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CONTROLSYSTEMS
OBJECTIVES:

e To understand the use of transfer function models for analysis physical systems and introduce
the control system components.
¢ To provideadequateknowledgeinthe timeresponseofsystemsandsteadystateerroranalysis.
¢ To accord basic knowledge in obtaining the open loop and closed—loop frequency responses of
systems.
e Tointroducestabilityanalysisanddesignof compensators
e Tointroducestatevariablerepresentationofphysicalsystemsandstudytheeffectofstate feedback
UNITISYSTEMSANDTHEIR REPRESENTATION 9
Basic elements in control systems — Open and closed loop systems — Electrical analogy of
mechanical and thermal systems — Transfer function — Synchros — AC and DC servomotors — Block
diagram reduction techniques — Signal flow graphs.
UNITIITIMERESPONSE 9
Time response — Time domain specifications — Types of test input — | and Il order system
response — Error coefficients — Generalized error series — Steady state error — Root locus construction-
Effects of P, Pl, PID modes of feedback control —Time response analysis.
UNITIIIFREQUENCY RESPONSE 9
Frequencyresponse —Bode plot—Polarplot—Determinationofclosed loop responsefromopen loop
response - Correlation between frequency domain and time domain specifications- Effect of Lag, lead
and lag-lead compensation on frequency response- Analysis.
UNITIVSTABILITYANDCOMPENSATORDESIGN 9
Characteristics equation — Routh Hurwitz criterion — Nyquist stability criterion- Performance
criteria — Lag, lead and lag-lead networks — Lag/Lead compensator design using bode plots.
UNITVSTATEVARIABLEANALYSIS 9
Concept of state variables — State models for linear and time invariant Systems — Solution of
state and output equation in controllable canonical form — Concepts of controllability and observability
— Effectofstate feedback.
TOTAL(L:45+T:15):60PERIODS
OUTCOMES:
¢ Abilitytounderstandandapplybasicscience,circuittheory,theorycontroltheory e
Signal processing and apply them to electrical engineering problem:s.
TEXTBOOKS:
1. M.Gopal,ControlSystems,PrinciplesandDesign’,4thEdition, Tata McGrawHill, NewDelhi, 2012
2. S.K.Bhattacharya,ControlSystemEngineering,3rdEdition,Pearson,2013.
3. Dhanesh.N.Manik,ControlSystem,Cengagelearning,2012.
REFERENCES:
1. Arthur,G.0.Mutambara,DesignandAnalysisofControl;Systems,CRCPress,2009.
2. RichardC.DorfandRobertH.Bishop,“ModernControlSystems”,PearsonPrenticeHall,2012.
3. BenjaminC.Kuo,AutomaticControlsystems,7thEdition,PHI,2010.
4. K.Ogata,‘ModernControlEngineering’,5thedition,PHI,2012.
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CHAPTERI1
SYSTEMSANDTHEIRREPRESENTATION
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Basicelementsofcontrolsystem
In recent years, control systems have gained an increasingly importance in the

development and advancement of the modern civilization and technology. Figure showsthe basic
components of a control system. Disregard the complexity of the system; it consists of an input
(objective), the control system and its output (result). Practically our day-to-day activities are
affected by some type of control systems. There are two main branches of controlsystems:

1) Open-loopsystems and

2) Closed-loopsystems.

Control
Input/Objective > >

Elament Cutput Fesult

BasicComponentsofControlSystem

Open-loopsystems:

The open-loop system is also called the non-feedback system. This is the simpler of the
two systems. A simple example is illustrated by the speed control of an automobile as shown in
Figure 1-2. In this open-loop system, there is no way to ensure the actual speed is close to the
desired speed automatically. The actual speed might be way off the desired speed because of the
wind speed and/or road conditions, such as uphill or downhill etc.

Desired Actual

—» Controller———» Engine —»

speed speed

BasicOpenLoopSystem

Closed-loopsystems:

The closed-loop system is also called the feedback system. A simple closed-system is
shown in Figure 1-3. It has a mechanism to ensure the actual speed is close to the desired speed
automatically.

_ + Actual
Desired p Controller —— Engine L speed

speed

speed
sensor

‘—

Fig 1-3. Basic closed-loop system.

MechanicalTranslationalsystems
The model of mechanical translational systems can obtain by using three basic elements
mass, spring and dashpot. When a force is applied to a translational mechanical system, it is
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opposed by opposing forces due to mass, friction and elasticity of the system. The force actingon
a mechanical body is governed by Newton_s second law of motion. For translational systems it
states that the sum of forces acting on a body is zero.

Forcebalanceequationsofidealizedelements:

Consider an ideal mass element shown in fig. which has negligible friction and elasticity.
Let a force be applied on it. The mass will offer an opposing force which is proportional to
acceleration of a body.

f()
Mass
Letf=appliedforce

fm=opposingforceduetomass
Here fm a M d* x / dt?

ByNewton_ssecondlaw, f=f m=Md?*x/dt*
Consider an ideal frictional element dash-pot shown in fig. which has negligible mass and

elasticity.Letaforcebeappliedonit. Thedashpotwillbeofferanopposingforcewhichis proportional to
velocity of the body.

iy

iJI-',.IH':\-
E
Letf=appliedforce
fb=opposingforceduetofriction :1. Veuin
Here’ fb o B dX / dt Frictiom

ByNewton_ssecond law,f=f,=M dx/ dt
Consideranidealelasticelementspringisshown infig. Thishas negligiblemassand friction.

e

ll’,lﬂ
Ilﬁill
Letf=appliedforce
fk =opposing forcedueto elasticity
Page60f116
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Here,tkox
ByNewton_ssecondlaw,f=tk= x

MechanicalRotational Systems:

The model of rotational mechanical systems can be obtained by using three elements,
moment of inertia [J] of mass, dash pot with rotational frictional coefficient [B] and torsional
spring with stiffness[k].

When a torque is applied to a rotational mechanical system, it is opposed by opposing
torques due to moment of inertia, friction and elasticity of the system. The torque acting on
rotational mechanical bodies is governed by Newton_s second law of motion for rotational
systems.

Torquebalanceequationsofidealizedelements
Consideranideal masselement shownin fig.which hasnegligiblefrictionand elasticity.
Theopposing torqueduetomoment ofinertiaisproportional tothe angularacceleration.

.:}%: 7

e T

LetT=appliedtorque
Tj=opposingtorqueduetomomentofinertiaofthebody Here
Tj=aJd*6/dt

By Newton_s law

T=Tj=Jd*0/dt’

Consider an ideal frictional element dash pot shown in fig. which has negligible moment of
inertia and elasticity. Let a torque be applied on it. The dash pot will offer an opposing torque is
proportional to angular velocity of the body.

-

61-1 Bz

LetT=appliedtorque
Tb=opposingtorqueduetofriction
Here Tb=a B d/ dt (8- 6>)
ByNewton_slaw

T=Tb =B d / dt (0:-6>)

.Consideranidealelasticelement,torsionalspringasshowninfig.whichhasnegligible moment
of inertia and friction. Let a torque be applied on it. The torsional spring will offer an opposing
torque which is proportional to angular displacement of the body

LetT=appliedtorque
Page70f116
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Tk=opposingtorqueduetofriction
Here Tk a K (91- 92)

By Newton_s law
T=Tk=K(0:-0>)

Modelingofelectrical system
. Electricalcircuitsinvolvingresistors,capacitorsandinductorsareconsidered. The behaviour
of such systems is governed by Ohm_s law and Kirchhoff_slaws

. Resistor:Consideraresistanceof_R_Qcarryingcurrent_i_ AmpsasshowninFig(a), then the
voltage drop across itis v=R 1

:

F
-
L

. Inductor:Consideraninductor—L_Hcarryingcurrent_i_ AmpsasshowninFig(a), then the
voltage drop across it can be written as v = L di/dt

— T
o+ vV L

—

. Capacitor:Consideracapacitor_C_Fcarryingcurrent_i_ AmpsasshowninFig(a), then the
voltage drop across it can be written as v = (1/C)[ i dt
& Il €
= 11
“ v *

el §

Stepsformodelingofelectricalsystem

. ApplyKirchhoff_svoltagelaworKirchhoff_scurrentlawtoformthedifferential equations
describing electrical circuits comprising of resistors, capacitors, and inductors.

. FormTransferFunctionsfromthedescribingdifferentialequations. Then

. simulate the model.

Ay
vt vale)

Rui(t)+Rai(t)+1/Cli(t)dt=V i(t) Rai(t) +
1/ C Ji(t) dt = Va(t)

Example

Page80f116
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Electricalsystems

LRCcircuit. ApplyingKirchhoff_svoltagelawtothesystemshown.Weobtainthe following
equation;
Resistancecircuit

L(di/dt) +Ri + 1/ C fi(t)dt =ei....o "
1/ C Ji(t)At =0, ®

Equation(1)&(2)giveamathematicalmodelofthecircuit. TakingtheL.T.ofequations (1)&(2),
assuming zero initial conditions, we obtain

LsI(s)+ RI(s) + L I(s) = E,(s)
Cs

11

——Iz)=E

c3 (s)=E_(s)

Eu('-r") _ 1

E.(s) ICs? + RCs +1

the transfer function

Armature-Controlleddc motors

The dc motors have separately excited fields. They are either armature-controlled with
fixed field or field-controlled with fixed armature current. For example, dc motors used in
instruments employ a fixed permanent-magnet field, and the controlled signal is applied to the
armature terminals.

Considerthearmature-controlled dcmotorshown inthefollowing figure.

Ra = armature-winding resistance, ohms

La=armature-windinginductance,henrys ia

= armature-winding current, amperes

if=fieldcurrent, a-pares

ea=appliedarmaturevoltage,volt eb

= back emf, volts

6=angulardisplacementofthemotorshaft,radians T =

torque delivered by the motor, Newton*meter

J=equivalent momentofinertiaof themotorand loadreferred tothemotor shaft kg.m2

Page90f116
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f=equivalentviscous-frictioncoefficientofthemotorandloadreferredtothemotorshaft. Newton*m/rad/s
T=kliaywhereyistheairgap flux,y=kfif, klisconstant For the
constant flux
_, 49
® dt
WhereKbis abackemfconstant------------------- (D)
Thedifferentialequationforthearmaturecircuit

e il )
I —24+Ri +e =€ ... 2
5 TRt 2

Thearmaturecurrentproducesthetorquewhich isappliedtotheinertiaandfriction; hence

Jd*9 dd .
—+f—=T=Ki_ . 3
dr* s dt “ @)
Assumingthatall initialconditions areconditionarezero/andtaking theL.T. ofequations (1),
(2)&(3),weobtain

K;s6 (s) =Eu(s)
(LastRa)la(s)+Ep(s)=Ea(s)(Js2+fs) 0 (s)
=T(s) = K Li(s)
TheT.F can beobtainedis
a(s) K

E,(s) S(LJs’ +(L,f +RJ)s+R,f +KK,)

Analogous Systems
Letusconsideramechanical(bothtranslationalandrotational)andelectricalsystemasshownin the fig.

