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CHAPTER#1

1. Basic Concepl of Control System
Control Engineering is concerned with technicpees that are wsed to solve the Tollowing six
probdems in the most efficient manner possible.

(@) The identilication problem 1o measwre the variables and comvert data for analysis.

(B)The repr esentation problentto describe a system by an analytical form or mathematical modal
E)The solution problem:to determine the above system model respome.

() The stability problem:general guaditative aralysis of the system

(#)The design problem: modification of an existing system of develop a new one

MThe optimization problem: lrom a variety of design to choose the best.

The two basic approaches to solve these six problems are corventional and modemn approach. The
electrical oriented corventional approach is based on complex lunction theory. The modemn
approach has mechanical orientation and based on the state variable theory.

Therefore, control engineering is not limited to any engineering discipline bt is equally
applicable to aeronautical, chemical, mechanical, ervironmental, civil and electrical engineering.
For exarmple, a controd system often includes electrical, mechanical and chemical components.

Furthermore, as the understanding of the dwamics of business, social and political systems
increases; the ability to control these systers will also increase.

L.1. Basic terminologies in conirol system

System: A combinaiion or arrangemeni of a number of different physical components io form
a whole unil such thal that combiming unii perforns 1o achieve a cenain 2oal.

Control: The action w command, direct o regulae a sysiem.

Fant or process: The pan or component of a sysiem that is required Lo be conirodled
Input: luis the si2nal or excitaios supplied 102 comrod systemn

Outpot: his the aciual respons e obiamed from the conrol sysiem

Controller: The pan or component of a sysiem tlha controls the plant.

Disturbances: The siznal that has adverse effect on the perfontance of a control system

Control system: A sysiem Lhal can compand. direct or regulaie ilsell or ancdher sysiem Lo
achieve a certain poal

Antomafion: The contred of a process by aniomaiic means

Control System: An inierconnection of components forming a sysiem configuraiion that will
provide a desired response.

Actuator: It is the device thal canses the process 1o provide the ouipul It is the device that
provides the motive power 1o Lhe process.



Deslpn: The process of ¢concgiving or inventing 1he fonns, pats, and deals of sysiem 1o
achieve a specified purpose,
Smolation: A mode] of a system that 5 psed 1o investigale the belavior of a system by
uiili Aing aciual inpal s gnals,

Optimization: The aljusiment of the poamaas v adhieve the mosl favorable or
alvanlapeous design.

Feedback Skmal A mesaore of the ouipa of the sysiem used for feedback 10 conmd 1he
Svslenn,

MNegative lvedback: The ouipul signal is feedback so tha o subiracts from the inpu signal.

Block diagrams: Umdirectional, operaional blocks that represent the transfer functons of
the elenwnts of the sysiem,

Sgnal Fluw Graph (SFGi: A diagram tha consisis of nodes comnecied by several direcied
branches and that 15 a praphical represenanon of a set of linear re alions.

Specifications: Stagments thal explicily suue what the device or prioduct is 1 be and 1o do,
I s also defined a4 a st of presenbed pafonmance ¢nlgna

Open-kap control system: A sysiem tha vnlizes a device o conred 1the process withoul
using feedback. Thus the ouipul has po effect upon the signal 1o the process,

Clied-loap feedback contral system: A svsiem thal pses a messurgmen of the oulpet and
coanipares i witl the desired ounpul.

Repukator: The contmd sysiem where the desired values of the controlled oulpuls are nuwe or
less fixed and the main problem is o rejed digurbanee effects.

Servo system: The comrnd sysiem where the ouipeis are mechanical quanigies like
agoe] eratioa, veloGily or posilion.

Stability; I is a notion thal describes whether the sysiem will be able 10 follow 1he inpul
conmand. In a non-rgomus sense, a syalem 5o said 1o be unsiable if 0s oulpot s ool of
ool or increases wilhout bound.

Multivariable Control Svstem: A system with mere than ong inpul vanable o more than
one oulpul vanable,

Trade-off: The resull of naking a judpment abou how moch compronuse must be made
betweest gonflaiching ¢nlens,

1.1 Chassifle ation
LL1l. MNatural control system and Man-made control system:

Matural control system: It is a conimd sysiem thal is oreated by natwre, e, solar
sysiemy, digesuve svilem of any amimal, eic,

Man made control system: I is a control sysiem thal is ¢reated by homans, ie
mipanobile, power planis &,

1.2 Auntomatic control system and Combinational ontrol system
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Automatic control system: It is a control system that {5 made by using basic theories
from mathematics and engineering, This system mainly has sensors, acluators and
raspoiiders.

Combinational control system: It is o control system that |5 a combination of natural
and man-male conred systems, Le driving a car efé,

Time-variant control system and Time-invariant control system:

Time-variant control system: N is a control system where any one or more
parameders of the control system vary with time i.¢. driving a vehicle.

Time-invariant mntrol system: ¥ is a control system where none of ity parameters
vary with lime i.e. control system made up of inductors, capacitors and resistors only,

Linear control system and Non-linear control syslem:

Linear control system: [t is a control system that satisfies properiies of homogenein y
and additive.

*  Homogeneous property: f{x+x)=f(x)+f(¥)
o Adlitive property: flaa)maf{x)

Nan-linear comtrol system: [t is a control system that does nol satisfy properiies of
homogeneity and sdilitive, ie. f{x}m ¢’

Continuous-Tinw control system und Diserete-Time control svsiem:

Continuous-Time control syslem: It is a control system where perforiunoes of all
of its paranwlers are funclion of time, i.e, urmature 1ype speed control of motor.

