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Course objectives: This course will enable students to:
1. Understand basics of control systems and design mathematical models using block diagram
reduction, SFQG, etc.
2. Understand Time domain and Frequency domain analysis.
3. Analyze the stability of a system from the transfer function
4. Familiarize with the State Space Model of the system.
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Module-1

Introduction to Control Systems: Types of Control Systems, Effect of Feedback Systems,

Differential equation of Physical Systems -Mechanical Systems, Electrical Systems, Analogous
systems. (Textbook 1: Chapter 1.1, 2.2)

Teaching- Chalk and Talk, YouTube videos
LearningProcess | ReT Level: L1 12, 13
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Module-2

Block diagrams and signal flow graphs: Transfer functions, Block diagram algebra and Signal
Flow graphs. (Textbook 1: Chapter 2.4, 2.5, 2.6)

-4

Teaching- Chalk and Talk, YouTube videos, Any software tool to implement block diagram
LearningProcess | reduction techniques and Signal Flow graphs

1 RBT Level: L1,L2, L3

Module-3

Time Response of feedback control systems: Standard test signals, Unit step response of First
and Second order Systems. Time response specifications, Time response specifications of second
order systems, steady state errors and error constants. Introduction to PI, PD and PID Controllers
(excluding design). (Textbook 1: Chapter 5.3, 5.4, 5.5)

' Teaching- Chalk and Talk, YouTube videos, Any software tool to show time
' LearningProcess response for various transfer functions and PI, PD and PID controllers.

{ RBT Level: L1, L2, L3
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Stability analysis: Concepts of stability, Necessary conditions for Stability, Routh stability
criterion, Relative stability analysis: more on the Routh stability criterion.

Introduction to Root-Locus Techniques, The root locus concepts, Construction of root loci.
(Textbook 1: Chapter 6.1, 6.2, 6.4, 6.5,7.1,7.2, 7.3)

| Teaching- Chalk and Talk, YouTube videos, Any software tool to plot Root locus for
LearningProcess various transfer functions
| RBT Level: L1, 1.2, L3
Module-5

Frequency domain analysis and stability: Correlation between time and frequency response,
Bode Plots, Experimental determination of transfer function. (Textbook 1: Chapter 4: 8.1, 8.2, 8.4)
Mathematical preliminaries, Nyquist Stability criterion, (Stability criteria related to polar plots are
excluded) (Textbook 1: 9.2, 9.3)

State Variable Analysis: Introduction to state variable analysis: Concepts of state, state variable
and state models. State model for Linear continuous -Time systems, solution of state equations.

| (Textbook 1:12.2,12.3,12.6)
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PRACTICAL COMPONENT OF IPCC
Using suitable simulation software (P-Spice/ MATLAB / Python / Scilab / OCTAVE / LabVIEW)
demonstrate the operation of the following circuits:
SI.No Experiments
1 Implement Block diagram reduction technique to obtain transfer function a control system.
2 Implement Signal Flow graph to obtain transfer function a control system.
3 |Simulation of poles and zeros of a transfer function.
4 Implement time response specification of a second order Under damped System, for different
damping factors.
5 Implement frequency response of a second order System.
6 Implement frequency response of a lead lag compensator.
7  |Analyze the stability of the given system using Routh stability criterion.
8 |Analyze the stability of the given system using Root locus.
9 Analyze the stability of the given system using Bode plots.
10 |Analyze the stability of the given system using Nyquist plot.
11 |Obtain the time response from state model of a system.
12 |[Implement Pl and PD Controllers.
13 [Implementa PID Controller and hence realize an Error Detector.
14 |Demonstrate the effect of PI, PD and PID controller on the system response.
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Assessment Details (both CIE and SEE)

[he IPCC means the practical portion integrated with the theory of the course. CIE marks for the
‘heory component are 25 marks and that for the practical component is 25 marks.
CIE for the theory component of the IPCC

LR N\

CIE for the practical component of the IPCC
¢ 15 marks for the conduction of the experiment and preparation of laboratory record, and
10 marks for the test to be conducted after the completion of all the laboratory sessions.
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Suggested Learning Resources:
- Text Books

|

|

1. Control Systems Engineering, I | Nagrath, M. Gopal, New age international Publishers, Fifth
- edition.
|

|

Web links and Video Lectures (e-Resources):
| https://n ytelac.in/courses/108106098
' Activity Based Learning (Suggested Activities in Class)/ Practical Based learning

" Programming Assignments / Mini Projects can be given to improve programming skills
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Why Control?