{a) Translational {b) Rotational (c) Electrical system

Fromthefig(a)
Weget M d*x / dt*+D d x / dt + Kx =f

Fromthefig(b)
WegetMd?0/dt*+Dd0/dt+K0=T From the

fig (c)

Weget L d°q/ dt*+R dq / dt +(1/C) q =V(t)

Pagel0ofll6
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Whereq=]i dt

CONTROLSYSTEMS

Theyaretwomethodstogetanalogoussystem. Theseare(i)force-voltage(f-v)analogy and (ii)

force-current (f-c) analogy

Electrical
Force (A Voitage (v} Torque (T}
Mass (M) Inductance (L) Ineria {J)
Damper (O Resistance ( A) Damper (0
Spring (K) Elastance [%] Spring (K)
Displacement (x) Charge (g Displacamant (6)
Velocity () Current () Velocity {w)

Force—VoltageAnalogy
Force—CurrentAnalog

 Transiational

P S e
R g e ]
Force (A Currant ()
Mass (M) Capacitance (C) uln;rtia. ()
Spring (K) Reciprocal of Inductance | %j Damper (D)
Damper (D) Conductance [ %i Spring (K)
Displacemant (x) Flux Linkage: (v} Displacement (8)

oix dy =J9
Velocity [u.:?) Voltage (v) = ¥ Valocity [m— m]
Problem

1. Findthesystemequationforsystemshowninthefig. Andalsodeterminef-vandf-i

analogies

Pagellofile
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ForfreebodydiagramM1

f=M ‘:‘:’ +D, -':%- + K x, +Du% (x—x)+K,(x—-x)} (1
ForfreebodydiagramM?2

K, (x-x)+D, % {x—=x,)= Mz%:i + D, % + K,yx, o

Force—voltageanalogy From

- 1
S=2vM=L D=R K= E,x—iq

eq (1) we get

v=L, %L +R, % + Cqul + Ru%(‘i’u =) +C_:2|..'?l - ;)

v=L, i—? +Ri, + Cilji,dnn,:ﬁ, -iy) +CL12[{:1 —~ iy )t 3
Fr_omeq(2)weget

.él‘.q. 4.} + Ru%w. —q) = Lz%*'ﬂz%*‘é?z

L e, . oli . 1 ¢,
C_u‘[[l' =i )dr + R, (i, ~i;) = .[:?‘: + Ryi, + EI:,:II "
Fromeq(3)and(4)we candraw f-v analogy
L & i T

— VTR ——] -

o “

Force—currentanalogy

. | 1
=i MoaC Do — K= =, x—
foi = A

Pagel20f116
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Fromeq(1)weget
e e Vdw 11 d
SO TR w TRV TR a T
= Eldi+i]1+ jlld[-f-EL—__‘—r:- +-_'_'_|.{1| 'K'q]df
dt f -Rﬂ . (5)
Fromeq(2)weget ........
dy, 1 dy, 1
T —_—— =0, —+i 4 — —Td .
iuwl W)+ r» d["" ¥a)=C—2 PR
1
“_.J'{v v}dHR (v, =¥,)= C‘F.'-FEL.'“[: vyt
............ (6)

Fromeq(5)and(6)we candraw force—currentanalo%z

Thesystemcanberepresentedintwoforms:

e Block diagram representation

e Signalflow graph
TransferFunction
. A simpler system or element maybe governed by first order or second order differential
equation. When several elements are connected in sequence, say —nl elements, each one with
first order, the total order of the system will be nth order
o In general, a collection of components or system shall be represented by nth order
differential equation.

D00, T, s, 0.t

. In control systems, transfer function characterizes the input output relationship of
components or systems that can be described by Liner Time Invariant Differential Equation

. Intheearlierperiod,theinputoutputrelationshipofadevicewasrepresented

graphically.

. In a system having two or more components in sequence, it is very difficult to find
graphical relation between the input of the first element and the output of the last element. This
problem is solved by transfer function

DefinitionofTransfer Function:

Pagel3ofll6
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Transfer function of a LTIV system is defined as the ratio of the Laplace Transform ofthe
output variable to the Laplace Transform of the input variable assuming all theinitial condition as
Zero.

PropertiesofTransfer Function:

. Thetransferfunctionofasystemisthemathematicalmodelexpressingthedifferential equation
that relates the output to input of the system.

. Thetransferfunctionisthepropertyofasystemindependentofmagnitudeandthenature of the
input.

. Thetransferfunctionincludesthetransferfunctionsoftheindividualelements.Butatthe same
time, it does not provide any information regarding physical structure of the system.

. Thetransfer functions ofmany physically differentsystems shall be identical.

J Ifthetransferfunctionofthesystemisknown,theoutputresponsecanbestudiedfor various types
of inputs to understand the nature of the system.

. Ifthetransferfunctionisunknown,itmaybefoundoutexperimentallybyapplying known

inputs to the device and studying the output of the system.

Howyoucanobtainthetransfer function(T.F.):
Writethedifferentialequationofthesystem.
TaketheL.T.ofthedifferentialequation,assumingall initialconditiontobezero. Take the
ratio of the output to the input. This ratio is the T. F.

MathematicalModelofcontrolsystems
Acontrolsystemisacollectionofphysicalobjectconnectedtogethertoserveanobjective. The mathematical
model of a control system constitutes a set of differential equation.

Synchros
AcommonlyusederrordetectorofmechanicalpositionsofrotatingshaftsinACcontrol systems
is the Synchro.
[tconsistsoftwoelectromechanicaldevices. Synchro
e transmitter
e Synchroreceiverorcontrol transformer.

Theprincipleofoperationofthesetwodevicesissarnebuttheydifferslightlyintheir construction.

e The construction of a Synchro transmitter is similar to a phase alternator.

e Thestatorconsistsofabalancedthreephasewindingandisstarconnected.

e Therotorisofdumbbelltypeconstructionandiswoundwithacoiltoproducea magnetic field.

e  When a no voltage is applied to the winding of the rotor, a magnetic field is produced.

e Thecoilsinthestatorlinkwiththissinusoidaldistributedmagneticfluxandvoltagesare induced
in the three coils due to transformer action.

e Thanthe threevoltages arein timephasewith eachotherandthe rotor voltage.

e Themagnitudesofthevoltagesareproportionaltothecosineoftheanglebetweenthe rotor
position and the respective coil axis.

e Theposition ofthe rotor and thecoils areshown in Fig.

Pagel4o0f116
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ve(t) = v, Sin et
Vo, Ve Sin ,t cos (8 + 120)
v, KV Sinwtcosd

v,,. =KV, Sin m,t cos (8 + 240)

Vs = Vayn = Vipn = V3 KV, Sin (8 + 240) Sin ot

Vos; = Van = Vagn = ¥3 KV, 8in (8+120) Sin ot
Vis, = Vau~ Vsn = ¥3 KV SinBSin
WhenB96 thé axis of the magnetic field coincides with the axisofcoilS2and maximum

voltage is induced in it as seen.

o For this position of the rotor, the voltage c, is zero, this position of the rotor is known as
the 'Electrical Zero' of die transmitter and is taken as reference for specifying the rotor
position.

e In summary, it can be seen that the input to the transmitter is the angular position of the
rotor and the set of three single phase voltages is the output.

o Themagnitudes ofthese voltagesdepend ontheangular position ofthe rotoras given
g

e (t) j

Hence
elt)= K,V Cos ¢ sinwt

Nowconsiderthesethreevoltagestoheappliedtothestatorofasimilardevicecalled control
transformer or synchro receiver.

Pagel50f116
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The construction of a control transformer is similar to that of the transmitter except that
the rotor is made cylindrical in shape whereas the rotor of transmitter is dumbbell in
shape.

Since the rotor is cylindrical, the air gap is uniform and the reluctance of the magnetic
path is constant.

Thismakes theoutput impedanceof rotorto be aconstant.
Usually the rotor winding of control transformer is connected teas amplifier which
requires signal with constant impedance for better performance.

A synchro transmitter is usually required to supply several control transformers and
hence the stator winding of control transformer is wound with higher impedance per
phase.

Since the some currents flow through the stators of the synchro transmitter and receiver,
the same pattern of flux distribution will be produced in the air gap of the control
transformer.

The control transformer flux axis is in the same position as that of the synchro
transmitter.

Thus the voltage induced in the rotor coil of control transformer is proportional to the
cosine of the angle between the two rotors.

ACServoMotors

AnACservomotorisessentiallyatwophaseinductionmotorwithmodified
constructional features to suit servo applications.

Theschematic of atwophaseor servo motor isshown

Control L Reference
winding - winding

Actuation Servo v L;e:
signal amplifier G g B, 1By
— ]

Ithastwowindingsdisplacedby90°onthestatorOnewinding,calledasreference

winding, is supplied with a constant sinusoidal voltage.
Thesecondwinding,calledcontrolwinding,issuppliedwithavariablecontrolvoltage which
is displaced by -- 90° out of phase from the reference voltage.

Themajordifferencesbetween thenormal inductionmotor andan ACservo motor are

Therotorwindingofanacservomotorhashighresistance(R)comparedtoitsinductive
reactance (X) so that its X / R ratio is very low.

Foranormalinductionmotor, X/ R ratioishighsothatthemaximumtorqueis
obtained in normal operating region which is around 5% of slip.
Thetorquespeedcharacteristicsofanormalinductionmotorandan acservomotorare shown
in fig

Pagel60f116
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44— normal induction motor

lorque

Synchronous
speed

Spead
TheTorquespeedcharacteristicofanormalinductionmotorishighlynonlinearand has a
positive slope for some portion of the curve.

This is not desirable for control applications. as the positive slope makes the systems
unstable. The torque speed characteristic of an ac servo motor is fairly linear and has
negative slope throughout.
Therotorconstructionisusuallysquirrelcageordragcuptypeforanacservomotor.
Thediameterissmallcomparedtothelengthoftherotorwhich reducesinertiaofthe moving
parts.

Thusithasgoodacceleratingcharacteristicandgooddynamicresponse.
Thesuppliestothetwowindingsofacservomotorarenotbalancedasin thecaseofa normal
induction motor.
Thecontrolvoltagevariesbothinmagnitudeandphasewithrespecttotheconstant

reference vulture applied to the reference winding.
Thedirectionofrotationofthemotordependsonthephase(£90°)ofthecontrolvoltage with
respect to the reference voltage.
Fordifferentrmsvaluesofcontrolvoltagethetorquespeedcharacteristicsareshownin Fig.
Thetorquevariesapproximatelylinearlywithrespecttospeedandalsocontrolsvoltage. The
torque speed characteristics can be linearised at the operating point and the transfer
function of the motor can be obtained.

Torque T,y ™=

‘{_

%\ N\ Speed §

DCServoMotor

ADCservomotorisusedasanactuatortodriveaload.ItisusuallyaDCmotoroflow power
rating.

DCservomotorshaveahighratioofstartingtorquetoinertiaandthereforetheyhavea faster
dynamic response.
DCmotorsareconstructedusingrareearthpermanentmagnetswhichhavehighresidual flux
density and high coercively.
Asnofieldwindingisused,thefieldcopperlossesamzeroandhence,theoverall

efficiency of the motor is high.

Pagel70f1l6
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Thespeedtorquecharacteristicofthismotorisflatoverawiderange,asthearmature reaction

is negligible.

Moreoverspeedindirectlyproportionaltothearmaturevoltageforagiventorque. Armature of
a DC servo motor is specially designed to have low inertia.
InsomeapplicationDCservomotorsareusedwithmagneticfluxproducedbyfield windings.
ThespeedofPMDCmotorscanbecontrolledbyapplyingvariablearmaturevoltage. These are
called armature voltage controlled DC servo motors.

