGH,(1+ GHH,)

TRE) 44 GG,G,Gy
1.+ GdHT!_iE - GEGEGAHS + G‘|GEHI (1 + G4H1HE}
_ ' o G,G,G;G,
1+ GHH, - G,G3G4H; + GGoH(1+ G4HH,) + GiG,G3Gy
_ GG,G,G,
1+ HH.(G, + GG.G,H, ) + GiGo(Hy + G3G4) - GGG H,
ESULT

Thetransfer function of the systemis,
C(s) GG,G,Gy

R(s) 1+ HHy(Gy + GiGyGyHy) + GGa(Hy + G3Gy) — G5G3G4Hs




For the system represented by the bluqk diagram shown in the fig 1, determine C,/R, and C,/R;.

8)
R,

- SOLUTION

. &
Case (i) To find ra

7

In this case set R, =0 and consider only one output C.. Hence we can remove the summing point which adds R, and
need not consider G, since G, is onthe open path. The resulting block diagram is shown in fig 2.



Step 71: Eliminating the feedback path

R,

yo

Fig 2.

Step 2: Combining the blocks in cascade and splitting the summing point

»@»@ -
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Step 5: Eliminating the feedback path

G,G,(1+Gy)

(1+ G, ) -GG ,GsHH,

GG,(1+G,)
R, (1+G,) -G,G,G;HH,

GG, (1+G,)
(1+ G, ) - G,G,GHH,

Step E'Ct::mbiﬂing the blocks in cascade

R, | G,G,(1+G,)

(1+ G,) - GG,G;HH, + GG,(1+ G,)

Cy _ GG,G5(1+ Gy)
R'E {1+G1Gz} {T+Gd}_G1G4GSH1H2




C
Case 2. To find F‘?
i

In this case set R, =0and consider only one output C,. Hence we can remove the summing point which adds R, and
need not consider G, since G, is on the open path. The resulting block diagram is shown in fig 3.

Step 7. Eliminate the feedback path,




Step 2: Combining blocks in cascade and splitting the summing point

C
o

| G
l'1+cit '@

resmmmnnd

pr—

15z

! > G,GgH, f ,@

1+ G,

Step 4 ; Combining the blocks in cascade

G,

1+ GG,

: | 4 :




Step 5: Eliminating the feedback path

I e e R B T mm e R R p s A
= -

—{Hie |

G,G,GH, l N
hg_ﬁl L >
(1+ G,) (1+ GGy) s

G,G,;GsH,
R, (1+G,) (1+GG,) G,
> _ G1G465H2H1
(1+G,) (1+GG,) .

Step 6: Combining the blocks in cascade

R, > G,G,GsH, ' »G.| »
(1+G,) (1+GG,) - GG,GHH; —

G _ G1G4GsGsH,
R, (1+G,) (1+GGy) - GiG,GsHH;

RESULT

The transfer function of the system when the input and output are.R1and Ci is given by,
Ci _ GiG,G; (14 Gy) '
R, (1+GG,) (1+G,) - GG,GHH,

The transfer function of the system when the input and output are R+ and Czis given by,

- o T T T S O






SIGNAL FLOW GRAPH

The signal flow graph is used to represent the control systein graphically and it was developed b}§
S.J. Mason. | !

" A signal flow graph is a diagram that represents a set of simultaneous linear algebraic equations. By
taking-Laplace transform, the time domain differential equations governing a control system can b
transferred to a set of algebraic equations in s-domain. The signal flow graph of the system can be
constructed using these equations.

In a signal flow graph, the signal flows in only one direction. The direction of signal flow i
indicated by an arrow placed on the branch and the gain (multiplication factor) is indicated along the
branch. |

TERMS USED IN SIGNAL FLOW GRAPH

**Node: A node is a point representing a variable or signal.

*¢Branch: A branch is a directed line segment joining two nodes.

ssTransmittance: It is the gain between two nodes.

**Input node: A node that has only outgoing branche(s). It is also, called as source and
corresponds to independent variable.

*+Output node: A node that has only incoming branches. This is also called as

sink and corresponds to dependent variable.

**Path: A path is a traversal of connected branches in the direction of branch

arrow.



s*Loop: A loop is a closed path.

*»+Self loop: It is a feedback loop consisting of single branch.