Discrele <Time control system: It {8 4 contral syslem whete performances of all of

its parameters are function of discrele time ie, microprocessor type speed contrel of
1 nTLi T

Deterministic control system and Stochastlc mntrd sysiem:

Delerministic contrd system: It is 5 eontrol system where its output is predictable
or repetitive for certan mpat signal or disturbance signal.

Stochastic control system:h is a conrol sysiem where s oulput is unpredictalile or
nimn-repetitive for cerain input signal or distuhanee Rignal.

Lumped-parameter control system and Distributed. parameter mnird system:

Lumped-parameter matrol system: b is 4 contiol system where it5 mut heneicul
model 1% represented by ordinar y i ferential equations,

Distributed-parameter control s¥stem:lis a control system where its mathematical
model is represented by an electrical network that 13 o combinalion of resistors,
inductors and capacitors.

Single-input-sngle-output (S150)) mntral system and Multi-input-multi-output
(MIM{) conteol system:

SINAY control system: It is a control system that has only one input and one output.

MIMQ) control system:li is o control System

that has only more than one input and
mone Lthan one output,

Open-loop entrol system and Olosed-loop control system:

Open-loop control systeny: k is 4 control system where its control action oiily
depends on input signal and does nol depend on its outpul response,



Chwed-loep contrel sysiem:T s a comro] sysiem where iis conrol acuon depends
am beth of s mput signal and oulpal response.

L3, Open-loop mntrol system and Chsed-loop mntrol system
1.3.1. Open-loop motrol system:
Iis a comnteed Sasnem where s conned action only depends on impul $1pnad and does
i deprend oo ils oulpol respons e o shown i Fig 11,
controd sagnal
Input ut) Plant Output

-y s it A o ol

Fg.1.1. An opee-bop sysiem
Examples; waffic signal, washing machine, bread toasier, ei¢.

Advantapes:
#  Smple desipn and ety 1o construct
o«  Eoooomical
o Eady for oo nlénanog
#  Fhghly siable operation

Dis-advantages:

¢ Nt apcurale and reliable when inpul or sys1em paramslers ane vanable in
il urg
Recahbraion of the parameters are reguired tme 1o (o
1L.3Y Cheed-loap control svstem:
Iis acontr sssiem where s contro] action depends on both of s mpul signal and
il pul response a6 showon in Fig.1,2,

Emor signal control signal
T e oot | 0] P | O
Comparstor
Feedback signal, bt —

Fg.1.2 A closed-loop system
Examples: auntomalic ¢l ecing inon, massil e launcher, speed control of DC mador, &1e,
Advantapest

«  Nore accurate operation than thal of open-loop oot rol sysiem

Can operate efficienly when inpul or sysiéem parameiers are variable in
il g

Less monlineany effect of these sysiems oo oulpul response

gh bandwidh of operaion

There s facluy of aul ool ion

Time 1o Dme recalibration of the parameters ans ol reguired

Dis-advantapes:
s  Complex design and dfficull 1 construd

¥ B ¥ B



s Expensive than thal of open-loop conim sysiem
o  Complicale for mainienange
s Less siable operation tan e of open-loop control sysiem

133, Comparison between Open-loop and Closed-lop control systems:
Iis a oot swsiem where o5 oonim] action depends on baoth of i inpul signal and
MNPl e peHLsE,
:‘ Opendoop control systems Chsmed-lop cont ol systems
1 N feedhack s grven o the gonirnl syvsicm A deedhack i prven 1o the Comilred sysiem
2 Canned be iniclligeni bwelligenn comiralling acuicm
Clemed  lewp comired  intreduces  ihe
i There s ::u pt:ﬂhlll:ﬁ‘ of undearahles pesabiliy  of undesrahle sydem
rysem mcillalionthunling) encillanicng huming)
The cwmpui will nes very for 3 comdant | Iothe sydem the owpal may vary lor 3
4 i, provided the aydem paamelers | cnsdant  angut,  depending ppan e
e n wnalicred fcedhack
Sydem aipu vanation due lo vanahon in Svac m ewipui vanaion due io vanalon in
5 puramecicrs of the syaem s greaiey and the y et ol the. st L less
et iput very in an uncenirollod way par L 7 RYSICILIK hoxe,
h Eavewr deteciicn 1s ned presend bavewr detecie is preweni
7 Sonall handwidi b Larpe handwidih
X ANiwre wahle Less stahle e pacane 1o insiabaliny
L] Alecied by non-hineannes bt aldecied by nom-lincan ies
1 Very aena ine i nalee L sensanve fo disnrhances
11 Simple e gn LUnnpdex desagn
12 Cheap Limaly




LA Servom echanism

10

Iu s the feedback it used in a contred system In this sysieny, the oo varable is
a mechanical signal such &6 positon, velooly of acceleralion. Here, the ourpal sigial
s directly fed o the coanparalor a5 the feedback signal, b of the o os ed-loop coanirel
svsieat This 1ype of system o5 used where both the conurand and oupuot signals are
mechamcal in nalure A posiion control system as shown in Fig 1.3 s a simple
eample of this 1vpe mechansm The Mok diagram of the servemechanism of an

anil ol ¢ SEEeTing syslen is shown in Fig 14

Fefereor +
POt
Examples:
o  hhssile launcher
[ ]
[ ]
[ ]

LS. Regukba tors

Fg | A Sthenas diagram of a senvonsecho fism

Aol T

Cirwve
iniage

Madune ol position conirnd
Power sieering for an automobile
Roll stabihzaion i ships, etc.