Wound field DC motors can be controlled by either controlling the armature voltage or
controlling rho field current. Let us now consider modelling of these two types or DC
Servo motors.

(a)ArmaturecontrolledDCservomotor
ThephysicalmodelofanarmaturecontrolledDC servo motorisgivenin

I=Const

Thearmaturewindinghas aresistanceRaandinductanceLa.

Thefieldisproducedeitherbyapermanentmagnetorthefieldwindingisseparately excited
and supplied with constant voltage so that the field current If is a constant.
WhenthearmatureissuppliedwithaDCvoltageofeavolts,thearmaturerotatesand produces
a back e.m.f eb.
Thearmaturecurrentiadependsonthedifferenceofebanden. Thearmaturehasa
permanent of inertia J, frictional coefficient BO
The angular displacement of the motor is 8.
Thetorqueproducedbythemotorisgivenby

T=K;i,

WhereK Tisthemotor torqueconstant.

Thebackemf isproportional tothespeed ofthe motorand hence
™ K‘b a
Thedifferentialequationrepresentingtheelectricalsystemisgivenby Taking

; di
Rala"'[‘ad_; e

Laplace transform of equation from above equation
T(s) = Ky 1,(s)
Eb{s} = I(.,J 5 B(s)
(R, + s L,) 1,(s) + Ey(s) = E,(s)
= Es(5)-K,ys0(s)
R, +sL,
Themathematicalmodelofthemechanicalsystemisgiven by
d*e de

SF S .
dt? e

1(s)

Pagel18ofll6
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TakingLaplace transform

(Js* + B_s) B(s) = T(s)

=il E, (5)=K,50(s)
B8, By (R, +sL,)(Js? +B,s)

Solvingfor(s),weget

Kt E,(s)
s[(R, +sL,){Js+By)+ K K;]
TheblockdiagramrepresentationofthearmaturecontrolledDCservomotorisdevelopedin Steps

B(s) =

E I L(s) T(s)
0 =24 — D g i — K ]—r
Ey(s)
. Ey(s)
(i) Tis) JP:-E:; B(s) (iv) B(s) -

Combiningtheseblockswehave

+ | L T l B(s,
K
’:(% " R,+L,;s L8 Jst + Bys >

E,(s)

Eu{5}|
: K,s
Usuallytheinductanceofthearmaturewindingissmallandhenceneglected
f
iy S e M
> S[JS-I-BO - ----“---T}
RI
_ K:/R,
s(Js+B)
Where
- N KbKT
B =B, R
FieldControlledDcServoMotor
The field servo motor
Pagel90f116
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E—a—ﬁz&—’ﬁ'{fﬁ‘—l I, = Const

4
I, B

o

A
2
— 0008 —

TheelectricalcircuitismlédleTe:ias
E
I{(S) = f{s'} 2
R:+L;s

T(s) = Ky L (s)

(Js* + By) 8(s) = T(s)
A(s) = Kr
E;(s) s(Js+ By ) (Ry +Lys)
KT .I'IRI;B“_

i k)
5| & s+ IJ []—"f s+1J
\Bq R¢

K

STps+1){t5+1)

Where
Motorgainconstant

K= K/R B,
Motor timeconstant

t, = J/B,
Fieldtimeconstant

% =L¢R,

Theblock diagram isas shown as

Eds) 1 I Tis) T | B(s)
e +K e o
R, +Ls Is? + B3

Block diagram
Apictorialrepresentationofthefunctionsperformedbyeachcomponentandoftheflow of

signals.
Basicelementsofablock diagram

e Blocks

e Transferfunctionsofelementsinsidetheblocks

¢  Summing points

e Takeoffpoints

e Arrow

Block diagram
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A control system may consist of a number of components. A block diagram of a systemis
a pictorial representation of the functions performed by each component and of the flow of
signals.

Theelements ofablock diagram areblock, branchpoint andsumming point.

Block
Inablockdiagramall systemvariablesarelinkedtoeachotherthroughfunctional
blocks.Thefunctionalblockorsimplyblockisasymbolforthemathematicaloperationonthe input
signal to the block that produces the output.
Block

Input Quitput
—_— —n-

Summing point

Although blocks are used to identify many types of mathematical operations, operations
of addition and subtraction are represented by a circle, called a summing point. As shown in
Figure a summing point may have one or several inputs. Each input has its own appropriate plus
or minus sign.

Asumming pointhas onlyoneoutputand isequalto thealgebraicsum oftheinputs.

Y Yy
BT e I e T
L L

Atakeoffpointisusedto allowasignaltobeused bymorethanoneblockorsummingpoint. The transfer
function is given inside the block
* Theinput in thiscaseis E(s)
* TheoutputinthiscaseisC(s) o
C(s) = G(s) E(s)

E(s) C(s)
—— G [
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Functionalblock —eachelementofthepractical systemrepresentedbyblock withitsT.F.
Branches—linesshowingtheconnectionbetweentheblocks
Arrow-associatedwitheachbranchto indicatethedirectionofflowof signal
Closedloopsystem

Summingpoint—comparingthedifferentsignals

Takeoffpoint —point from whichsignal is takenforfeed back

AdvantagesofBlockDiagramRepresentation

e Verysimpletoconstructblockdiagramforacomplicatedsystem Function
of individual element can be visualized
Individual & Overall performance can be studied
Overalltransferfunction canbecalculated easily.

Disadvantages of Block Diagram Representation
e Noinformationaboutthephysicalconstruction
e Source of energy is not shown

SimpleorCanonicalformofclosed loop system

R(s) | E(s)

G(s) & — C(s)

F B(s)

“ H(s)

R(s) — Laplace of reference input r(t)
C(s)-Laplaceofcontrolledoutputc(t)
E(s) — Laplace of error signal e(t)

B(s) — Laplace of feed back signal b(t)
G(s) — Forward path transfer function
H(s)-Feedbackpathtransferfunction

Blockdiagramreductiontechnique

Because of their simplicity and versatility, block diagrams are often used by control
engineers to describe all types of systems. A block diagram can be used simply to represent the
composition and interconnection of a system. Also, it can be used, together with transfer
functions, to represent the cause-and-effect relationships throughout the system. Transfer
Function is defined as the relationship between an input signal and an output signal to a device.
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Block diagramrules
Cascadedblocks

+
e
x
Y

Movingasummerbeyond theblock

K—

G

Movingasummeraheadofblock

K—»

G

Movingapick-offaheadofblock

K —

Y +——

—.i(%)—>z

G

Y

> Y

Movingapick-oftbehind ablock

X—

X =—

G

— Y

Eliminatingafeedbackloop

+

X
+

G

CONTROLSYSTEMS
+
— 7 X—=| G Z
+
G Y
H ——Y X—| GH — Y
+
X — G — 2
+
1NG Y

= Y

X +— 1/G f+—

X—|G/(1¥GH)

— Y
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CascadedSubsystems
Xz(.&‘} = Xl(.i‘:l = C(‘s‘} =
R(s) G(s)R(s) Go(s)G(s)R(s) G4(5)G5(5) G (s)R(5)
— (8) ™ f;gf's] e “;(&} e
(@)
R(s) C(s)
— {;1{\](;2{\](.;1{\} =
ParallelSubsystems B

Xy(s) = R(s)G(s)

———— - GI[E}

ty
Xa(9) = RE)Gas) éb Cls) = [£G1(5) £ Ga(s) £ Ga(s)]R(s)

R(s)

Gals)

o |

! Xi(5) = R(5)Ga(s)
Gs(s) : 2

FeedbackControlSystem

Inpul

transducer Controller Plam
R G = Elx) Gals) =l Gas) Chs),
[mpuit Chuiput

fils) = Hls) =

Feedback Owtput
transducer

ProceduretosolveBlockDiagram ReductionProblems

Step 1: Reduce the blocks connected in series
Step2:Reducetheblocksconnectedinparallel

Step 3: Reduce the minor feedback loops

Step4: TrytoshifttakeoffpointstowardsrightandSummingpointtowardsleft Step 5:
Repeat steps 1 to 4 till simple form is obtained
Step6:ObtaintheTransferFunctionofOverall System
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Problem1

Obtainthe Transferfunction ofthegivenblock diagram

=1
1.5 ]

Iy

Cis)
CombineG3, G4whicharein Parallel
Ris
= G, G, Gy + Gy ES)
+ -
H, . +
H; -
Reduceminorfeedbackloop of G1,G2and Hl
R{s) G, G, C(s)
T+ G, G, H, B3+ Gy >
+
Ha
R(s) Gq By (Gy+ Gy Cls)
§+ G1 Gz H1.
-+
H,
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Gy 6,163+ Gy
F-l:'s-:l i +'G1 GzH-' CE—S}
Gy GG + Gyl Hyp
1=7146,G,H,
Transferfunction
Cls) _ Gy G7(G5+Gy)
R(sy 1+G;G,H-G1G,(Gs+Gy)H
2. Obtainthetransferfunctionforthe system showninthefig
LLSU P ks Gats) || Gt |- e
() =
FEETER] o
Hyix)
Solution
O PO B G1(5)Gals) e
Hy(s) —~ Hals) + Hals)
Ris) Grals )Gl r I5) Cis)
1+ Gyl Galw) [ Hy(x) — Hyls) + Hals)]
3. ObtainthetransferfunctionC/Rfortheblockdiagramshownin thefig
G,
+
N S
R » O * — C
)X - §
H,
H
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Solution
Thetake-offpointisshifted aftertheblock G2

R tz‘ bz‘ G, M G - —
H,
H,

Reducingthecascadeblockandparallelblock

R GG 1+
H

Replacingtheinternalfeedbackloop

G, G,
R —'G:-— M 1+ > C
1+GGH, G,
T

Equivalentblock diagram

| ]
¥R oy

Transfer function
G, (G, +Gy)
1 +G,G,H,

L, G(G, +G,) H,
1+ G,G,H,

G |0

i
¥
o

|.F-' F!ﬁ
o

€.
R

_ G(G, +G,)
1+ G,G,(H, + H,) + G,G,H,
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SignalFlowGraphRepresentation
Signal Flow Graph Representation ofa system obtained from the equations, which shows
the flow of the signal

Signal flowgraph

A signal flow graph is a diagram that represents a set of simultaneous linear algebraic
equations. By taking Laplacetransfer,the time domain differential equations governing acontrol
systemcanbetransferred toasetofalgebraicequationins-domain.Asignal-flowgraphconsists of a
network in which nodes are connected by directed branches. It depicts the flow of signals from
one point of a system to another and gives the relationships among the signals.

BasicElements ofa Signalflow graph

Node-apoint representing asignal or variable.
Branch—unidirectionallinesegmentjoiningtwonodes.
Path—abranchoracontinuoussequenceofbranchesthatcanbetraversedfromonenodeto another node.
Loop—aclosedpaththatoriginatesandterminatesonthesamenodeandalongthepathnonode is met
twice.

Nontouchingloops —two loops aresaid to benontouching if they do not haveacommonnode.

Mason’sgainformula

The relationship between an input variable and an output variable of signal flow graph is
given by the net gain between the input and the output nodes is known as overall gain of the
system. Mason_s gain rule for the determination of the overall system gain is given below.