**Loop gain: The loop gain is the product of branch transmittances of the loop.

**Non touching loops: Loops that do not posses a common node.

**Forward path: A path from source to sink without traversing an node more than once.
**Feedback path: A path which originates and terminates at the same node.

Forward path gain: Product of branch transmittances of a forward path.

=OPERTIES OF SIGNAL FLOW GRAPH

The basic properties of signal flow graph are the following :

The algebraic equations which are used to construct signal flow graph must be in the form
of cause and effect relationship.

Signal flow graph is applicable to linear systems only.
A node in the signal flow graph represents the variable or signal.

A node adds the signals of all incoming branches and transmits the sum to all outgoing
branches. ' |

The signals travel along branches only in the marked direction and when it travels it gets
muitiplied by the gain or transmittance of the branch.

The signal flow graph of system is not unique.



SIGNAL FLOW GRAPH REDUCTION

The signal flow graph of a system can be reduced either by using the rules of a 51gnal flow graph
algebra or by using Mason's gain formula.

E

- The signal flow graph reduction by rule base will be time consuming and tedious. S J. Masn‘
has developed a simple procedure to determine the transfer function of the system

He has developed a formula called by his name Mason's gain formula which can be directl#
used to find the transfer function of the system. . E

MASON'S GAIN FORMULA

The Mason's gain formula is used to determine the transfer function of the system from the signai
i

}

i

flow graph of the system. |
Let, . R(s) = Irput to the system
C(s) = Output of the system

() - (134
R(s)
Mason's gain formula states the overall gain of the system [transfer function] as follows,

o1
Overall gain, T_E ; PeAg (1,357

Now, Transfer function of the system, T(s)= —=




where, T = T(s) = Transfer function of the system
Px = Forward path gain of K# forward path
K = Number of forward paths in the signal flow graph
A = 1 —(Sum of individual loop gains) |
. (Sum of gain products of all possible )
 combinations of two non - touching loops

(Sum of gain products of all possible
 combinations of three non - touching loops

Ax = A for that part of the graph which is not touching K* forward path -



Find the overall transfer function of the systém whose signal flow graph is shownin fig 1.

_HE
R(s) G, G, G, G, G, 1
o —p Q p P P » o » O > O
1 1 3\_/‘ 5 5\__/ 7 8
—H, -H,
_ - . G Fig 1
OLUTION ®
Forward Path Gains
There are two forward paths. . K=2
Let forward path gains be P1and F'2 .
R(s) 1 G, G, G, G, G, 1 C(s)
o o > Q » < e > > = > Cr =]
1 2 3 4 5 6 7 8
Fig 2 : Forward path-1.
G, 1 C
o » -0 > o
6 7 8-

Gain of forward path-1, P1 = G1 IGEGSG&G5
Gain of forward path-2, P_= G GG,



Individual Ludp Gain

There are three individual loops. Let individual loop gains be P11, P21 and Pa.

S L, 5

Fig 4 : Loop-1. Fig5: Laap—E Fig 6 : Loop-3.

Loop gain of individual !unp-i, P11 =-GzHi

Loop gain of individual loop-2, P21 =-G2GsHz

Loop gain of individual loop-3, Psi = -GsHs

‘1. Gain Products of Two Non-touching Loops

There are two combinations of two non—tnuchlng loops. Letthe gain products of two non touching loops be Przand Pz.

Fig 7 : First combination of 2 non-touching loops. Fig 8 : Second Gﬂmbmﬂ”ﬂ” of 2 ”f’”'f{?whf”g f OOpS.

Gain product of first combination .

P.,=P =(-G.H,) (-G:H,) = G,G:HH
of two non tuuchinglﬂ{lps } 12 1TP31 ( 2 1) { at 3} 2¥5 MG
Gain product of second combination

= PyPyr= (- GgHy) = G,GGeHH
Dfmo non muching Imps }PZE 2'P31 { GEG3H2}( GE 3} 2h-tarAgt 1240y



V. Calculation of A and A,

A = 1- (P11 + P21 + P31) + (P12 + P)
= 1 (GeHi- GaGaHz - GeHs) + (GaGeHiHs+ G2GoGisHah)
=1+ GaHi+ G2GsHz + GsHz + G2GsH1Hs + G2GsGsH2Hs
A1 = 1, Since there is no panr.if graph which is not touching with first forward path.