Fgl . Bk diseram of & servonechsniom

I is also a feedback i vsed in a contrd sysiem like servomechamsm Bul, the
mnput 5 kept constant at s desired value. The schematic diagram of a repulating
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system i shown in Fig 1.5, lis corresponding simplified block diagram medel is
shown in Fig.1.6.

Irepst I Servo . Contafied wignal
: Shak molor
)
=¥ Toload
o Tz woflage
Amplifier

1

Conlroller

bepidton Feferenca
Trarefarmar

AN A

lig.1.5, Schemaic diagram of a regulsiing syssem

Referance + red | Servo Cutput
peaitin \ Controllar motor Tap - an
Lead voltage
sensing

Fig.l 6. Block dizgram of & segulaing syutem

Examples;

o  Temperaluve regulator
¢ Spesd sovernor
¢ Frequency repulators, ele.
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CHAPTER#2

2. Control System Dynamics
L1. Definithen: [ is the stwdy of characteristics behaviour of dynanue system, i.e
(a} Dafferental exquaton
L Fust-order systems
. Second-onder systens
(b} System ransfer function: Laplace wansfonm

11 Laplace Transform: Laplace ransforms converl differentis]l equalions into algebraic
equations. They are related o frequency response,
w

L{.l.[i'”:_l'[j.}![ﬂ!k'”d 2.1)
o
L 4
L{sle)) =X (s)= fatne*at 2.2)
o
Time-tkuiiain K Sine =0 o irh
Laplsce dennain L TR
ko, | Rnction HiE= Ll
| Xiym L}
L Xis )} [} Cosine oow ol 5
I | Celay ET) ot $1 4wl
2 Lo impulse | &1 I 9 by prex Balivg unh o o
Al 3 3
N 5 =
3 Liniy sep wn) Pl
¥ 0 | Ihpabolic | cosh o E
] oRiRe i_ 1
4 Ramgp 1 -_— allive
[
il BExpoeenuiall | - - ™
5 B v i | s | j_ﬁ:rugnn,g T
deay e s SiEe Wave
- 12 | Evpesentiall T T Er
Ko ntial o a y decaying Heed
] — —_—
approach {I £ } Haea) CoRine wave (s+a) +o

13.Solution of system dynamics in Laplace form: Laplace transforms n be solved using
partial feaction method.

Acsystem is isually represented by following dynamic equation.

N[s}:%{'{% 0.3)

The factor of denominator, Bis) is represented by following forms,
i.  Unrepeated factors
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. Repesied faciors
oL Unrepeated complex faciors

(i} Unrepeated factors
Nisg) _ A 3 B
(s+als+b) s+ 1+b
Al #b)+ Bis+a)
= (s +ads+h)

4)

By eqjuating both sides, determine A and B.

Example L1:
Expand the following equaton of Laplacetransfonn in iems of s pamial fractonsand obiain
15 mme-donan response.

"
r[_;}=—_r._
(r+Dis+2)
Selution:
The following equation i Laplicet ransfonn is expandadwith 5 partial fractions & fiollow's.
Ll A " 8
(s+IMs+2) (x+1) (x+2)
25 _ A(s+2)+Bis+1)
(s+1Hz+2) (x+1)z+2)
By equating boah sides, A and B are determined as Aw =2, w4, Therefore,
2 4
+
is+1} (=+2)
Taking Laplace inverse of above &g uation,
vit) == + 4™

}'[5) =

(i} Unrepeated factors
Nis) - A . i -A+H[:+.ul
(s+a)® (s+al” (z+a) (r+a)*

2.5)

By equating both sides, determinge A and B.

Example 1.2:
Expand the following equaton of Laplacetransform in ienms of s panial fractionsand oidain
il5 me-domoin response.

2s
Fls)s—me—
(s+1)y(5+2)
Selution:
The following equation n Laplacetransfonn is expandedwith 5 partial fractions a8 follows.
i A + B + C

GHD(s+2) (5417 (541 (5+2)
By equating both sides, A and B are determuned a8 A==2, B =4 Therefore,
2 4 4
=t -
(s+1y (s+1) (s+3)
Taking Laplace inverse of above equanon,
W= 4 de™ — 4™

Fis)=
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(it} Complex Factors: They conlain conjugale pairs in the denomi nalor.
Nis) _ As+ B
(s+a)is+a) (s+a)y+p

.6)

By equating both sides, determine A and B.

Example 2.3:
Expand the following equation of Laplacetransform in e of s panial fractionsand oliain

il Lne-onnn response.

Y(s) = a £ 3 |
(s+1+ f)s+1— )
Sotion:
The following equation in Laplacetransfonm is expandadwith s partial fractions & follows.
2 1
¥(s)=—

3 + 1
(s+1)y"+1 (s+1¥ +1
Taking Laplace inverse of above equalwn,
Y{t)=2¢"" cost+e™ sint

24 Initial vahie thenrem:
lim[.ﬂﬂ]=lim[sl" {s}] o

Example 2.3:
Deternune the imtial value of the lime-dommn response of the following equation using the
i Gal-val ue theorem
25+l

n=
(s+1+ j)s+1— )

Solution:
Solution of above el o,
)= 2™ cost 4+ sint
Appl sing imnal value theorem,

q2r+1)

1 =2
Iﬂ? (s+14+ j)s+1-j)
2.5 Final value theorem:
lim[rir1]=]im[s}’{s}] 0.8

Example 15:

Determine the initial value of the time-domsin response of the following equation using the

ini tial-val e theorem

-
¥(5) = —————

(s+1)(s+2)
Solution:

Soluion of above equalion,



W =™ 4 de™ — 467
Applyving final value theorem,
H2s+1)

. Yy
]ﬂl][nujxsu—j;

15
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CHAPTER#3

3. TransTer Funciion
AL Definition: I s the ratlo of Loaplace ransfernn of oulpul signal o Laplace ransform of input
siprul assuming ol 1he initial conditions 1o be 2ero. e

Let, thets is a given system wilh inpul (1} and output ot} a4 shown in Fig.3.1 {a). then i
Laplace domain is shown in Fig. 3.1 (b}, Here, input aind e put are R(s) and Cis) respectively,

nt) o= gt} p=— cb R s—s 0OF |—= C9
@ {h)
o o) A
(e}
Fig. 2. L{a) A aystem io e doriain, (b) & system in (e ey dodisinand (o) winsfor fasction with & Merendal
oporakor

s} is the transfer function of e system. [t can be mathematically represented as follows.

o) 2o)

Equation Section (Next)(3.1)

Rl:s-:l fere bokhal ool o

Example 3.1: Determine the ransfer function of the system shown inFip 3 2
_w'—l" TN

Wi c == Velt)

Fg:3.2 a system in 1ime domain

Sohution:
Fig.3.1 s redrawn in frequency domain a8 shown in Fig 3.2,

i) 16 Ve

Fg.3.1 aaytem in froguency domain




Applying KYL e loop-1of the Fig 3.2
Gs)u| R e —|1(s)
r =) K+ +|"_".r 5
Applying KVL 1o loop-2 of the Fig.3.2

r.{:r=[é]:m

From eq (2.12),
; LI PR
r[:]=1,{:]r[ r::] =CsV, 5]
Now. wing e (2.13} in g (2.10).

V() =(.q 4L +c_E:]f"':"{']

'-l{rl__ 1 _ 1
L) [Mh%]ﬁ 1052 4 RCx 41
)

Then ransfer funclion of the given system is

Glsj=———
) LCs 2 4 RCs 41

1.2 General Form of Transfer Function

CK(s=z)s-2,).(5-2,) [1(s-3)

_ g k=t

BN T TN I N TR

Where, z,, I,..o, are called zeros and p. p,...p, are called poles.

MNumber of poles n will always be grealer than Lthe number of zeros m

Example 3.2:
Obtain the pole-zero map of the following Lransfer funclion.
(s=2Hs+ 24 jiHs+ 2= )

17

0.2}

6.3}

B3.4)

0.5}

0.6}

a7

Gir) = - p
(s=3Hs=dHs=5Hs +1 + j5Hs + 1= §5)
Solution:
The following equalion in Laplacetransform is expandedwith is pantial fractions as follows.
Zers Poles
=2 =3
=-24 | =4

i

=
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=13
=145

& 4

I

o

[ s-plane

ot -
!

F 1

'I.!l -
|

ie o Hir - 4

o ,

i -
I

a 4
|

£ !
|

% g @ ' F . ' .

Fg 3.3, ppole-2ero nup

A3, Properties of Tramfer function:
¢ Jevominal condinon
¢ s same as Laplace ransfornm of ils impalie response

o Replacng *s" by 2 in the ransfer funciion, the di fferemial exjual i can be obuned
= o

o Poles and zevos can be obtained from the transfer function
o  Stalnlay can be known
o Can be applicable 1o lingar sysiem only
3.4, Advantages of Trander function:
o Iiis a mahemanical mode] and gam of the sysiem

# Replaging *s" by % in the ransfer function, the & fferennal egualion can be olvia ned

¢  Poles and zemos can be olvainad from 1he transfer function
#  Siahilny can be known
s lmpulse response can be found
3.5, Dadvantages of Transler function;
s Applicable only 1o linear sysiem
e Nl applicable if il ¢onditon canm be neplecied
s B pives noinformanon aboul the actual sructure of a physical sysiem
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CHAPTER#4

4. Description of physical system
4.1. Components of a mechanical system: Mechanical systems are of 1wo lypes, ie (i)

translational mechanical system and (i} mutional mechanical system.
4.1.1. Transhktional mechanical systeni

There are three basic elemenis in a ranslutional mechanical system, ie. (a) mass, (b)
spring and (<) damper.
(a} Afuss: A muasy is denoted by M. If a force fis applied on it and it displays

1
disiance y, then fm M% as shown in Fig.4.1.
'

X
M T
ClL IS

Fig.4|. Force appliad an & s il displacenmen inone direction

I u force fis applied on a masshM o it displays distance x,ln the direction of £ and

3 1
distance xy in the opposite direction, then f =M [%-dd{ ] s shown in Fe 4.2,
x
LR -x
M —
LS SIS

FigA.L Fonoe applied on s s with divploce ment meo direc om

{b) Spring: A spring is denoted by K. If a force £ is applied on it and it displays
dslance 5, then f = Kr & shown in Figd 3.

FigL3. Feorce applicd on a spring with & splacmsent i one direction

I a force fis applied on a springK and it displays distance xrin the direction of § and
distance xz in the opposite direction, then f =& (¥, —x;) as shown in Fig4.4,



o~ K =X
=YY o

Fig.44. Force applied on a spring with displsoensen in 1w din [ons

{c) Damper: A damper is denoted by D, IT a force f is applied on it and it displays

distarce x, then f =D-j;: s shown in Fig.4.5.