WhereM=gainbetweenXinandXout Xout

=output node variable

Xin=input nodevariable

N = total number of forward paths

Pk=pathgainofthekthforwardpath

A=1-(sum of loop gains of all individual loop) + (sum of gain product of all possible
combinations of two nontouching loops) — (sum of gain products of all possible combination of
three nontouching loops)
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Problem

G(s)
R(s)y O -

Hy(s)

Forward path gain: T, = G, (s)G2(s)G3(s)G41(3)G5(s)

Closed loop gain

(1) G2(s)H1(s) (2) Ga(s)H2(s)

(3) G7(s)Ha(s) (4) G2(s5)G3(s)G4(s)G5(s)Ge(s)G7(5)Gs(s)

=  Nontouching loops taken two at a time

(6) loop (1) and loop (2): Ga(s)H;(s)G4(s)Ha(s)

(6) loop (1) and loop (3): Ga(s)H;(s)G7(s)Ha(s)

(7) loop (2) and loop (3): G4(s)Hs(8)G7(8)Hy(s)
=  Nontouching loops taken three at a time

(8) loops (1), (2), (3): G2(s)H1(s)Ga(s)H2(s)Gr(s)Ha(s)
= Now, A=1-{1)+(2)+ )+ (9} +{(5)+(6) +(7)} - (8)
= Portion of A not touching the forward path

A1 =1—Gr(s)Hy(s)

= Hence,
_Cls) _ T
) =re) = A
_ G1(8)G2 (S)Gg(S)G.; (S)G5(3)[1 — G7(S)H4 (S)]
B A
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CHAPTER 2
TIMERESPONSE

Introduction

After deriving a mathematical model of a system, the system performance analysis can be done
in various methods.

In analyzing and designing control systems, a basis of comparison of performance of various
control systems should be made. This basis may be set up by specifying particular test input
signals and by comparing the responses of various systems to these signals.

The system stability, system accuracy and complete evaluation are always based on the time
response analysis and the corresponding results.
Nextimportantstepafteramathematicalmodelofasystemisobtained. ~ To
analyze the system_s performance.
Normallyusethestandardinputsignalstoidentifythecharacteristicsofsystem_sresponse  Step

function

Ramp function
Impulse function
Parabolic function
Sinusoidal function

2.10Timeresponseanalysis
It is an equation or a plot that describes the behavior of a system and contains much
information about it with respect to time response specification as overshooting, settling time,
peaktime,risetimeand steadystateerror. Timeresponseis formedbythe transientresponseand the
steady state response.
Timeresponse=Transientresponse+Steadystateresponse

Transient time response (Natural response) describes the behavior of the system in its firstshort
time until arrives the steady state value and this response will be our study focus. If the input is
step function then the output or the response is called step time response and if the input is ramp,
the response is called ramp time response ... etc.

Classificationof TimeResponse
e Transient response
e Steadystateresponse
Y= yt()+yss(®)

TransientResponse

Thetransient responseis defined as thepartofthe timeresponsethat goes to zero as time
becomes very large. Thus yt(t) has the property

Limyt(t)=0 t

-->00

The time required to achieve the final value is called transient period. The transient
response may be exponential or oscillatory in nature. Output response consists of the sum of
forced response (form the input) and natural response (from the nature of the system).The
transient response is the change in output response from the beginning of the response to the
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final state of the response and the steady state response is the output response as time is
approaching infinity (or no more changes at the output).

4 Input command ‘
Transient -
response
S po Steady-state Steady-state
E response error
Elevator response
.
Time
SteadyState Response

The steady state response is the part of the total response that remains after the transient
has died out. For a position control system, the steady state response when compared to with the
desired reference position gives an indication of the final accuracy of the system. If the steady
state response of the output does not agree with the desired reference exactly, the system is said
to have steady state error.

Typical Input Signals
dmpulseSignalStep
Signal
e Ramp Signal
e ParabolicSignal
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Input Function Description Sketch Use
Impulse 5(¢) 8(f) = wfor0— < ¢ <0+ (0 Transient response
= [ elsewhere Modeling
0+
S(Ndr = 1
f — © (1)
t
Step u(t) u(t) = 1fort >0 §10) Transient response
=0fort <0 i Steady-state error
—1——————==
Ramp tu(t) fu(t) = tfort = 0 1) Steady-state error
= ( elsewhere i
L it
Parabola %rzu(t) %tzu(rj = %32 forr =0 f® Steady-state error
= 0 elsewhere
I3
Sinusoid sin wit () Transient response
Modeling

Steady-state error

.

TimeResponseAnalysis&Design
Twotypesofinputs canbeapplied toacontrol system.
CommandInputorReferencelnput yr(t).
Disturbancelnputw(t)(Externaldisturbancesw(t)aretypicallyuncontrolledvariationsinthe load on a
control system).
Insystemscontrollingmechanicalmotions,loaddisturbancesmayrepresentforces.
Involtageregulatingsystems, variationsinelectricalloadareamajorsourceof disturbances.

TestSignals

Input 1(t) R(s)
Step Input A Als
RamplInput At Als’
ParabolicInput At*/2 A/s’
Impulselnput o(t) 1
Page320fll6
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TransferFunction
e Oneof thetypes of Modeling asystem
e Usingfirstprinciple,differentialequationisobtained
e Laplace Transformisappliedtotheequationassumingzeroinitial conditions
RatioofL T(output)toL T(input)isexpressedasaratioofpolynomialin sinthetransfer function.

Orderof asystem
e TheOrderofasystemisgivenbytheorderofthedifferentialequationgoverningthe system
e Alternatively,ordercanbeobtainedfromthetransferfunction
e Inthetransferfunction,themaximumpowerofsinthedenominatorpolynomialgives the
order of the system.

DynamicOrderof Systems

e Orderofthesystemistheorderofthedifferentialequationthatgovernsthedynamic
behaviour

e Workinginterpretation:Numberofthedynamicelements/capacitancesorholdup
elements between a

e manipulatedvariable and acontrolledvariable

¢ Higherordersystemresponsesareusuallyverydifficulttoresolvefromoneanother The

e response generally becomes sluggish as the order increases.

SystemResponse
First-ordersystemtimeresponse

% |OTfansient

% [Steady-state
Second-ordersystemtimeresponse

% Transient

¢ Steady-state
FirstOrder System
Ys/R(s)=K/(1+K+sT)= K/ (1+sT)

StepResponseofFirstOrder System
Evolutionofthetransientresponseisdeterminedbythepoleofthetransferfunctionat s=-1/t

where t is the time constant

Also,thestep response can befound:

Impulseresponse K/ (1+sT) Exponential

Step response (K/S)— (K/ (S+(1/T))) Step, exponential

Ramp response (K/S?»)-(KT/S)-(KT/ (S+1/T)) Ramp,step,exponential
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Second-ordersystems
LTIsecond-order system

Second-OrderSystems

CONTROLSYSTEMS

_C(s) o}

G(s)

R(s) 24 2¢m,s + co,%_

(s? + 2tm,s + m;‘:) C(s) = mﬁ R(s)

c(t) + 2&w,c(t) + o2 c(t) = o7 r(t)

System Pole=zero Ploi Response
{5}
1 -
 BEI=s Y b L B
it ast h
Ciencral
o olf) ety =1+ 0171 500
T 5 i 1 ol
Hix}
1
) fix) = 3 - ‘9 Cix)
il 7854 1146 L
Creerdamped
1 1 - r
Q0 I 2 3 4 5
el ol | e Woosd ®r ": '\il'l'.":‘i.'l
jm .44 I L Poosia 8 19477
. 1.21
R ==plane
i - X | E I
sy = 3 Q Cx) nEL
) ————= ——— | ——= 0.6
T4 2+ 9 o i
- 0.4
Linderdamped X fvs [ e
|

o)
oy & clrr - 1 - cos 3
s=plane : i
Gl 2
1
(o sy = 5 -_.9 sy "
s+ 10 —i3
Linedmm peed
¢ f £ % & 5 0
: je
: i) ssidione
Rixl =3 Cix)
1) Limlr - 2 i
=k b9
Crivically damped -3
I
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Secondordersystemresponses

Overdampedresponse:

Poles:Tworealat

-C1—-G

Naturalresponse: Twoexponentialswithtimeconstantsequaltothereciprocalofthepole location
C(t)=ke-Cl+kre-2

Poles:Twocomplexat

Underdampedresponse:
-G£ Wy

Natural response: Damped sinusoid with an exponential envelope whose time constant is equal
to the reciprocal of the pole_s radian frequency of the sinusoid, the damped frequency of
oscillation, is equal to the imaginary part of the poles

UndampedResponse:
Poles:Two imaginary at
W1
Naturalresponse:Undampedsinusoidwithradianfrequencyequaltotheimaginarypartofthe poles
C(t)=Acos(wit-)

Criticallydampedresponses:

Poles:Tworealat

Natural response: One term is an exponential whose time constant is equal to the reciprocal of
the pole location. Another term product of time and an exponential with time constant equal to
the reciprocal of the pole location.

Secondordersystemresponsesdampingcases

Lipslampsd
2.0

147 Uiider-

; ! darnped

Critically T

danmped —
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Second-orderstepresponse

Complexpoles
elf) B -
I Exponential decay penerated by
real part of complex pole pair
Sinuscadal ozcillatien generated by
imaginary pan of complex pole pair
SteadyState Error

Consider a unity feedback system
Transferfunctionbetweene(t)andr(t)

Typeof |Errorconstanis Steady state error e,
. K, |K [ K, | Unitstep | Unitramp | Unit
imput input parabolic
input
0 K |o]| o] vom @ =
1 m | K| 0 0 1K o
3 m |m| K 0 0 LK
3 m |m| @ 0 L] 0
OutputFeedbackControlSystems
Reference 4
Controllerr—" Plant »  Output

Feedbackonlytheoutputsignal
— Easyaccess
— Obtainablein practice

PID Controllers

Proportionalcontrollers
— puregain orattenuation
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Integralcontrollers
— integrate error

Derivativecontrollers
— differentiate error

ProportionalController
U= er

e Controllerinputiserror(referenceoutput) Controller
e output is control signal
e Pcontroller involvesonly aproportionalgain (orattenuation)

IntegralController
e Integraloferrorwithaconstantgain
e Increase system type by 1
e Infinitysteady-stategain
e Eliminatesteady-stateerror foraunitstep input

IntegralController
Y(s) r GP(S)

R(s) 1+G,(s)
Y(s)=E(s)G,(s)

CONTROLSYSTEMS

R
B )
1+G,(s)
: : ; R 2 1
o ey iae TE) 5 =
1—m 5—0 sAL+G(y) *0TeGE ) 1+
DerivativeControl
de
u=K;—
dt
e Differentiationoferrorwithaconstantgain
e Reduce overshoot and oscillation
e Donotaffectsteady-stateresponse
e Sensitive to noise
Page370f1l6
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CONTROLSYSTEMS

ControllerStructure

Singlecontroller
Pcontroller,Icontroller,Dcontroller
Combination of controllers
PIcontroller,PDcontroller

PID controller

ControllerPerformance

P controller
PI controller
PDController
PIDController

Designof PIDControllers

Basedon theknowledge ofP, Iand D
— trialanderror

— manual tuning

— simulation

Designof PIDControllers

Timeresponsemeasurementsareparticularlysimple.

A step input to a system is simply a suddenly applied input - often just a constant voltage
applied through a switch.

The system output is usually a voltage, or a voltage output from a transducer measuring
the output.

A voltage output can usually be captured in a file using a C program or a Visual Basic
program.