Modern society have sophisticated control
systems which are crucial to their successful
operation.

Reasons to build control systems:

— Power amplification

— Remote control

— Convenience of input form

— Compensation for disturbance




BRJATME

atme College of Engineering

Control System Definition

System: Collection of elements arranged in a particular sequence
that act together and perform an objective in a coordinated manner

Control: To regulate, to command

Control System: A control system consists of subsystems and
processes (or plants) assembled for the purpose of obtaining a
desired output with desired performance, given a specified input.

Input; stimulus Control | Output: response
o -

Desired response system Actual response
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Examples of Control System

Simple ON — OFF control

&

Central Temperature Control _‘ Input command |
Lift Control System E Transicnt ——————_=

= response -

; I Steady-state Steady-state
Battery Voltage Control (BMS in EV) - / fesponsc  carar

E /
Process Control = |/ ' Elevator response

. . = .

Human Like Control (Robotics) 1 —
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Advantages!!

1. Power amplification
2. Remote control

3. Convenience of input form

4. Compensation for disturbances
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Control System - Classification

Open Loop System + Simple in design
*  Economic & Easy Maintenance
*  Convenient to use when output is
difficult to measure

[nput Output » Not much trouble with problems
Process or - ctabil
or —={ Controller ——» orPlant | _ in stability
Reference : Controlled - Not accurate

* Recalibration is needed often

Eg. Immersion heater, Toaster
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Control System - Classification

Closed Loop System

Dhisturbance 1

Input +l Output
or ——»{ Controller —= Process -
or Plant Controlled
Reference _— .
Summing variahle
junction
Cutput
transducer |-
or Sensor

Eg. Centralized temperature control
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INDIAN COLLEGE RATINGS

Closed loop System/ Feedback System

+ o~ Emror | Stecnng
e e Driver >

Automohile

A4
v

mechamsm

Measurement

Desired direction of travel

visual and tactle

—— Actual direction of travel

Response—direction of travel
\

—
~

Time, t

Desired

direcnon

Actual of travel
direction
of travel
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Control Element Plant
Eyes
- Arm
N “ D -
Object Hand } Hand
Position = Position
Control Elements
The I I Plant
E e e B —— I
Switch Heater - Oven —p—
Reference N off w Oven
Oven T+ — ‘ Temperature
Temperature b
When e > 0 (r > b), the switch turns the heater on. When e < O, the heater is turned off.

Dr.Manjula A V, Associate Professor , Dept.of ECE, ATME
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modelling

« Any physical system can modelled into
equivalent mathematical model

Using basic physical laws such as ohms law
and kirchoffs law in ele ctrical system

Use Newtons second law assuming zero
gravitational in mechanical system
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The transfer function of a linear, time-invariant, differential equation
system is given by the ratio of Laplace transform of output variable
(response function) to the Laplace transform of the input variable
(driving function) under the assumption that all initial conditions are
Zero.

L[ef] ol

Transter function, G| 5| = ——— = — af zero inifil conditions,

D

It is to be noted that non-linear systems and time-
varying systems do not have transfer

functions because they do not obey the principles of
superposition and homogeneity

Dr.Manjula A V, Associate Professor , Dept.of ECE, ATME
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Features and Advantages of Transfer Function
Representation

The following are the features and advantages of transfer function
representation:

(i) Using transfer functions, mathematical models can be obtained and
analyzed.

(i) Output response can be obtained for any kind of inputs.

(i) Stability analysis can be performed.

(iv) The usage of Laplace transform converts complex time domain
equations to simple

algebraic equations, expressed with complex variable s.

(v) Analysis of a system is simplified due to the use of s-domain variable in
the equations,

rather than using time-domain variable.
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The following are the disadvantages of transfer
function representation:

(i) It is not applicable to non-linear systems or time-varying
systems.

(if) Initial conditions are neglected.

(iif) Physical nature of a system cannot be found (i.e.,
whether it is mechanical or electrical or thermal system).

Dr.Manjula A V, Associate Professor , Dept.of ECE, ATME
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Transfer Function of a Closed-Loop System

Closed-loop control systems can be classified into two categories, based on the type of teed-
back signal a=s (i) NMegative feedback systems and (ii) Positive feedback systems.

i} Megative Feedback Systems

The eimplest form of a negative-feedback control systemn is show nin Fig. 1.9. It has one block
in the forward path and one in the feedback path.