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

o 3 -
Az = 1-Pn=1-(-GzH1) = 1+ GzHq | Gz
V. Transfer Function, T | “H,
Fig 9

By Mason's gain formula the transfer function, T is given by,

1 1
T = EZ P =— (PA;+PA;)  (Number of forward paths is 2 and so K = 2)
[

GiG2G3G4Gs + G, GsGs (1+G,H,)
1+ GoH, + G,G3H, + GgH, + G,GHH, + G,G2GaH,H,
G,G,G,G,G; + G,G:G;, + G,G,GsGH,
14 G;H, + G,G3H, + GsHy + G,GsHH, + G,G,G-H,H,
G,G,Gs (GG, + Gy / G, + GgH, |
1+ GH; + G,G3H, + GsHa + G,GoHH, + G,G3GeH,H,

il




Find the overall gain C(s)/R(s) for the signal flow graph shown infig 1.

R(s) @, -
o o
1

SOLUTION

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

RO g G, -
o > o > o Glr3 o %4 . E( )
1 -2 3 4 5
Fig 2 : Forward path-1
RS G G C(s)
0O g " =]
1 2 3 4 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;



‘ndividual Loop Gain

There are five individual loops. Let the individual loop gains be p,,. b,,, Pa,, |541_and P,-

Fzg 4 : Ioop—f : Fig 5 ioop—.? Fig 6 : loop-3

G,

Fig 7 : loop-4

4
_ Fig 8 : loop-5
Loop gain of individual loop-1, '

P,,=-G,GH,
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,G,H,
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 pmducts of two non-touching loops be P,and P,

> () 2“‘

<7 '

Fig 9 : First combination of Fig 10 : Second combination Gf
two non-touching loops two non-touching loops




Gain product of first combination

of two non touching loops } Py = PoPsy = (-GH, ) (Gs) = G,GsH,

ain product of second combination
of two non touching loops

Calculation of A and A,

} Py, = PaPsy = (~G.GeHs ) (Gs) = —GoGsGeHs

A =1—(Pyy+ Poy + Pay + Py +F50) +(Pyp + Pag)
=1-(-GG3H, — HyG; — G.G3GH; + Gs - G.GgHa)
+(—GgH,Gs — G,GsGgHs)

Since there is no part of graph which is not touching forward path-1, As=1.
The part of graph which is not touching fmward path-2 is shown in fig 11.

S A=1-Gs
“ransfer Function, T

3y Mason's gain formula the transfer function, T is given by,

T =i ZPK.&K (Number of forward path is 2 and so K = 2)
k

Fig 11

[P, +Pzﬂ. 1= 1 [G G,G,G, x1+G Glﬁé[l Gy)]
GGGG+GGG GGGG

1
A

1+GGH+HG +G,G,G,H, —G; +G,GeH; - G, H,G; - G,G,G4H;




Find the overall gain C(s)/R(s) for the signal flow graph shown infig 1.

1 C(s)
o » — o
1 7
SOLUTION
i. Forward Path Gains
Thére is only one forward path. .. K=1.
Let the forward path gain be P,.
R(s) 1 G, G, G, G, 1 C(s)
o P O I O— > < P o g O s =
1 2 3 4 5 6 7

_ | Fig 1 : Forward path-1
Gain of forward path-1, P=G,G,G,G, '
ll. Individual Loop Gain

There are three individual loops. Let the loop gainsbe P, , P, , P, .

Ga G.q _HE
> O » .
. » < B
'H1 3 4

Fig 3 : loop-1 Fig 4 : loop-2 | Fig 5 : loop-3



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

lll. Gain Products of Two Non-touching Loops

There are no possible combjnations of two non-touching loops, three non-touching loops, etc.

IV. Calculation of A and A,

A=1-(Py+Pyy +F31)
=1-(-G3G4H, - G,G3H, - GG,G5Gy)
=1+ GyGH, + G,G,H, + GG,G,G,
Since no part of the graph i$ non-touching with forward path-1,A, = 1.