Youcan useresponsesinthetimedomaintohelpyoudeterminethetransferfunctionof a system.
First we will examine a simple situation. Here is the step response of a system. This is an
exampleof really "clean" data,betterthan you might havefrommeasurements. Theinput to
the system is a step of height 0.4. The goal is to determine the transfer function of the
system.

ImpulseResponseofAFirstOrder System

The impulse response of a system is an important response. The impulse response is the
response to a unit impulse.

The unit impulse has a Laplace transform of unity (1).That gives the unit impulse a
unique stature. If a system has a unit impulse input, the output transform is G(s), where
G(s) is the transfer function of the system. The unit impulse response is therefore the
inversetransformofGg(s),i.e.g(t),thetimefunctionyougetbyinversetransforming
G(s). If you haven't begun to study Laplace transforms yet, you can just file these last
statements away until you begin to learn about Laplace transforms. Still there is an
important fact buried in all of this.
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e Knowing that the impulse response is the inverse transform of the transfer function of a
system can be useful in identifying systems (getting system parameters from measured
responses).

In this section we will examine the shapes/forms of several impulse responses. We will start
with simple first order systems, and give you links to modules that discuss other, higher order
responses.

Ageneralfirstordersystemsatisfiesadifferentialequationwiththisgeneral form

If the input, u(t), is a unit impulse, then for a short instant around t = 0 the input isinfinite.
Let us assume that the state, x(t), is initially zero, i.e. x(0) = 0. We will integrate both sides of the
differential equation from a small time,, before t =0, to a small time, after t = 0.We are just
taking advantage of one of the properties of the unit impulse.

The right hand side of the equation is just Gdc since the impulse is assumed to be a unit
impulse - one with unit area. Thus, we have:

We can also note that x(0) = 0, so the second integral on the right hand side is zero. In
other words, what the impulse does is it produces a calculable change in the state, x(t), and this
change occurs in a negligibly short time (the duration of the impulse)after t = 0 That leads us toa
simple strategy for getting the impulse response. Calculate the new initial condition after the
impulse passes. Solve the differential equation - with zero input - starting from the newly
calculated initial condition.

TimeDomainSpecificationsofaSecondOrderSystem

Theperformanceof asystemis usuallyevaluatedin termsofthe followingqualities. .

e Howfastitisabletorespondtotheinput. How

e fast it is reaching the desired output

e Whatistheerrorbetweenthedesiredoutputandtheactualoutput,oncethetransientsdie down
and steady slate is achieved

e Doesit oscillatearoundthedesired value, and

e [stheoutputcontinuously increasingwithtimeor isit bounded.

e The last aspect is concerned with the stability of the system and we would require the
system to be stable. This aspect will be considered later. The first four questions will be
answered in terms of time domain specifications of the system based on its response to a
unit step input.

e Thesearethespecificationstobegivenforthedesignofacontrollerforagivensystem.

e Wehaveobtained the responseof atype 1 second order system to a unit step input. The
step

e responseofatypicalunderdamped secondorder systemis plottedin Fig.
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- tolerance band

— o F- 10, T - L — — —
WEL IS =FAC e

0.5

Lty i LD

It is observed that, for an underdamped system, there are two complex conjugate poles.
Usually,evenifa systemisothigher order,the twocomplexconjugate polesnearesttothejw- axis
(called dominant poles) are considered and the system is approximated by asecond
ordersystem.Thus,indesigninganysystem,certaindesignspecificationsaregivenbasedon the
typical underdamped step response shown as Fig.

Thedesignspecificationsare

Delaytimeaz:Itisthetimerequired fortheresponsetoreach50%ofthesteadystate value for the
first time.

Risetime; 7:Itisthetimerequiredfortheresponsetomach 100%ofthesteadystate value for
under damped systems. However, for over damped systems, it is taken as the time required for
the response to rise from 10% to 90% of the steady state value.

Peaktime,z:ItisthetimerequiredfortheresponsetoreachthemaximumorPeak value of the
response.

Peak overshoot ,M : It is defined as the difference between the peak value of the
response and the steady state value. Iris usually expressed in percent of the steady state value. If
the time for the peak is » ¢, percent peak overshoot is given by,

c(ty)—c()

Mp= T = 100,

RootLocus Technique
e Introducedby W.R.Evans in1948
e (Graphical method, in which movement of poles in the s-plane is sketched when some
parameter is varied The path taken by the roots of the characteristic equation when open
loop gain K is varied from 0 to o are called root loci
e Direct Root Locus = 0 < k <oo
e InverseRoot Locus= -co<k <0
RootLocus Analysis:

e Therootsoftheclosed-loopcharacteristicequationdefinethesystemcharacteristic
responses

e Theirlocationinthecomplexs-planeleadtopredictionofthecharacteristicsofthetime domain
responses in terms of:

e damping ratio (,

e naturalfrequency,wn
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e dampingconstant(,first-ordermodes
e (Considerhowtheserootschangeastheloopgain isvariedfromOtoco

Basics ofRoot Locus:

e Symmetricalaboutrealaxis
RLbranchstartsfromOLpolesandterminatesatOLzeroes No. of
RL branches = No. of poles of OLTF
Centroid is common intersection point of all the asymptotes on the real axis
AsymptotesarestraightlineswhichareparalleltoRLgoingtoccandmeettheRLatoo No. of
asymptotes = No. of branches going to oo
AtBreakAwaypoint,theRLbreaksfromrealaxistoenterintothecomplexplane At BI
point, the RL enters the real axis from the complex plane

ConstructingRootLocus:

LocatetheOLpoles&zerosintheplot Find

the branches on the real axis

Findangleofasymptotes&centroid ®a=

+180°(2q+1) / (n-m)

Ca=(Zpoles-Xzeroes)/(n-m) Find

BA and BI points

FindAngleOfdeparture(AOD)and AngleOfArrival (AOA)

AOD=180°-(sumofanglesofvectorstothecomplexpolefromallotherpoles)+(Sum of angles

of vectors to the complex pole from all zero)

e AOA=180°(sumofanglesofvectorstothecomplexzerofromallotherzeros)+(sum of angles
of vectors to the complex zero from poles)

o Findthepoint ofintersectionofRLwith theimaginaryaxis.

ApplicationoftheRootLocus Procedure
Step1:Writethecharacteristicequationas
1+F(s)=0
Step2:Rewriteprecedingequationintotheform ofpolesandzerosasfollows

i}
l._[ ( F—=z J )
1+K2  _0

l_[ (s—p;)

=1
Step3:
Locatethepolesandzeroswithspecificsymbols,therootlocusbeginsattheopen-loop poles and
ends at the open loop zeros as K increases from 0 to infinity
Ifopen-loopsystemhasn-mzerosatinfinity,therewillben-mbranchesoftherootlocus
approaching the n-m zeros at infinity
Step4:
Therootlocusontherealaxisliesinasectionoftherealaxistotheleftofanodd number of real
poles and zeros
Step5:

Thenumberof separate loci is equal to the number ofopen-loop poles
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Step6:

Therootlocimustbecontinuousandsymmetricalwithrespect tothehorizontalreal axis
Step7:

Thelociproceedtozerosatinfinityalongasymptotescenteredatcentroidandwith angles

;pi_ Z_r'

=

o, =
(2k+Dr
n—m

(k=0.1.2.---n—m—1)

¢, =

teps: . . . . .. . .
Step8 Theactualpointatwhichtherootlocuscrossestheimaginaryaxisisreadilyevaluatedby using

Routh_s criterion

Stepd: Determinethebreakawaypointd(usuallyontherealaxis)

®
Step 10:
o Plottherootlocusthatsatisfythephasecriterion

ZP(s)=(2k+ ) k=1.2.---
Step 11:
Determinetheparametervalue K/ata specificroot usingthemagnitudecriterion

[ Tles— 20
K-l _ :';il
|(5_ :J')|
i=1 I=x
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CHAPTER 3
FREQUENCYRESPONSE

FrequencyResponse

The frequency response of a system is a frequency dependent function which expresses
how a sinusoidal signal of a given frequency on the system input is transferred through the
system. Time-varying signals at least periodical signals —which excite systems, as the reference
(set point) signal or a disturbance in a control system or measurement signals which are inputs
signals to signal filters, can be regarded as consisting of a sum of frequency components. Each
frequency component is a sinusoidal signal having certain amplitude and a certain frequency.
(The Fourier series expansion or the Fourier transform can be used to express these frequency
components quantitatively.) The frequency response expresses how each of these frequency
components is transferred through the system. Some components may be amplified, others may
be attenuated, and there will be some phase lag through the system.

The frequency response is an important tool for analysis and design of signal filters (as
low pass filters and high pass filters), and for analysis, and to some extent, design, of control
systems. Both signal filtering and control systems applications are described (briefly)laterin this
chapter. The definition of the frequency response — which will be given in the next section —
applies only to linearmodels, but this linearmodel mayverywell bethelocal linearmodel about
someoperatingpointofanon-linearmodel. Thefrequency responsecanfoundexperimentallyor from a
transfer function model. It can be presented graphically or as a mathematical function.

Frequency 1

V\/\; —————— - ,./\/\;
BVAV; VARV,

u(r) y(t)
—»| System >
Excitation Response

Frequency 2

MM . AAAA
VYV ” f

A 4
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Bodeplot
* Plotsofthemagnitudeandphasecharacteristicsareusedtofullydescribethefrequency
response
+ ABodeplotisa(semilog)plotofthetransferfunctionmagnitudeandphaseangleasa function
of frequency.
Thegainmagnitudeis manytimesexpressedin termsofdecibels (dB)

db=201og 10 A

BODE PLOT PROCEDURE:

Thereare4basic formsin anopen-loop transfer function G(jow)H(jw)
e GainFactorK
e (jo)tpfactor:poleandzeroatorigin (1+jwT)+q
e factor

e Quadraticfactor
1+j28(W/Wn)-(W2 /W2),

GainmarginandPhasemargin

Gain margin:
ThegainmarginisthenumberofdBthatisbelowOdBatthephasecrossoverfrequency (o=-

180°). It can also be increased before the closed loop system becomes unstable

Term Corner Frequency Slopedb /dec Changein slope
20fW | - -20

1/ (1+4jW) WCi=1/4=0.25 -20 -20-20=-40
1/(1+j3w) wc2=1/3=0.33 -20 -40-20=-60
Phasemargin:

Thephasemarginisthenumberofdegreesthephaseofthatisabove -180°atthegain crossover
frequency

GainmarginandPhase margin

Magnitude
[(dE

o

Gain Crocoovsr
 Hh BdE line

Fhacs Crocoonss
wath 50 lins
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BodePlot — Example
ForthefollowingT.FdrawtheBodeplotandobtainGaincrossoverfrequency(wgc), Phase cross
over frequency , Gain Margin and Phase Margin.