RiE) i ELE) Sl cE

Bis)

HiE) =

Block diagram representation of negative feedback control system
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The follovwringg relationmships camn e derireed frormme thee hock disgrarmns:
Fesdbadck sigmal, Bis) — cutput = feaecdback path sainm

Elsl=Cl(s1MH(s] C1.1h
Emrxyror signal, E(s5) — input signal — fesdbadck sigmnal

Eis)l— R(=]— F(s]
Substituting Eqn. (1.1} in the above esqguation, wwe clotainm

Elsl=EIs]l— C(sJHIs] C1.2%
Chatpnat signal,. O] = ermoer gignal = forvward pEath gainm
Cisl= El(s]l=(s] 1=

Sulrstituting the valuas of the ermror signeal, e olb-bainm
Csl= RislhE(s]l—C (s (s)FH(s)

s+ CsEis)H (=)= K (s )= =)

ClsH1+GS(s)H(s)]= R (s h=|=)

(=) iz =]
R(s)] 1+C(s)H(s)

Hemoe, the transfer function of the reesgativee feaedlbrack oortrol eysterm s ghiven by

s = =]
Tl = m=y - ixCi=1H=) 14y

Basaed on the albowe expraessionm, Fig. 1.9 0s reduosd o the simmgplified formm as showe e in Fig 1100

Ea o — ;::::r-.{g] =]
Fig- 1.10 | Redwuced form of @ mepative feedback controd se=term
Thue, the clossed-loop transfer functon is
s Forwsr srd path praciom

Tsh — |!-?_|:5:|= 1 + forw ard path gain = feedback et gadn
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Comparison of Posiive Feedback and Megative Feedback Systems

Table 1.2 discusses the comparison of characteristics between pogitive feedback and negative
feedback systema.

Table 1.2 | Characteristics of positive feedback and negative feedback systems

Characteristics Megative feedback Positive feedback
Stakdlity High Low
Magnitude of transter functon =1 =1
Senaibiv ity b0 parameter changes Low High
Cain Lo High
Exror signal Drecreasad Increasad
Application Modor oontrod Cracillatons

Example 1.1: A negative feedback system has a forward gain of 10 and feedback gain
of 1. Determine the overall gain of the system.
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Modeling of Electrical Systems

An electrical systermn congiste of resistors, capacitors and inductors. The differential equa-

ticns of electrical eyvetems can be fomed by applying Kirchhoff's laws. The transfer function
can be obtained by taking Laplace transform of the inte

gro-differential equations and rear
ranging them as a ratio of cutput to imput. The relationshi

p between voltage and carrent for
different elements in the electrical circuit is given in Table 1.2

Tabkle 1.3 | Relationship of volage and cument for B. L and C

Element Yioltage drop across the element Cuarmrent through the element
= . o ol
LTATAYAYS ol #) = Ri[#) Eif::djl'a'l
- o [ ] : s P
—r— oe)= LT )= = [ole)as
= R B do| ¢
E"I'I - I'llI ﬂlll I| =|:' i
H ) .:'J o FCE) FT
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Example 1.5: Determine the transfer funcbdon of the elecdrical network shosn in Fig. E1.5.

Fig- EI.5

Solution: The outputvoltage across the capacibor is [ &)= %Ju’l:f].ﬁ'
A pplying Kirchhodt's voltage lawr, the loop exquation is given by

dile)

o (t)l=Re(¢)]+ L o

1 p.
+E‘rr{f]ﬂ'f
Taking Laplace transborm of the above egquations, we obtain

Iis)

Vo (s)= =

(1

1 o
V. [(s]= [E +L5+E__.|r (5]
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Simplifying the above equation, we obtain
V. [s5]

1 @)
[R +L5+—]

Cs

I|s5)=

Substituting Eqn. (Z) in Eqn. (1), we obtain
V. (5] 1

¥,
1 s

R+ls+—

[+5+C5]

Vols)=

Hence, the tranater function of the system is given by

ALE 1
Vils] LCs" +RCs+1
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Modeling of Mechanical Systems

The dimensions in which the movement of a mechanical system can be described are
tranalational, rotational or a combination of both. For modeling of mechanical system, it

iz necessary to have the equations governing the movement of mechanical systems. The

laws that are used directly or indirectly to formulate thoee equations are obtained from
Mew ton's laws of motion.