X

Fig.435. Force appliad en o domper with displceme m i one deection

If a force fis applied on a damperD and it displays distance xsin the direction of f and
distance x> in the opposite direction, ten fm J'J[%L- -‘%] = shown in Fip 4.6.
!

Nz X

=t

n

Hz 4.6 Fore sppliod on s dumper with displacement in twe disstions

4.12  Rolational mechanical system

There are three basic elements in a R otational mechanical systeny ie (2} inenia, (b)
spring and (¢} damper,
{u} Inertia: A body with aninertiais denoted by J, I a torqueT is applied on il and [t
displays distncef?. then T m J %}E -1 a wrqueT iy applied on o body with inerila
r
Fand it displays distance €3 in the direction of T and distance €); in the opposilte
4*0 48,
direction, then T'=J| —t-—3|.
1] ot
(b} Spring: A spring is denoted by K. If a torqueT & applied on it and it displays
distance(?, then T=KX0.If a torqueT is applied on a body with inertia J and it
displays distance ¢ in the direction of T and disunce £; in the Opposile
difection. then T= K ({0, - 8,].

{c} Damper: A damper is dencted by D. I a 1orqueT” is applied on it and it displays
distancef?, 1hen T-n%_ If 2 forqueT is applied on a body with inertia J and it
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displays distance 6; in the direction of T and distance &z in the opposile

direction. then T m n(‘m -ii-"ll] )
o er
4.2 Components of an electrical system: There are three basic elemenis in an electrical svstem,
Le {u) resistor (R}, () inductorfL) and ic) capacitor (C) Electrical systems are of iwo 1ypes,
i.e. (i} voltage source electrical system and (i} current source electrical sysiem.
4.21. Voltage source electrical system: If i is the current through a resistion{Fig.4.7) and v
& the visltape drop in i, then v=Ki.

IF1 is the current through an inductor (Fig4,7) and v is the voltage developed in i1,

dr
then v=L—,
&

IF £ is the current through a capaciiorFig4.7) and v is the voltage developed in it
then ¥ =lj-|':d'r .
C

R L . C
—d AAA . L e .
LY i — ) — — Y —

Fig4.7. Curremt and voliage shawn in resivtar. inducior aixl ¢apac itor

4.2.2. Current source elecirical system:

: Q : iz . ¥
Ifi & the current through a resistor and v is the voltage drop in it, then =

IFi is the curemt through an inductor and v is the voluge developed in it, then
[
f—IIrcir_

IFi is the curremt through a capacitor and v is the voltage developed in it, then
J-t‘ﬁ.
i

423. Work oul problems:
€.4.1. Find system trans fer function betweenvollipe drop across the capacilanceand
input vollage in the followingRC circuil 3 shown in Fig. 4.8,

I LAY —

— R T
@'f" ¢ = |




Solution

Vollage wross resistance, e (1) =i(NR

1
Voliage across capacilance, #-(F) = E_l-r'[nzﬂ'
Total voliage drop, &, =&, +e. =ill}R +%_l-i[i'}cﬂ'

Laplace ransform of above equation, E(5)= .![.i')( R-I-Cl—]
'y

System transfer function betweenvollace drop across the capacitanceand inpat
Eiy 1 1
) Eis) RCOs+1 15+l

voliaee

where, AC =r1is the ine-constant

.42, Find sysiem ransfer funciion beiwesnfunclion betwesn the induciance
currenito the source currentin Lhe followin sRL circuit a5 shown in Fig 4%

A { i

‘n

t® e gr ‘

0]

Voliage across the Resistance, eff) =i R=i =

Voliage across the Inductance, &)= Lﬂ:r i =%Ie{r}zﬂ'
|

o,
Total current. i =i, +i, =%+i.[.-|- et dt

Laplace iransfiorm of the cureni source,

1 1 E
I (sy=E(s)] —+— |and ] (5} =—
L5} H'(R L:) el Te

Transfer funcion betwes the ind sciance currenl o Lhe source currenl,
I (5) 1 1

T =
I (5) Lol rr+l
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L. .
where r=E|5ﬂmtmﬁemmmﬂl

Q43 Fiml system transfer function betweenfunction between the capacitance
voltipeto the seurce vollage in the followingRLC circuit as shown in Fig<. 10,

RESISTANCE [MOLUCTANC E CAPACITAMCE
] L 1L E
A — T L
L | |
W) I 'nm | w 2dn) -
e
Fig4.10,

Voltage across the Resistance, e, () =iR

Voltage across the Inductance, ¢ (f)= L%

1
Vollage across thecapacitance, erh‘}=E IH:
Total vollage, et} = gL +ljhf.r
d&r O

Lap lace ransform of the voltage source, E{s) =1 U}(R +Ls +CL]
5

Transfer function between capacitance voltaze and source voltage

E (s) 1 o

= b o L 2
] (8 +20m s+ )

E(s) Cs[ﬂ L
Cs

R

where = ] and £ =
Jic 1J§
Nc

Q4.4 Find the transfer function of the following Spring-massdamperns shown

in Fig4.11.

k M'm ;
TSI
), M m, kg IPRING E
FORCET MASS ! . -
e
[
“Mm [

Viscous damper

smm.m

DISPLACEMENT
Fig4.11,
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Solution
X 1 [
F(s) ms +es+k n:(sl-i-l:&ilsi-ﬂi:}

4.3, Analogons system: Fig 4.12 shows a lranslatonal mechanical syslem, a rolalicnal conlrol
svstem and a vollage-source elecirical sysiem