G(s)=20/ [s (1+3s) (1+4s)]

Solution:

ThesinusoidalT.FofG(s)isobtainedbyreplacingsbyjwinthegivenT.F G(jw) = 20 /
Ow (1+53w) (1+4j4w)]

Cornerfrequencies:

wcl=1/4=0.25rad/sec; wc2

=1/3=0.33 rad /sec
ChoosealowercornerfrequencyandahigherCornerfrequency wl=

0.025 rad/sec ;

wh=3.3rad / sec

CalculationofGain(A)(MAGNITUDEPLOT) A

@ wl; A=201og[20/0.025]=58.06 dB

A@wcl; A=[Slopefromwl towcl xlog (wcl/wl]+Gain (A)@wl

=-20log [ 0.25/0.025 ]+58.06

=38.06 dB

A@wc?2 ; A = [Slopefrom wcl to we2x log (we2 / wel] +Gain (A)@wel
=-40 log [ 0.33/0.25 ]+38

=33 dB

A@wh ; A =[Slopefromwc?2 to wh x log (wh /wc2 ] + Gain (A) @wc2
=-601log[3.3/0.33]1+33

=-27dB
CalculationofPhaseanglefordifferentvaluesoffrequencies PHASEPLOT] O = -
90°- tan ' 3w — tan ! 4w

When

Frequencyinrad/sec Phaseangles in Degree
w=0 ?=-90°

w =0.025 ?=-99°

w =0.25 B=-172°

w =0.33 ?=-188°

w =3.3 ?=-259°

W=00 ?=-270°
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.%__I_ .
e Maur.ntu:lz-llﬂlctrl
s, eyt b B Y-Axis 1 unit=20 dB
WBE e T i
o i) ., TR Bt B ==
: '-L_HH. dhgz = adl=ac Lagw
- : H | L
ot - | \\)’. GM= - [20 log Gljwp.)] dB
i 4 ; : =-[32]dB =-32 dB-
N i |
= | |
50 i |
i 1
1 1 i
: Phase Plot Logw
b | ¥-Axis 1 unit= 507
'
I
e ey ST T — s p———
Bgc=-240° M 3 = g <1
_+____EF_‘3+_ ______ L =i y=180+ggc=180°"+-240°=-&0
Wo =l 3radi=e

M CalculationsofGaincrossover frequency
ThefrequencyatwhichthedBmagnitudeisZero wgc =
1.1 rad / sec

e Calculations of Phase cross over frequency
ThefrequencyatwhichthePhaseofthesystemis -1800 wpc
=0.3 rad / sec
e GainMargin
ThegainmarginindBisgivenbythenegativeofdBmagnitudeofG(jw)atphasecross over
frequency
GM=-{ 20 log [G(jwpc )]=-{ 32 } =-32dB

e PhaseMargin
[=180"+Dgc= 180°+(-2400°)=-60°

e Conclusion
ForthissystemGMandPMarenegativeinvalues. Thereforethesystemisunstablein nature.
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Polarplot

TosketchthepolarplotofG(jm)fortheentirerangeoffrequencyw,i.e.,from0to infinity, there
are four key points that usually need to be known:
(1) thestart ofplotwhere«w=0,
(2) theend ofplot wherew= oo,
(3) wheretheplotcrossestherealaxis,i.e.,Im(G(jw))=0, and
(4) wherethe plotcrossestheimaginaryaxis, i.e.,Re(G(j®))=0.

BASICS OF POLARPLOT:
e Thepolarplotofasinusoidaltransfer function G(jo)isaplotofthemagnitudeofG(jw) Vs the
phase of G(jw) on polar co-ordinates as o is varied from 0 to oo.
(1e)|G(jw)| Vs angleG(jow)asmw—0toco.
Polargraphsheethasconcentriccirclesandradiallines.
Concentric circles represents the magnitude.
Radiallinesrepresentsthephaseangles. In
polar sheet
+vephase angleismeasuredinACW from 0°
-vephase angleismeasuredinCWfrom 0°

PROCEDURE

e Expressthegivenexpression ofOLTFin(1+sT) form.

e Substitutes=jointheexpressionforG(s)H(s)andgetG(jo)H(jo). Get the

e expressions for | G(jo)H(jo)| & angle G(jo)H(jo).

e Tabulatevariousvaluesofmagnitudeandphaseanglesfordifferentvaluesofwranging from 0
to oo.

e Usuallythechoiceoffrequencieswillbethecornerfrequencyandaroundcorner
frequencies.

e Chooseproper scalefor themagnitude circles.

e Fixallthepointsinthepolargraphsheetandjointhepointsbyasmoothcurve. Write the

e frequency corresponding to each of the point of the plot.

MINIMUMPHASESYSTEMS:
e Systemswithallpoles&zerosintheLefthalfofthes-plane—MinimumPhase
Systems.

¢ ForMinimum PhaseSystemswith only poles
¢ TypeNo.determinesatwhatquadrantthepolarplotstarts. Order
e determines at what quadrant the polar plot ends.
e TypeNo.— No.ofpoleslyingattheorigin
e Order—Max powerof_s‘in thedenominatorpolynomial ofthetransfer function.
GAIN MARGIN

o GainMarginisdefinedas—thefactorbywhichthesystemgaincanbeincreasedtodrive the
system to the verge ofinstabilityl.

e Forstablesystems,

wge<mpce
Magnitudeof G(j)H(j )ato=wpc <1
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GM =in positive dB
Morepositivethe GM, morestableis thesystem.
e Formarginallystablesystems,

magnitudeofG(j)H(j)ato=mwpc=1 GM ®gC =mpc
=0dB
ForUnstable systems,

magnitudeofG(j)H(j)ato=wpc>1 GM ®gc>mpce
= in negative dB
Gainis tobereducedtomakethe system stable

Note:

* Ifthegainishigh,theGMislowandthesystem‘sstepresponseshowshighovershoots and long

settling time.
Onthecontrary,verylowgainsgivehighGMandPM,butalsocauseshigheress,higher values of
rise time and settling time and in general give sluggish response.
Thusweshouldkeepthegainashighaspossibletoreduceessandobtainacceptable response
speed and yet maintain adequate GM & PM.
AnadequateGMof2i.e.(6dB)andaPMof30isgenerallyconsideredgoodenoughas a thumb
rule.
Atw=w pc,angle of GGw)H(jw) = -180°
e LetmagnitudeofGGw)H(jw )at w=wpcbetaken aB
® [fthe gain of the system is increased by factor 1/B, then the magnitude of GGw)H(j w) at
w = wpc becomes B(1/B) = 1 and hence the G(jw)H(jw) locus pass through -1+j0 point
driving the system to the verge of instability.
e GM is defined as the reciprocal of the magnitude of the OLTF evaluated at the phase
cross over frequency.
GMindB=20log(1/B)=-20logB
PHASE MARGIN
PhaseMarginisdefinedas—theadditionalphaselagthatcanbeintroducedbeforethe system
becomes unstablel.
_A‘bethepoint ofintersectionofG(j )H(j)plot andaunitcircle centeredattheorigin.
Drawalineconnectingthepoints_O‘&_A ‘andmeasurethephaseanglebetweenthe line OA
and
+verealaxis.
Thisangleis thephaseangle ofthesystem at thegain cross over frequency.
AngleofG(jwgc)H(jwgc)=pgc
If an additional phase lag of @ PM is introduced at this frequency, then the phase angle
G(jwgc)H(jwge)willbecome180andthepoint_A_coincideswith(-1+j0)drivingthesystemto the
verge of instability.
ThisadditionalphaselagisknownasthePhaseMargin. y=
180° + angle of G(jwgc)H(jw gc)
v=180"+pgc
[SincepgcismeasuredinCWdirection,itistakenasnegative] For a
stable system, the phase margin is positive.
e APhasemarginclosetozero correspondsto highlyoscillatorysystem.
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el

05 . 0.5

e Apolarplotmaybeconstructedfromexperimentaldataorfromasystemtransfer
function

e Ifthevaluesofwaremarkedalongthecontour,apolarplothasthesameinformationas a bode
plot.

o Usually,the shapeofapolarplot is of most interest.

Frequencydomainspecifications
e Theresonant peakMr isthe maximumvalueof jM(jw);.
e The resonant frequency !r is the frequency at which the peak resonance Mr occurs.
e ThebandwidthBWisthefrequencyatwhich(jw)dropsto70:7%(3dB)ofitszero- frequency

value.
J.nilr ™ y
1
0.707
M (jw)
0 W BW w
e Mrindicates therelativestability ofastableclosed loop system.
e AlargeMrcorrespondstolargermaximumovershootofthestepresponse. Desirable
e value:1.1to 1.5
o BWgivesanindicationofthetransientresponsepropertiesofacontrolsystem. A
e large bandwidth corresponds to a faster rise time. BW and rise time tr are

inversely proportional.
BWalsoindicatesthenoise-filteringcharacteristicsandrobustnessofthesystem.
e Increasing wn increases BW.

e BWandMrareproportionaltoeach other.
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TYPESOF COMPENSATION
e SeriesCompensationorCascadeCompensation
Thisisthemostcommonlyusedsystemwherethecontrollerisplacedin serieswiththe controlled
process.
Figureshowstheseriescompensation

) eli) Controlled oln
- + » Controller process

¥
L |

Series compensation.
FeedbackcompensationorParallel compensation
Thisisthesystem wherethecontroller isplacedin thesensorfeedback pathasshown in
fig.

nn e Controlied ol

Controller

Feedback compensotion or parallel compensation,

StateFeedbackCompensation
This is a system which generates the control signal by feeding back the state variables
through constant real gains. The scheme is termed state feedback. It is shown in Fig.

Al r) Controlled a(r)
Controller process I
K
State feedback compensation.

The compensation schemes shown in Figs above have one degree of freedom, since there
is only one controller in each system. The demerit with one degree of freedom controllers is that
the performance criteria that can be realized are limited.

Thatis whytherearecompensation schemeswhich havetwo degreefreedoms, such as:
(a) Series-feedbackcompensation
(b) Feedforwardcompensation
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Series-FeedbackCompensation
Series-feedback compensation is the scheme for which a series controller and a feedback
controller are used. Figure 9.6 shows the series-feedback compensation scheme.

Controlled ofr)

s | Controller b process -

Controller

Series-feedback compensation.

Feedforward Compensation
The feed forward controller is placed in series with the closed-loop system which has a
controller in the forward path Orig. 9.71. In Fig. 9.8, Feed forward the is placed in parallel with
the controller in the forward path. The commonly used controllers in the above-mentioned
compensation schemes are now described in the section below.
i ) Contrelled olf)

=== Coniroller - Controller process -

Feedforward controller in series with the closed-loop system.

¥

Controller

fn + Controlle Controlled ol1)
] r - - -
AN

process

Feedforward controller in parallel with the controller in the forward path.
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LeadCompensator
Ithasazeroandapolewithzeroclosertotheorigin. Thegeneralformofthetransfer function of the

load compensator is

C(tjo+)) 1
Gl jo) = ﬂ m E

R
R,R +=>
1 Cs

Ei(s) R, uéhﬁz(ﬂj +é} RiR; "'étﬂl +R;)

R +l
Cs

CsRR, + Ry

CsRRy+R + Ry

RACs By +1)

(R, + Ry ;{% . 1]
R + Ry

[ R, ] CRs+1

R +Ry (cn,n,s ]
el L L |
R+ R,

Subsisting

CR,R,

T=CRy; T =
! 4 Ry + R,

(~+ T= CRy)

Transfer function
T5+ 1

Brsa+1

Gis)= f

Lag Compensator
Ithasazeroand apolewiththezerosituatedontheleftofthepoleonthenegativereal axis. The

general form of the transfer function of the lag compensator is

s+—
T a(rs+1)
ij] = 1 = 2T+ 1
§ b - ¥
ot
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where @ > 1, T> (0

Therefore,the frequencyresponseoftheabovetransferfunctionwillbe
a(tjo + 1)
o7 o + |

E;(5) 1
E,(s) = ——]( Ry + a]

R +R +—=
1 L.