The general dassification of mechanical systemn is of two types: (i) translational and (i)
rotational as shown in Fig. 1.13.

Mechanical
oy sl=m

Trarslational R olmlicnad
meschiarical sy slem mechanical sy sbem

Fig. 1.13 | Classification of mechanical system
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H[E]-l_

:ll'[f]-l—

) =—— M According to Newton’s second law, the force experienced by the mass is proportional to the
acceleration.
Raferercs point | fm [ l‘) aa
Fig. 1.14 | Mass element ; {f]
u

fu [r‘] =Mass x acceleration= Ma

B dzx[t]_ du(r‘]
fult)=M = M—

where M is the mass (kg), a is the acceleration (m/s*), u [t] is the velocity (m/s) and x [t] is the
displacement ().

dzx(f) du[t]
.fM{t]—J.M dtg =M it = Ma




BRJATME

atme College of Engineering

Damper

The damping that is desirable in the motion for a mechanical system is provided by an
element called damper. A frictional force that exists between one or two physical sys-
tems when there exists a movement or a tendency of movement between them. The
characteristics of frictional forces that are non-linear in nature depends on the composition
of the surfaces, the pressure between the surfaces, their relative velocity and others that
add difficulty in obtaining the mathematical description of the frictional force. The different
types of frictions that are commonly used in practical system are viscous friction, static fric-
tion and coulomb friction in which the viscous friction is commonly found in a translational
mechanical system.

Static Friction or Stiction

The retarding force f; [t] which tends to prevent the motion is known as static friction or
stiction. This type of frictional force exists only when the body is not in motion (stationary),
but has the tendency to move. The sign or direction of static friction is opposite to the direc-
tion in which the body tends to move or initial direction of the velocity. This frictional force
vanishes once the movement of a system is started.
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Viscous Friction
The retarding force thatis experienced by a system when it is in motion is known as viscous
friction. This type of friction exists between a system and a fluid medium. There exists a

linear relationship between the applied force and the velocity. Hence, this frictional force
fi (f) is proportional to the velocity of the movement of a system.

fa (f) o velocity

This frictional force that is more common in a mechanical system is represented by a

dashpot or a damper system. When a force is applied to a damping element B, it experiences
a velocity and it is shown in Fig, 1.15(a).
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u(t) =—

I(I} -

f{t) =——

B

Reference point

Fig. 1.15 | (a) Dash-pot or Damper element

where B is the viscous friction coefficient (N-s/m), u(f) is the velocity (m/s) and ;r(f) is the
displacement (m1).
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Daé:hpﬂt or dai’ni)er element with two displacements is shown in Fig. 1.15(b).

Uy(t) = Uy (1) -

Xq(f) -—  x5(f) =—

-——— |

(0 o

Fig. 1.15 | (b) Dash-pot or Damper element with different displacements

fat)= B () -2 ()
. [ dx, () dx, (f)]

dt dt

Here, f, (f) is measured in Newton (IN) or Kg-m/s”.
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Spring Force f_(f)
In general, an element that stores potential energy in a system is known as spring. The

analogous component of spring in an electrical circuit is the capacitor that is used to store
voltages. In real time, the springs are non-linear in nature. Howewver, if the spring deforma-
tion is small, the behaviour of the spring can be approximated by a linear relationship. The
opposing force developed by the spring is directly related to the stiffness of the spring and

the total displacement of the spring from its equilibrium position.
When a force f (f} is applied to a spring element K, it experiences a displacement and it

is shown in Fig. 1.17.

u(t)

() —-————

) —

Reference point
Fig. 1.1 7 | Spring element
According to Hooke’s law, the spring force is directly proportional to the displacement:
fac(#) e x(2)
The spring stores the potential energy. Therefore,
f (1) = Kx(¢)

Velocity, ¥ (a‘) = d%gf}
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dac (f) = 1 (f)d#

Integrating the abowve equation, we obtain
a (i") = J.r.r(#)da‘

Therefore, S (f) = Kjr.r(f)df

1
where K is the spring constant (IN/m), i.e., K = =
x (i") is the displacement (mz). compliance

Spring element with two displacements is shown in Fig. 1.18.