—AAN e
[ 3] L
Vi —h:;*-.__ c==
-'ll—"'"'"'..*
fa)
[ J
T..f <
e /fm
D

ihy

#I‘

D K
]

- T
I x
f

ic)

Fz. 411 {a) 3 volixgesowre ¢ loc inical sysiem (b) a ranslaion] mechanical sysiem and §o) aroision] comrol
sysiem

From Figd. 12 (a). (b} and (c}. we have

d!'q g 1
L e +RI+E|;=\ [l']'
a8 di}

J—+D—+K0=T Equation Chapter § Section ((4.1)
dr di
d* d

M =+DZ+kx=f
o di

Where,



25

g=idr .2)

The solutions for all the above three equations given by eq (4.2} are same. Therefore, the
above shown three figures are analogous 10 cach other. There are two important 1ypes of
analopous systems, Le force-volage (f-v) anslogy and force—current analogy. From eq (4.2},

F-v analogy can be drawn as follows.

Transktional Rotational Electrical
Foree (1 Torque (T} Volmese (vl
Mass (M) Liertia (J) Indductance (L)
Camper (D) Cumiper (D} Resistance (R}
Spring {K) Sprine (K) Elastance (147}
Cisplacement (x) Displacement (£} Charge {4)
Velocity (u) = ¥ Velovity {u) = 8 Current {i} = ¢

Similwly, f-i analogy that can be obtainedfrom eq (4.1). can be drawn as follows.

Translational Holalional Elecirical
Forge (6) Torgue (T} Current (i)
hbwss (M) Inertiadl) Capaciance {C})
Damprer (13} Damper (D) Conductance L1/R )}
Spring (K} Spring (K} Reviprocal of Inductance (1/L})
Displacement {x) Daisplacement ({2} Flux linkage {w}

Velocily (ub= &

Velodily (u) =

Volmge (v)=

4.4. Mathematical model of armature controlled DC motor: The armature control type speed
contred system of a DC motor is shown in Fig.4.6. The following components are used in this
slen

R, =resistlan ce of armutures

L,=inductance of armuture winding

i, =armalure current

[=field corren

E,=applied anmature voliage

Ev=hack emf

Tustorgue developed by molor

O=angular displacemenl of metor shafi

Eequivalent moment of inertia and load referred 10 motor shafi

f=equivalent viscous Iriction coefficient of motor and load referred 10 motor shafl
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If
{constant)

Figd.6. Schematic disgram of amature coatsed 1vpe speed control system of 8 I mator

The air-gap flux ¢ is propartional of the field current i.e.

The torque Ta developed by the motor is proporiional to the product of armalure eurrent and
dir gop flux ie.

T=hK, 1, {4.4)

In armaturecontrolled D.C. motor the field current is kept constantso that eqid4) can he
wriltten as follows,

Tk, “*.5

The motor hack emf being proportional 1o spreed is given as follows,
it
Eu=k,| =— 4.6
vt (22 4.6)

The differential equation of the armature circuil is

11_(%} R +E, =E, @.7)
The lorque equation 15
d'g 48
(28

Taking the Laplace ransforms of equations {(4.6), {4.7) and (4.8), assuming era initial
conditons, we pel

Euls)mskyf(x) +.9
{_‘i..-I-R.].'.I_‘I'IIE.-[rl—E.[I' {4-1[”

(11 s ) =T () = K, 1, (4.11)




4.5. Malhematical model of Mekd controlled DC maolor:

7

From eq(4.9) 10 (4.11) the transfer function of 1he sysiem is obtained as,

i) _ K,

Gis}= E.{:]_.;[{R_ +ﬂ-.|'|-if+f|+-‘t':ﬂ:a:| {4.12)
Eqf4. 12} can be rewritten us
xi'
e

(Retst {4 )

The block diagram that is constructed from eg 4. 13) is shown in Fig 4.7,

1 1 =)
4+ K Ke | S

e 21)

= =

Ko

Fig4.7. Block dusram of armmune comrol (ype spead cont ol sysdom of a OC motor

The armature circuil inductance L, is usually negligible. Therefore, eq(4.13) an be
simplifiedas Tollows.

LI LR P —"‘r"""'] 4.14
En) [R.] ”{‘“ &, .

Ly
The term [_.f+ :"]m-dicalu that the back emf of the motor eMectively increases the

viscous friction of Lhe system. Let,

f'= ;+"_r;}. {4.15)
Where 7 be the effective viscous friction coefficient. The transfer function gven by eqi4.15)
may be written in the following form.

1) K
m_.'r{.lnl] (4.16)

Eere Kﬁf-f; = motor gain constant, and r = J’i = molor lime conslant, Therefore, the motor

torgue and back emf conswnt K. K, are interrelaed.

The lield control type speed control
system of a DT motor s shown in Fig 4.8, The following cotnponents are used in this System,

R=Ficld winding resistance



L=induciance of field winding

1=field current

e=field control voliage

Teorque developed by moor

B=angular displacenent of nsdor shafi

Fequivalent moment of inenia and load referred to motor shafi

[=equi valent viscous fricion cosfficient of molor and load referred bo moior shafi

2
L
bk T L

Rz 4.8 Bk diseram of Geld comro] ivpe spoed oonimd sysiom of 3 DT meser

In field control molor the armature current is fed from a constant current source The air-gap
flux @ is proponional of Lhe field current Le.