Gljw) =

Ry
L AN :\\
! R
Lix) E L
C

Lag compensaior,

I
EW Tty

E;(s) - R +R 1
1+ 2+Cs

_ R,Cs+1
TR+ R)Cs+1

REC[HL]
R,C

!
{R] + Rz }C{S +m]

1
§t— 5+
R "RC R [ RJCJ
(R, + Ry) 4 i (R + Ry) P &
{R]: + R}_ [ {R| + Rl }RIC
Nowcomparingwith
Fr—_
Gis) = 'ﬁ
& —
T
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r__1r. 1 Ry
T RC’ ar (R +R)R,C
1% 1 L
or (R, +R) T T RC
_R+R
= &
Therefore
1
E()_1°"%
T

Lag-Lead Compensator

The lag-lead compensator is the combination of a lag compensator and a lead
compensator. The lag-section is provided with one real pole and one real zero, the pole being to
the right of zero, whereas the lead section has one real pole and one real came with the zerobeing

to the right of the pole.
Thetransferfunctionofthelag-leadcompensatorwillbe
1 1
5+ 'E_ 5+ f_
Gls)= i ]
+— || 5+—
Tan )T B
Thefigureshows lag lead compensator
i
1
E, 1 o AW~ -
E (5} = L I(Rz + _] 1 R, T
R, x—— L G, R,
! .!'C| + B+ |. E!{:J c Epl:ﬂ
1 ¥ —— 2
Rl + L ICI o l T 4
sC, Lag-lead compensator
where x> 1, < 1.
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1 |
Ri+— || Ry +—
E (5} _ [ ! sC, J( 2 Scz]

RPN (FN (e
Sl Fioa L]

ECR +1) (sCR, + 1)

_ sC sC,
R RsG +1) (R3C +1)
2C; sC, s,
{1+ sC RO+ st;zf.'l]
_ S0,
T RiSCy + RysCy + 14 RRSPCC, + RisC,
FC,C,

{I + SCIR]_]{]. + IC:R:}
FRRCC, + S(RC, + RyCy) + 1 + RysC

ik C’R’[‘ " E,IRI ](+ CIR]

1 I 1 ]
RR,CC,| 5*
k) +{R!C2 +R1C1 +R2CI}:+R1R2CICZ}

( 1 1
H_][H ]
L GR GR,

- P [ | 1 1 ] 1
+ + +— 5+
RC RC RyG R Ry Gy

Theabovetransfer functionsarecomparing with

[2)2)

Gis) =

Then
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IR S N 1 o
ar, fpr, RC &G RG
1 _ 1
afit,r, RR,CC
f| = C].Rl
Ta = CyRy

afnn = RiRGCG

1
=1 = -
aff o P p
Therefore
s+— | s+—
T T2
Gis) = where > 1
s+— 5+ —
oty T
S SURNUNS BN -1
RC, RC RC ar, T,
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CHAPTER4
STABILITYANDCOMPENSATORDESIGN
Stability
Asystemisstableif any boundedinputproduces aboundedoutput for all boundedinitial
conditions.

Input; stimulus Control I Output; response
o= oo

Desired response system I Actual response

Basicconceptofstability

Hh o YV

(a) Stable (b)) Neutral (c) Unstable

Stabilityofthe system androots ofcharacteristic equations

jw E o
s-plane
Stable Instable
region region
4] o
Seable Linstable
region region

CharacteristicEquation
Consider an nth-order system whose the characteristic equation (which is also the
denominatorof the transfer function) is

a(S)=Sn+a;Sn-1+a,Sn-2+...... +an-1S1+agS0

RouthHurwitz Criterion

Goal: Determining whetherthe system is stableorunstable from a characteristicequation in
polynomial form without actually solving for the roots Routh‘s stability criterion is useful for
determining the ranges of coefficients of polynomials for stability, especially when the
coefficients are in symbolic (non numerical) form.
Tofind Kmar&w
AnecessaryconditionforRouth’sStability
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Anecessary conditionforstabilityofthesystem isthatalloftherootsofitscharacteristic
equation have negative real parts, which in turn requires that all the coefficients be
positive.

A necessary (but not sufficient) condition for stability is that all the coefficients of the
polynomial characteristic equation are positive & none of the co-efficient vanishes.
Routh‘s formulation requires the computation of a triangular array that is a function of
the coefficients of the polynomial characteristic equation.

A system isstable if and only if all the elements ofthe first column of theRouth array are
positive

MethodfordeterminingtheRoutharray

Considerthecharacteristicequation
a(S)=1X Sn+a;Sn-1+a,Sn-2+...... +an-1S1+aoS0

Routharraymethod
Thenadd subsequentrows tocomplete theRouth array
Computeelementsforthe3rd row:

lxa;, —a,aq,

b=
{]'1
5 _ Ixa; —a,a
y = = —
e
5 =_1xa7—aﬁa1

o

Giventhecharacteristicequation,

a(s)=s°+4s5 +3s* +25° +s* +4s+4

Isthesystemdescribedbythischaracteristicequationstable?
Answer:

SCE

Allthecoefficients arepositiveand nonzero
Therefore,thesystemsatisfiesthenecessaryconditionfor stability
WeshoulddeterminewhetheranyofthecoefficientsofthefirstcolumnoftheRouth array are
negative.

1
4
st: 5/2 0 4
0

5 ? ?

st: 2 ?

P2
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S¢: 1 3 1 4
S5 4 2 4 0
S* 5/2 0 4

S*: 2 -12/5 0

S%: 3 4

S': -76/15 0

S 4

Theelements ofthe 1stcolumnarenot allpositive. Then thesystem is unstable
SpecialcasesofRouth’scriteria:

Casel: Allthe elementsof arowin aR Aare zero
e FormAuxiliaryequationbyusingtheco-efficientoftherowwhichisjustabovetherow of zeros.
e FindderivativeoftheA.E.
e Replacetherowofzerosbytheco-efficientofd A(s)/ds
e Complete the array in terms of these coefficients.
e analyze for any sign change, if so, unstable
e 1o sign change, find the nature of roots of AE
e non-repeatedimaginaryroots-marginallystable
e repeated imaginary roots — unstable

Case2:
® Firstelement of any oftherowsof RA is
*  Zero and the same remaining row contains atleast one non-zero element
® Substituteasmallpositiveno._g_inplaceofzeroandcompletethearray. Examine the
[ ]

sign change by taking Lt £ =0

NyquistStability Criteria:

The Routh-Hurwitz criterion is a method for determining whether a linear system isstable
or not by examining the locations of the roots of the characteristic equation of the system. In fact,
the method determines only if there are roots that lie outside oftheleft half plane; it does not
actually compute the roots. Consider the characteristic equation.

Todeterminewhetherthis systemis stableornot,check the following conditions

1+GH(s)=D(s)=a,s" + a”_lsﬂ_l +...tas+ag =

1. Twonecessary butnot sufficientconditionsthat alltherootshavenegative real partsare
a) Allthepolynomialcoefficients must havethe samesign.

b) Allthepolynomialcoefficients mustbenonzero.

2. Ifcondition(1)is satisfied,thencomputethe Routh-Hurwitzarrayasfollows
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5 7 Hy 2 —2 —0
n—1 —_
S 'C':"u—l ar;—:; 'C':"Jr—:f- a n—7
e
H—3
; C-i CZ (1‘;;
S n—4 s
1
N v
(]
5

Wherethea;‘Sarethepolynomialcoefficients,andthecoefficientsintherestofthetableare computed
using the following pattern

. —1 Apn Ap—-2| —1
bl — — (ana}?—S — ar?—Zaﬁ'—l)
1 |9n—1 dp—3 |
—1 o s o ..
52 _ r rr—4
Ap—1 |Fp—1 gy 5

—1|a, An—3

b | By b5

<1

—_161”_1 Ap-3
by | by b3

3. Thenecessaryconditionthatallrootshavenegativerealpartsisthatalltheelementsofthe first
column of the array have the same sign. The number of changes of sign equals the
number of roots with positive real parts.
4. Special Case 1: The first element of a row is zero, but some other elements in that row are
nonzero.Inthiscase,simplyreplacethezeroelementsby"",completethetabledevelopment, and then
interpret the results assuming that "" is a small number of the same sign asthe

CQ—
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elementaboveit. The resultsmust beinterpretedin thelimitasgto 0.

5. SpecialCase2:Alltheelementsofaparticularrowarezero.Inthiscase,someoftherootsof
thepolynomialarelocatedsymmetricallyabout theoriginofthes-plane,e.g.,apairofpurely
imaginaryroots. Thezerorowswillalwaysoccur inarowassociatedwithanoddpowerof s.
Therowjustabovethezerorowsholdsthecoefficientsoftheauxiliarypolynomial. Theroots of the
auxiliary polynomial are the symmetrically placed roots. Be careful to remember that the
coefficients in the array skip powers of s from one coefficient to the next.

LetP=no.of polesofq(s)-planelyingonRightHalfofs-planeandencircledbys-plane

contour.

LetZ=no.ofzerosofq(s)-planelyingonRightHalfofs-planeandencircledbys-plane contour.

FortheCLsystemtobestable,theno.ofzerosofq(s)whicharetheCLpolesthatlieintheright half of s-

plane should be zero. That is Z = 0, which gives N = -P.

Therefore,forastablesystemtheno.ofACWencirclementsoftheoriginintheq(s)-planeby the

contour Cq must be equal to P.

Nyquistmodifiedstability criteria
e Weknowthatq(s)=1+G(s)H(s)
Therefore G(s)H(s) = [1+G(s)H(s)] — 1
e ThecontourCq,whichhasobtainedduetomappingofNyquistcontourfroms-planeto q(s)-
plane (ie)[ 1+G(s)H(s)] -plane, will encircle about the origin.
e ThecontourCGH,whichhasobtainedduetomappingofNyquistcontourfroms-plane to
G(s)H(s) -plane, will encircle about the point (-1+j0).
e Thereforeencirclingtheoriginintheq(s)-planeisequivalenttoencirclingthepoint -1+j0 in the
G(s)H(s)-plane.
S I
&

s-plane GH-plane

L V. ¥
o

T —e G(s)H(s)y —--

0O x O

U
B

Ca)

I
GH-plane 4 Test radius

s-plane

B

U

X
X
4
Y
by
q

&)
3 = zeros of 1 + G(s)H{(s) ¥ = poles of 1 + G(s)}H(5)
= poeles of closed-loop system = poles of G{s)H(s)
Location not known Location is known
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Problem
SketchtheNyquiststabilityplotforafeedbacksystemwiththefollowingopen-looptransfer function
1
G($)H($)=——————
s(s"+s5+1)
Solufion

For section ab. s = jo, @ : 0 —0

1
jo(l-w’ + jo)
1o —>0:G{joH{Jom) > -1 —jx

G(jw)H(jw)=

(i)o=1:GjwH]jon)—>-1+;0

(iii) ® — %0 : G(j ®H({ ®) = 0£-270°

bn section bed, s = Rejelp__m ; therefore i.e. sectjon bed maps onto the origin of the G(s:)H(s)-plane\

|G()H (s)| > % -0

Sectiondemaps as thecomplex imageof thepolar plot as before
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Relativestability

The main disadvantage of a Bode plot is that we have to draw and consider two different
curvesatatime,namely,magnitudeplotandphaseplot.Informationcontainedinthesetwoplots can be
combined into one named polar plot. The polar plot is for a frequency range of O<w<a . while
the Nyquist plot is in the frequency range of - a<w<a. The information on the negative frequency
is redundant because the magnitude and real part of G( jw) an are even functions. In this section.
We consider how to evaluate the system performance in terms of relative stability using a
Nyquist plot. The open-loop system represented by this plot will become unstablebeyond a
certain value. As shown in the Nyquist plot of Fig. the intercept of magnitude 'a on the
negativereal axis corresponds lost phaseshift of - 180° and -1 represents theamount ofincrease
ingainthatcanbetoleratedbeforeclosed-loopsystemtendstowardinstability.As‘a‘approaches (-1+ j0)
point the relative stability is reduced; the gain and phase margins are represented as follows in
the Nyquist plot.