= %: u(f) is the velocity (m/s) and

L4 (1) u2(t)
X () —-— xp(f) —-—
Fad
(1) | o—0000—
Fig. 1.18 | Spring element with two displacements

Fe ()= K[ 5 (1) =20
S (f): %(Il (ir—)_ X (‘L)}
fic (£) = % .I.("H (#)— 24, (f))df

Here, f_ (f) is measured in Newton (IN) or Kg-m/s>.



BRJATME

atme College of Engineering

1.7.2 A Simple Translational Mechanical System

According to D’ Alembert's principle, “The algebraic sum of the externally applied forces to
any body is equal to the algebraic sum of the opposing forces restraining motion produced

by the elements present in the body.”
A simple translational mechanical system with all the basic elements and its free body dia-

gram are shown in Figs. 1.19 (a) and (b) respectively.
— U(t)

—— x(f)

K
+— e ) ~—
. W<~ M — 1
N fidt) =—

Fig. 1.19 | (a) A simple translational mechanical system Fig. 1.19 | (b) Free body diagram
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Let f (f) be the external force applied to the given system,

du(f)

fu (f) =M o be the opposing force produced by the element mass M,

fs (f) = Bu (f) be the opposing force produced by the element damper B and

f (a‘) =K J u(f)d t be the opposing force produced by the element spring K.
Using D’ Alembert’s principle,

F(£)= A ()+ fu () +fic (1)

£(t)= M‘*‘;f)mf(f)m [u(t)ar

The above equation is referred to as D'Alembert’s basic equation for translational mechanical
systems.
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Example 1.9: For the mechanical translational system shown in Fig. E1.9, obtain
(i) differential equations and (ii) transfer function of the system.

Mp=0 RRZOREXD

§ B, M TG

fit)

Fig. E1.9

Solution: For the system given in Fig. E1.9, the input is f(f) and the outputs are x, () and x, (¢).
Using D' Alembert's principle for the mass M, we obtain

f(*): Jan (f)+fm ('L)*’faz (f)
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d*x (f dx (t d(;r. (f)—x (f)}
()= M, d;z( ).k, L;f()w’z " (1)

For the mass M, , we obtain

0 = fruz(£) + fa (£) + fia (£)

dlx, (#)—x, (¢
0= B, ( (L)_H ())+K2:r2 t) (2)

Taking Laplace transform of Eqn. (1) and Egn. (2), we obtain

| M,s? + (B, + B, )s | X, (s) - B,sX, (s) = F(s)

—B,sX, (s)+{B,s+K,} X, (s)=0

o
~ DrManjulaAV,Associate Professor, Deptof ECE,ATME 38

Representing the above equations in matrix form,

[M +(B,+B,)s —B,s }[X (ﬂ

—B,s B,s+ K, || X ()
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Using Cramer’s rule, we obtain

X, (q) = % and X, (5): %
P(s) —B,s

0 Bk, F(s)x(B,s+K,)

M,s* +(B,+B,)s F(s)

“Bys = F(:ﬁ)xBEs

ﬂ‘

A M,s’+(B,+B,)s —Bys
—B,s B,s+K,

- [M.lsz +(B, + 82)5] x| B,s+K, |- (325)2

=M, sta +K2M152 + Bistz + B,K,s5+ B,K,s
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Therefore, X, (5): Ay _ F(S)K(BES”'_KE)
A A
and X, (s)= 2 = F(S): B, s

Thus, the transfer function of the given mechanical system is given by

X,(s) (Bss+K,)

P(S) A
X, (b) _ Bys
F(s) A

where A = M13253 ~|—.'f<'.'21"|,f.“.lr152 + 5’13252 + B, K, s+ B, K s
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1.7.4 A Simple Rotational Mechanical System

According to D’ Alembert’s principle, “The algebraic sum of the externally applied torques

to any body is equal to the algebraic sum of opposing torques restraining motion produced
by the elements present in the body.”

A simple rotational mechanical system with all the basic elements and its free body
diagram is shown in Fig.1.25 and Fig.1.26 respectively.

K T(1) o) (1) T /(t) Tgl(t) Tilt)

N Y r;i}fﬂ\n

] \J J 2
B

P77 F 7 A 77777 7777777777 Ti(t)

\?7 ﬁ%ﬁff
S
“
A

Fig. 1.25 | A simple rotational mechanical system Fig. 1.26 | Free body diagram
LetT (f) be the external torgue applied to the given system,

da)(f}
dt

T, (t)=7T

be the opposing torque produced by the element mass |,
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T, (f) = Bw (f) be the opposing torque produced by the element damper B and
T, (f) = KJ.&J (f)a"f be the opposing torque produced by the element spring K.