¢=kK,I, .17

The torque Tm developed by the motor is proponional o the product of amelwre current and
air gap flux e

T=hE 0 L =K, (4.18)

The equation for the Oeld circuil is

dI
L,—me I, =E (4.19)
dr
The orgque equation is
b
Ji—?q-jjr—ﬂ-]"_-h’,lf (4.20)

Taking the Laplace ransforms of equations (1.1%) and (.20} assuming 2ero iniial condilions,
we 2ei the following equations



(Lx+ R ), ()= E;(s) +:21)

(457 + f5)0(s)=T, (s} =K 1, (s} {423)
From eq {421} and {4.22) 1he iransfer function of ihe system is obtalned as

. t(z) _ K,
6(s) Ef[s']l-.s{}i‘lr +.1.'.,][Js +f) S

The wansfer function given by eq(4.23) may be writien in The following form

0(x) L K, = Kg
E_(s) ,{L,_Hf.,'f}{_hqr_” s{sr+1)(sr'+1)

{4.24)

L
Here K =R—'= motor galil constant, and r = —— =1{lme constant of field circuit and r' m L
f- !
= mechanicul time constant For small size motors feld contrel is advanageous The block
diagram 11t is constructed from eq (4.24) is shown in Fig4.9.

1 LY

]

Eifg) s L+ R N EIEYA

ol 5 [ 5]

Fiz4.9. Bhick duagran of fizld comrol rype spoed ctaviaol system of a TC motor



CHAFPTER#S5
5. Block Diagram Algehra
5.1. Basic Definition in Block Diagram mwodel:

Bheck ciagrum: It is the pictorial represemtation of the couse-andresponse relationship
Bt weer Laput il output of a physical system,

Input =——=  Biock = Qutput Rig | G5 p—= O3

{al (1)
Fig.5 1. {a) A bock diagram mepeesescaion of a systen and (b) A Hock diagram represmation with gain of 4
518 m

Cutput: The valwe of inpat multiplied by the gain of the system

Cls) =G s)R{5) 5.1)
Summing peint: It is the companent of o hlock diagram mwodel a1 which two or more signals
can be abdsd or subliscted. In Fig 15, inputs Ris} and B{3) have been piven 1o a summing
point and 115 output gignal s E(s). Here,

E{s)=R([5)- B{s] 5.2

Forward path se—

TBlllce-nﬂpnin‘t
Gs) Gds) ~—  (3)

His)

-

“p— Fgedback path

Fig 32 A hiock disgram representation ol 4 syste nshowing its difTorent companents

Take-off point: I iy the component of a black diagram model at which a signal can be tiken
direcily anud supplied to ¢ne or more points as shown in Fig 5,2

Forward path: It is the direction of signal low from input towards outpat
Feedhack path; [t is the direction of signal flow from outpul wwards input.

5.2, Developing Block Diagram model from mathematical model:
Let's discuss this concept wih the followlng example.

Example: A system i described by following mathematical equations, Find its aorresponding
block diagrom model.

A =3g+ 1, +5x; (5.3)

By =y Ao+ 3y 5.4



H )
I. L "l 'I'J.’= +I|

N

(5.5}

Example: Eg (5.3} (54) and (5.5) are combiningly resulis in the following Mock diagram

madel.

xA{s) 5
X 1(s) . 3 145 xi(5)
xAS) 2
!z{'_S.J_ xa(3)
xys)
xx(s) i) s xa(s)
%, (5]

Fg.5.3. A Hak duagram eprewaaton of the above ¢rample
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53, Rules for redoction of Blok Diagram model:
;‘:; E" Cenfiguration Fyuivalent Name
1 | Rl Risk—] Gifs) Gis) —Cls) R{s)e—s] G{5)5{5) |—=C{5) Cascade
GAls)
2| Rude 2 R{s)— }—Qﬂ' Risp— GalshGofs) [—C8) Parallel
Gols)
+ By o= [HET ]
1 | Ruea ’ Rsp— (YA —C{5) | Loop
: S
R(s) c(s) R(s) Cis)
4 Fade 4 Assogialive
Law
Ris) Gis) —=Cs) | R{sy—] Gis) Cis) Move 1ake-
5 Fude § of f pant
I[s]-— K{s} 1&5} afler a blck
R{s)—s G[s) s) REs Gls) |—C1s) Muove take-
" Rde & off poin
before a
X(5)+—o Nsp— G5 block
R(5)— G5} <)
Ris) Gis) |—=Cis) Move
ST N
7 Ruke 7 Gis) [l IHH!:II
X(s) | afier a block
Xis)
mn—-@—- als) [—=cts) s
HS}'_— G‘S} qs} g"]u:ru'ng.
B Faule & 10as) [anl pednt
befior
Xis) i h;.;;k: a

Xiz)




i3

R(E} C{E} R‘S} _hqs} Maove fnke—
e o iy
HS} 3(1{5} S I T T

prowit

10

HS'} C{S} R{E] CIE] Move take-

of T paint
before o
Xi(s)

Sl mming-

xz{ﬁj x‘l{5]' e

FigA.4. Rules for reduction of Block Duagram node)

54, Procedure for reduction of Block [Hugram medel:

Step 1: Reduce the cascade blocks,
Step I: Reduce the parallel blocks,
Step 3: Reduce the internal feedback loops,
Step 4: Shifi wke-off points towards right and summing points towards lefi.
Step 5: Repeat step L to step 4 umti] the simple form is obtained,
o)

Step 6: Find transfer funciion of whole system as m
I

5.5. Procedure for finding output of Block Diagram model with multiple inputs;

Step 1: Consider one inpul wking rest of the inputs zero, find outpui using the procedure
described in section 4.3,

Step 2: Follow step | for each inputs of the given Block Diagram mwwlel and find their
corres ponding capuls,

Step 3: Fined the resultant output by adding all individual outputs,




CHAPTER#6

6. Sigmal Flow Graphs (SFGs)
It is a pictorial representation of a sysiem that graphically displays the signal transmission in it.