’*t Transfer Function, T

By Mason's gain formula the transfer function, Tis given by,
5 C(s) 1 . 1 '
i r-u8_1 Z FcAx =— Py A, (Number of forward pathis 1and so K = 1)
- GG,G5Gy
T+ G3G4H; + G,G3H, + GG.G,G,




The signal flow graph for a feedback control system is shown in fig 1. Determine the closed loop transfer function

- Eta g Frev = e = TiTEAETE 1T R

- G,
RB) g, G, G, G, G, O
o »- Q '~ > o > > -0
| I_E1 HE H3 |
LUTION Fig 1
I .
® Forward Peth Gains
g There are two forward paths. .. K=2.
E Letforward path gains be P, and P,
1 . :
E R(s) g, G, G, G, o CO
| O - o > o > o - o
1 -2 3 4 5 6
Fig 2 : Forward path-1
| .
G,
Rs) g, G, G, C0)
o= P ' g o
1 2 3 4 5 6

Fig 3 : Forward path-2

Gain of forward path-1, P1= G:1G2 GG« Gs
Gain of forward path-2, P:= G1G2GeGs



¥. Individual Loop Gain

There are four individual loops. Letindividual loop gains be P11, P21, P31 and Pas.

GZ Gj G-4
2w PR R > 3 5
. H, : H, . H, H, H,
Fig 4 : loop-1 Fig 5:loop-2  Fig 6: loop-3 Fig 7 : loop-4
Loop gain of individual loop-1, P, = G,H,
Loop gain of individual loop-2, P, = GH,
Loop gainof individual loop-3, P,, = G,H,
s - e G
Lu'opgaln ofindividual loop-4, P, = GH,H, 2 o P 03_ 4c\‘p—:/-;5
M. Gain Products of Two Non-touching Loops | D
- " » ) . 1 . -3
There is only one combination of two non-touching loops. Let the gain Fig 8 : First combination of
Feiscts of two non-touching loops be P, . two non fouching loops

Gain product of first combination P = (GH) (C H' }
of two non - touching loops 12 T ARZ AR
=G,G4HH;

IV. Calculation of A and A_

A=1=(Pyy+Poy + Py +Py) + Py
= 1=(GoHy + GaH, + GgHy + GgHyHy) + G,G HH,
=1-GH; — G3H, — GyH; — GgHoH,y + GG HH; -

Since there is no part of graph which is non-touching with forward path-1and2. A=A =1



V. Transfer Function, T

By Mason's gain formula the transfer function, T is given by,
T éi Z PAg = %{P,m +P,A,) (Number of forward paths is two and so K=2)
- _ . .

- GG,G3G,Gs + GiG,G:G




EXAMPLE 1.26 :

Find the overall gain of the
system whose signal flow graph is R(s) i 1 C(s)
shown in fig 1. -

SOLUTION

Letus number the nodes as shown in fig 2.

. Forward Path Gains

There are six forward paths. .. K=6

Fig 2
Letthe _fc:-nuarcl path gains be P1, P2, P3, P4, Ps and Ps. 2 g
3 G.i 4 3, o4
GE
G .
R(s) 4 2 1 C(s) R(s) 1
' 1 2
1 2 5 6 G,

G$

70 8 7 P

Fig 3 : Forward path-1, Fig 4 : Forward path-2.




Fig 7 : Forward path-35

Gain of forward path-1, P1= G2 Ga Ge
Gain of forward path-2, P2= Gs Gs Gr
Gain of forward path-3, P: =G1 G2 Gr
Gain of forward path-4, Ps= G3Gs Gs
Gain of forward path-5, Ps=-G1GsGrGsH:
Gain of forward path-6, Ps=-G1G2GsGsHz

-H,
Fig 8 : Forward path-6




Individual Loop Gain

There are three individual loops. - H,

Letindividual loop gains be Pn, P21 and P31

' - G,
-HT . 7 U 8 GE
3 S« 4 -H;

Fig 9 : Loop-1 Fig 10 : Loop-2
Loop gain of individual loop-1, P11=-GsHs 7 8
Loop gain of individual loop-2, P21=-GsHz _ _ -H,

Loop gain of individual loop-3, Par= GiGsHiH: Fig 11 : Loop-3

. Gain Products of Two Non-touching Loops ; G, o
. H | %
There is only one combination of two non-touching 3 m 4 v
sos. Let gain product of two non-touching loops be Pxz. - -H,
Fig 12 : Combination of 2 non-touching loops
} Piz = PPy = (-GsH,) (-GsHy) = G,GgHiH,

Gain product of first combination
of two non - touching loops

“¢. Calculation of A and A,

A

1-(P11+ P2+ Pai) + P12 = 1-(-GiH1- GsH2+G1GsH1H2) + GaGsHi1Hz2
1+ GsHi + GsHz-Gi1GeH1Hz + GaGsH:H:z



The part of the graph non-touching forward path - 1 is shown in fig 13.
S Ar=1-(-GsHz) =1 + GsHz
The part of the Qraph non-touching forward path -2 is shown in fig 14.
s A2=1-(-GaH1) =1+ GaHr
There 55 no part of the graph which is non-touching with forward paths 3, 4, 5and 6.