Using D" Alembert’s principle, T(f} = '1"JT (f)+'TB (f) +T, (f)

dm—(f)+ Bo(t) +%J.m (t)dt

T()=T=4

The free body diagram of the system denoting the applied and opposing torques is shown
in Fig. 1.26.
Restraining torques are given below:

Inertia t T (t)=
nertia torque I() J T

Damping torque T, (f) = Bw (i‘)

Spring torque T, (f) = KJ.&J (f)da‘
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Introduction to Analogous System

Two equations of similar form are defined as analogous systems. The advantage of analogous
system is that, if the response of one system is known, then the other system is also known
without actually solving it.

Generally, mechanical systems are converted into analogous electrical system. There is
a similarity between the equilibrium equations (integro-differential equations) of electrical
systems and mechanical systems. Due to this, an electrical equivalent can be drawn to a
mechanical system.

Example of Analogous Systems

A transformer is analogical to a gear. The transformer adjusts its “voltage-to-current”
ratio (V/I) based on the load applied on the transformer that is similar to that of a gear
mechanism, by which it adjusts the “torque-to-speed” ratio (T/w) based on the load
requirement.
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Advantages of Electrical Analogous System

The following are the advantages of electrical analogous system:

(i) Standard symbols are available in electrical systems such as resistance, inductance,
capacitance, etc.

(i) Standard and simple laws are available in electrical system that makes it easier for
calculation.

Example: Kirchhoff’s laws, Thévenin's theorem, etc.
(iif) It is easy to analyze a system for different parameter values in an electrical system,
because R, L and C cannot be varied and their response can be seen.

In an electrical system, the dual networks are analogous systems and both are in electri-
cal form. The analogous parameters in dual network are listed in Table 1.5.
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Table 1.5 | Analogous parameters in dual network

Loop analysis MNodal analysis
Voltage (V) Current (I)
Current (I) Voltage (V)
Charge (g) Flux (@)
Resistance (R) Conductance (G)
Capacitance (C) Inductance (L)
Inductance (L) Capacitance (C)
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1.8.2 Force-Voltage Analogy

Consider a simple translational mechanical system as shown in Fig. 1.28.

}—— u(t)
)—— x(f)

= (1)

ml__l%
=
=

VIS LSS IS SIS S

Fig. 1.28 | Translational mechanical system

Using I Alembert’s principle, we have
Sum of the applied forces = sum of the opposing forces

m;gfh Bu(t)+ K| u(t) at (1.6)

f(t)=M
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Consider a series RLC circuit as shown in Fig. 1.29,

O

R L
— VWWW—T000"

@ (o

Fig. 1.29 | Series RLC circuit

Using KVL, the integro-differential equations can be written as

o(t)= Rf(f)+L%@+%jf(f)df (1.7)

Rearranging Eqs. (1.6) and (1.7), we obtain

£0)= M2 ) ufe) a

dﬂ:LE%Q+Rﬂﬂ+%jﬂﬂﬂ
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Since the force of mechanical system is made analogous to the voltage of electrical system,
the above two equations are represented as analogous system. This analogy is known
as force-voltage (or) F-V analogy. The analogous parameters in F-V system are given in

Table 1.6.
Table 1.6 | F-Vanalogous parameters
Translational system Electrical system
Force (f) Voltage (v)
Velocity (u) Current (i)
Displacement (x) Charge (q)
Mass (M) Inductance (L)
Damping coefficient (B) |  Resistance (R)
Spring constant (K) 1/Capacitance (C)
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Force-Current Analogy

Consider a simple parallel RLC Circuit as shown in Fig. 1.30.

V(1)

i(f) R L C

Fig. 1.30 | Parallel RLC circuit
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Using KCL, the integro-differential equations can be written as follows:

0=, Lo g

R dt
f(f):Gzl(f)+CdZEf)+% folt)d (19

The force equation for translational mechanical system is

f(H)=M e, Bu(t)+ K [u(t)d (19)

dt
Rearranging Egs. (1.8) and (1.9), we obtain

f(f):Cd;(j)Jerl(f)nL% [oe)d

f(t)= M“'”(*-ﬁm,f(f)%ju(f) dt

dt
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Since the force of mechanical system is made analogous to the current of electrical system,
the above two equations are represented as analogous system. This analogy is known as
force—current (or) F-I analogy. The analogous parameters in F-I system are given in Table 1.7.