6.1 Bashe Definitions in SF(s:
Inpul or source node: [11s a node that has only outgoing branches i.e. node r’ in Fig.6.1.
Output or sink node:z It is a node that has only incoming branches i.e. node °¢’ in Figs.l
(hain node: It is a node that has both incoming aml outgoing branches ie nodes %y’
ot s Tamd Cxs” in Fig bl
Gain or transmittance: It is the relaionship between variables denoted by two nodes or
value of & branch. In Fig 6.1, transmitiances are "Iy, ", e and e
Forward path: I is a path from input node 1o ouiput node withou! repealing any of the nodes
in hetween them. In Fig.6.1, there are two forward paths. Le. patlis 11X = Aa-Xy-Ra-Xy-Xg-¢” and
path-2 ;" r-Xg-Xy-Xg- Ay N
Feedback path: It iy a path from output node ar a node near outpul node 10 a node near it
node without repeating any of the nodes in between them (Fig.6.1).
Loop: It is a closed path 11t stwts from one pode and reaches the same node afier trading
through ather nodes. In Figé.l, there are four loops, i.e. loop-1"xg-Xe-%a-Xa', loop-2" Ky-%s
Xy lmp-_?:':t.-:,-x,—m-x,-x..-x.‘ aml loop-4: T TUCTRC g O PP P
Self Loop: It is a loop that starts from one node and reaches Uhe sane node wilhout trading
through ether nodes i.e. Lowrpy i pend e *xy" with trans mittance "ty i Fig.6: 1.
Patli gain: It is the product of gaing or {rans mittances of all branches of a forward path. [n
Fig.6. L the path gains ar¢ Py =1 sty lyty (For path-1) and Pa = 1L, (for path-2).
Loop gain: It is the procduct of paing or transpuilances of 2]l branches of a loop In Fig.6.l.
there are four boops, i.e, Ly = -l L= -tshy. L = =llallilsla. and Ly = -0 Asly.
Dummy nodes 1f tie first pode ls not an input node and/or the lst nisle i not an oulput node
gan a ne is connected hefore the existing first node and a node is connected aﬂ.cr the
existing last node with unity yansmillances, These noues are called dummy nodes, In Fig.6.1.
' and ‘¢’ are the dummy nodes.
Non-touching Loops: Two or more loops are non-touching loops if 1hey don'l have any
common nodes between them, In Fg6.l, Liand Lz are non-tou ching loops

Examjle:

Fig.6. 1. Example ol a SFG maode]



6.2. Properties SF(s:
Applied 1o linear sysiem
Arrow indicaes signal fow

5FG of a sysiem is nod unigue

¥ & & & & @

6.3, SF(G from block diagram moded:

Nodes represent variables, summing points and take—off poinis
Adgebraic sum of all incoming signals and oulgoing nodes is zemo

Let’s find the SFG of following block diagram model shown in Fig. 6.2,

a5

Overall gain of an SFG can be determined by using Mason™s gain formaula

-+
Eds) y_:.,lr o By o ul”. El{ri jl——hﬁ
- - - i3
Eu(s)
Ky

RgA) Amulare Iype spead conimd of 8 DC metesr

Step-1: All variables and signals are replaced by nodes.

Step-2: Connect all nodes according o their signal flow.

Step-J: Each ofgains is replaced by transmittances of the branches connected between 1wo nodes

of the forward paths.

Step-4: Each ofgains is replaced by iransminances maltiplied with (-1} of the branches connected

between 1wo nodes of Lhe forward paths,

= @ L
ALK | d IR i I

e 2
T

e

{a)




0 =h

2 sL4R 3 f! o+ f § s

i

Fig.A3. Armaluse ype sprod control of 3 DC mor

6.4. Mason's gain formula:
Transfer function of 4 system=

| e
S{IF%H-HT (6.1)

Where,
M= ioial number of forward paths
Pi= path gain of L™ rward path

A=1 - {Tloop gains of all individual loops} + (T zain product of loop pains of all possible
twe non4ouching loops) - (Ygain product of loop gains of all possible three non-touching

loops) + ...
A= value of A after eliminating all loops thal louches k* forwurd path

Example:
Find the overall ransfer function of the system given in Fig.f.l using Mason’s gain

forila

Sohition:
In Fig 6.1,

No. of forward paths: N =2

Path gain of forward paths: K =qture and Fy =ightt,

Loop gain of individual loops: Ly = =ity Ly ==hty, Ly =—hfhigtdy and L = =000
Mo, of wo nou-touching loops =2 Le. L, and L»

Mo, of more than two non-touching loops =0



Asl-{Ltb+ L+ L)+ (Lh)-0=1-L-L-L—L+LL,
A =1-0=land A, =1-0=1

_I:—"i + F34,
A

Gis)

(rrarsr ey (1) # (550,55 ) (1)
V4 0ffg Higly +0d 04 foly HiGh0 0 + Il 0y

=:-G[:}=

= G(s}= Gy fly il +ighl 0
V4 tatyly ity #0008 foly FlI0 G + LI LT,

a7