AT MAMT AT A=
V. Transfer Function; T

By Mason's gain formula the tr-ar;sfér function, T is given by,

T= _;: [Z-F'K ﬁ.K} (Number of forward paths is six and so K =6)

= ,-1_ (PA{+PA; + PA, +PA, + PsAs +PsAg)

G,GGg(1+GgH, ) + GoGsG,(1+ G H,) + GG,G, + GGG,
1+ G,H, + GsH, — G,GgHH, + G,G.HH,




Convert the given block diagram to signal flow graph and determine C(s)/R(s).

i G3
6)
R(s C(s)
) G, G, —
| H Fig 1
SOLUTION
The nodes are assigned atinput, output, at every summing point & branch pointas shownin fig 2.
> G,
R(s) C(s)
G, y G, 5 5
H Fig 2
The sianal flow araph of the above svstem is shown in fia 3.
—(3,
R(s) 1 1 G, G, 1 s
o > > o > P -]
1 2\—34/ | T i
: Fig 3

!. Forward Path Gains

There are two forward paths. .. K=2
Letthe forward path gains i:nP.'F‘i andP,.



R(s)

v —

R(s)
o O
1 2 3 4 5 6
Fig 5 : Forward path-2 S

Y-
W

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

L Individual Loop Gain r1r o >

_ | 2 2 4
There is only one individual loop. Let the individual loop gainbe P_.. . \i/‘
Loop gain of individual loop-i, P,,=-G,H. '

B. Gain Products of Two Non-touching Loops - Fig 3 : loop-1

There are no combinations of non-touching Loops.
¥ Calculation of A and A,
. A=1-[P,] =1+GH
Since there are no part of the graph which is non-touching with forward path-1 and 2,

A=A=1
¢t Transfer Function, T

By Mason's gain formula the transfer function, T is given by,

1 - 1 ' i - GHGE —G3
T=E ; PKﬁK = E[ﬂﬁ1+P2&2] = W




7)
Convert the block diagram to signal flow graph and determine the transfer function using Mason’s gain formula.

R(s) . _ C(s)
&) 4 e

H, > : )

Figl -

LUTION

The nodes are assigned at input, ouput, at every summing point & branch pointas shown in fig 2.




The signal flow graph for the above block diagram is shown in fig 3.

l. Forward Path Gains

There are two forward paths. .. K=2.
Let the gain of the forward paths be P, and P,

R(s) 1 1 .G, 1 G, G, 1 1 Qs
e —— > o ——— e . R — O > O »- o

1 2 3 4 5 6 7 8 9
| ' Fig 4 : Forward path-1

R(s) 1 1 G, 1 1 1 Cs
e —— » o > Q - > O P —0)
1 2 3 4 5 6 7 8 g
Gain of forward path-1, P=G,G,G, | Fig 5 : Forward path-2

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



L] “I‘

ll. Individual Loop GainL .

There are five individual loops. Let the individual loop gainbe P, P,,, P,,, P,, and P,,.
. Loop gain of individual loop-1, P,;=-G,G,G,

Loop gain of individual loop-2, P,=-G,G H,

Loop gain of individual loop-3, P,,=-G,GH,

Loop gain of individual loop-4, P, =-GG,

Loop gain of individual loop-5, P,,=-GH,
1 G, 1 G, G, 1




Gain Products of Two Non-touching Loops

There are no possible combinations of two non-touching loops, three non-touching loops, etc.,.

Calculation of A and A,

A=1-[P,+P,+P,+P +P ] = 14G,G,G,+*G,G,H,*G,G.H,+G,G,*G,H,

273 2
Since no part of graph is non touchlngwnh forward paths-land 2, A = Az 1.
Transfer Function, T

By Mason's gain formula the transfer function, T is given by,

1 1
T= EZ PA, = _-[an, +PA,]
k

010G, + G, _