Table 1.7 | F-/analogous parameters

Translational System Electrical System
Force (f) Current (i)
Velocity (u) Voltage (v)
Displacement (x) Flux (D)

Mass (M) Capacitance (C)
Damping coefficient (B) Conductance (G)
Spring constant (K) 1/Inductance (L)
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Table 1.8 | Analogous of F-V and FI to translational mechanical system

Translational Mechanical System | F-V Analogy F-1Analogy
Force (f) Voltage (v) Current ()
Velocity (1) Current (1) Voltage (v)
Displacement (x) Charge (q) Flux (D)

Mass (M) Inductance (L) | Capacitance (C)
Damping coefficient (B) | Resistance (R) | Conductance (G)
Spring constant (K) 1/Capacitance (C) | 1/Inductance (L)
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Torque-Voltage Analogy

Consider a simple rotational mechanical system as shown in Fig.1.32.

K T ol
(i T W W

MY )  J
AL 7777

VIS SIS SIS SIS S

Fig. 1.32 | Rotational mechanical system
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Using D’ Alembert’s principle, we have
Sum of the applied torques = sum of the opposing torques

T (t) = Idfz—p+3m(f)+5(jm(f)df (1.10)

Consider a series RLC circuit as shown in Fig. 1.33.

Fig. 1.33 | Series RLC circuit
Applying KVL, we obtain
di (¢ ) 1 ~.
v(f):L#+Ra(f)+EJx(f)m (1.11)

Since the torque of the mechanical system is made analogous to the voltage of the electrical
system, Eqgs. (1.10) and (1.11) are represented as analogous system. This analogy is known as
torque—voltage (or) T-V analogy. The analogous parameters in T—V system are given in Table 1.9.
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Table 1.9 | T-Vanalogous parameters

Rotational System Electrical System
Torque (T) Voltage (v)
Angular velocity (w) Current (i)
Angular displacement (6) Charge (7)
Moment of inertia (]) Inductance (L)
Rotational damping (B) Resistance (R)
Rotational spring c;:nstant (K) 1/Capacitance (C)
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Torque-Current Analogy
Consider a simple rotational mechanical system as shown in Fig. 1.34.
\\‘: K Tt ol
S—fﬁ@ﬁﬁ‘—ﬁ,j ;o))
N\ 3 U
\ B
J777777777777777777777777777

Fig. 1.34 | Rotational mechanical system
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Using D Alembert’s principle, we have

da (f}

T()=71—5

+Bow(t)+K [w(t)dt (1.12)

Consider parallel RLC Circuit as shown in Fig. 1.35.

b ]

Fig. 1.35 | Parallel RLC circuit

wii)
R

Applyving KCL, we obtain

do (f) 1 -
:CT+GEJ(E)+EJz:(f) dt (1.13)
Since the torque of the mechanical system is made analogous to the current of the electrical
system, Eqs. (1.12) and (1.13) are represented as analogous system. This analogy is known

as torque—current (or) T—I analogy. The analogous parameters in T—I system are given in
Table 1.10.
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Table 1.10 | T-/analogous parameters

Rotational Mechanical System T-I1 Analogous
Torque (T) Current (i)
Angular velocity (w) Voltage (v)
Angular displacement (6) Flux (D)
Moment of inertia () Capacitance (C)
Rotational spring constant (K) | 1/Inductance (L)
Rotational damping (B) Conductance (G)

The analogous variables for rotational mechanical system and electrical system are listed

in Table 1.11.

Table I.11 | Analogous of T-V and T-I to rotational mechanical system
Rotational Mechanical System T-V Analogy T-I Analogy
Torque (T) Voltage (v) Current (1)
Angular velocity (w) Current (1) Voltage (v)

(Continued)
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Table 111 | (Continued)

Rotational Mechanical System |  T-V Analogy T-I Analogy
Angular displacement (6) Charge (7) Flux (D)
Moment of inertia (]) Inductance (L) | Capacitance (C)
Rotational damping (B) Resistance (R) Conductance (G)
Rotational spring constant (K) | 1/Capacitance (C) | 1/Inductance (L)
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