Gain margin

As system gain is increased by a factor 1/a, the open loop magnitude of G ( jw)H( jw)will
increase by a factor a( 1/a) = 1 and the system would be driven to instability. Thus, the gain
margin is the reciprocal of the gain at the frequency at which the phase angle of the Nyquist plot
is - 180°. The gain rnargin, usually measured in dB, is a positive quantity givenby

GM=-20log a dB

Imaginary
anls

'TLPM% Real axis

r

Unit circla
(rain margin representation
in Nyguist plot with small PM

PhaseMarging,,

Importance of the phase margin has already in the content of Bode. Phase margin is
defined as the change in open-loop phase shift required al unity gain to make a closed loop
system unstable. A closed-loop system will be unstable if the Nyquist plot encircles -1 +;0 point.
Therefore, the angle required to make this system marginally stable in a closed loop is the phase
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margin .In order to measure this angle, we draw a circle with a radius of 1, and find the point of
intersection of the Nyquist plot with this circle, and measure the phase shift needed for this point
to be at an angle of 1800. If may be appreciated that the system having plot of Fig with largerPM

is more stable than the one with plot of Fig.
Imaginary
Unil cindle axls

rr a

A1PM L7 :
-1+.-°ﬂ'~. ﬂn;fly Raal axis

+

*
“

L]

Phase margin representation

I

Page650f116

SCE ELECTRICALANDELECTRONICSENGINEERING



IC-8451 CONTROLSYSTEMS

CHAPTERS
STATEVARIABLEANALYSIS

StatespacerepresentationofContinuousTime systems

The state variables may be totally independent of each other, leading to diagonal or
normal form or they could be derived as the derivatives of the output. If them is no direct
relationship between various states. We could use a suitable transformation to obtain the
representation in diagonal form.

PhaseVariable Representation

It is often convenient to consider the output of the system as one of the state variable and
remaining state variable as derivatives of this state variable. The state variables thus obtained
from one of the system variables and its (n-1) derivatives, are known as n-dimensional phase

variables.
Inathird-ordermechanical system,the outputmay bedisplacement x; x;-x,-v and x,

=x3=a in the case of motion of translation or angular displacement 6 1 = x| x1=x>-w and
X2= x3= o if the motion is rotational, Where v v,w,a, o respectively, are velocity, angular velocity
acceleration, angular acceleration.

ConsideraSISOsystemdescribedbynth-orderdifferentialequation.

y 0 +ay "N .+ a0+ a, )0 = Ky
Where

¥ = o D de”,
uis,ingeneral, afunctionoftime.
Thenth ordertransfer functionofthissystem is
i\ K
Go= 29 . |
u(s) -

S 4as’ T deta_54a,

. o on =), B=i0, 5=, 0,025 00,
Withthestates(eachbeingfunctionoruimé )oeaenneaas

Equation becomes

T4apx +oyx, ..t a, X+a, = Kull)
T, = =0y X, =8y X, = =8y Xy =0, Xk Kl

UsingaboveEgs stateequationsin phqsésatiéblé loan canheobtained as

X 0 1 0 ST | 0 0
f' 0 o 1 o ofl"| |o
. LS Xa .
x=| . * o
N 0 0 0 0o ! 0

X, -
—a, i,y “,_3 dy  — K

Where
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y=(l 00..0x
X=[x %. x)

PhysicalVariable Representation

In this representation the state variables are real physical variables, which can be
measured and used for manipulation or for control purposes. The approach generally adopted is
to break the block diagram of the transfer function into subsystems in such a way that the
physical variables can he identified. The governing equations for the subsystems can he used to
identify the physical variables. To illustrate the approach consider the block diagram of Fig.

+ K []
”ﬁ?—'_- {s+8)(s + b} -

Block diagram
Onemayrepresent thetransfer function ofthissystem as

_ ¥y _ K

, Gis) 1 Kls+ads+d) |
Tuls) K+is+als+b)

1. 1 13
==

I+ G(s)H(Gs) 5 1+ KNs+als+b) 5

Tis)

TakingH(s)=1,theblockdiagramofcanberedrawnasinFig.physicalvariablescanbe
speculated as x1=y, output, x2 =w= 0 the angular velocity x3-Ia the armature current in a
position-control system.

1] w
+

x| _# |meef v ]xc¥
Lo |Erhlal e ] ¥

o
-
L]

(8 = Raflg b= fij and K = 1Ly in Prob. 8)
Block diagram with physicel variobles
Where
K=Y 8 = n,r=(rda)x
Thestatespacerepresentationcan beobtained by
.f| =.I-3.. J-i': -'_l"hxz + K_I].. .'-\:-_; == (H3 —.I: + i y= 'tl

X

0o 1 olfx] [o
Ll=|0 &+ K|x|+|0|«
_i-J 0 -1 —ajx 1
And
|
o=l 0 0] x
3

Solutionof Stateequations
Considerthestateequationn oflineartimeinvariant system as,

X(f) = AX() + BU()
ThematricesAandBareconstantmatrices. This stateequationcan beoftwotypes,

1. Homogeneousand
2. Nonhomogeneous
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HomogeneousEquation
IfAisaconstantmatrixand inputcontrolforcesarezerothentheequationtakesthe form,

}:Z{l} = A X(1)

Such an equation is called homogeneous equation. The obvious equation is if input is zero, In
such systems, the driving force is provided by the initial conditions of the system to produce the
output. For example, consider a series RC circuit in which capacitor is initially charged to V
volts. The current is the output. Now there is no input control force i.e. external voltage appliedto
the system. But the initial voltage on the capacitor drives the current through the system and
capacitor starts discharging through the resistance R. Such a system which works on the initial
conditions without any input applied to it is called homogeneous system.
NonhomogeneousEquation

If A is a constant matrix and matrix U(t) is non-zero vector i.e. the input control forcesare
applied to the system then the equation takes normal form as,

L]
X(t) = A X{t) + B U(t)

Such an equation is called non homogeneous equation. Most of the practical systems
require inputs to dive them. Such systems arc non homogeneous linear systems. The solution of
the state equation is obtained by considering basic method of finding the solution of
homogeneous equation.

Controllabilityand Observability

More specially, for system of Eq.(1), there exists a similar transformation that will

diagonalize the system. In other words, There is a transformation matrix Q such that

X=A4X+Bu . y=CX+Du : X(0)=X, (1)
X=0X o X=Q'X 2)
X = AX + Bu V= CX + Du (3)
_;fq 0 - 0
0 A, 0
Where A = : (4)
i 0 ,{n |

Notice that by doing the diagonalizing transformation, the resulting transfer function between

u(s) and y(s) will not be altered.
LookingatEq.(3),if , isuncontrollablebytheinputu(t),since,xk(t)is

characterizedbythemod%ﬂ}ﬁﬁ@p@t k)n.
¢ %, () = €"x,(0.)

The lake of controllability of the state x,(f) s reflect by a zero k™ row of B, 1e.h, . Which would cause a complete zerg

rows 1n the following matrix (known as the controllability matrix), i.e.:
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2 - AR
bz "1:1 *‘Iﬁlz ""jﬂn_lf’é

B, y }é A“B :|: ‘2 ‘ 1’ (R
b.i.- '%'kbi.- ’tkb& ""Lk”_bx

Ab A%, ety p

A C(A.b) matrix with all non-zero row has a rank of N.
In fact .B=0Q 'B or B=0B. Thus. a non-singular C(A.b) mafrix implies a non-singular matrix of C(A.b)of tl

following;|

C(Ab)=|B 4B 4’B --=A"'B|
TransferfunctionfromStateVariableRepresentation

A simple example of system has an input and output as shown in Figure 1. This class of
system has general form of model given in Eq.(1).

ul(t) y(t)

amy 'n]'u—l_'/1 dm_lﬂ'
+a — . tavit)=b  ——+ . +bult
e w1 Wy =5, , s oté(1)

Models of this form have the property of the following:

u(t) = aqpy (N + o, (1) = y(@) = gy (1) + a3, (1) (2)

where,(y1,ul)and(y2,u2)eachsatisfiesEq,(1).
Model of the form of Eq.(1) is known as linear time invariant (abbr. LTI) system.
Assume the system is at rest prior to the time t0=0, and, the input u(t) (0 t <o) produces the

output y(t) (0 t < o), the model of Eq.(1) can be represented by a transfer function in term of
Laplace transform variables, i.e.:

b s"+b " +---+b
y(s)=— = ~u(s) 3)

as"+a " +--+a,
Then applying the same input shifted by any amount LI of time produces the same oufput shifted by the same amount q of]

rime. The representation of this fact is given by the following transfer function:

m m-1
i :[bm.s- M )

n n-1
Gn-S' +ﬂ"_15' ‘|‘"'+ﬂ'ﬂ

]e'm u(s) 4
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Models of Eq.(1) having all b, =0 (i > 0). a state space description arose out of a reduction to a systemrof first order

differential equations. This technique is quite general. First, Eq.(1) is written as:

.v(ﬂ) = f r-”U):J’:.""-J.}-"Hy(n_l)

(5)
with initial conditions: y(0)=y,.7(0) = ,(0),-+-, " (0) =y, ,(0)
~onsider the vector x € R"withx;, = y.x, = 3,5 = y,---, X, =¥ 7, Eq.(5) becomes

Il

d &

—x=| .
xﬂ'
f L. !‘-'(t)gl'li’,_‘i-’_j}_. .. ..y("_l}'

1 case of linear system, Eq.(6) becomes:

(010 «+ «+ O 0

001 0 -0 0
dy_ xH{olud: yo=100--0X (7
dt C o .

Y M T !

[t can be shown that the gemeral form of Eq.(l)_c an be written as

(010 - -~ 0 0

oo1 0 ---0 0
£X= X +|0 |u(f): y{t=by, b, ---b_ 0---0 X (8)
ar 00 - - 1 :

T T ST SR 1]

and, will be represented in an abbreviation form:
X=AX+Bu .y = CX+Du. D=0 (9)

Eq.(9) is known as the conftroller canonical form of the system.

Statespacerepresentationfordiscretetime systems
Thedynamicsofalineartime(shift))invariantdiscrete-timesystemmaybeexpressedinterms state
(plant) equation and output (observation or measurement) equation as follows

x(k + 1) = Ax(k) + Bu(k),
¥(&) = Cxlk) + Du(k}
Wherex(k)anndimensionalslaterectorattimet=kT.anr-dimensionalcontrol(input) vector
y(k). an m-dimensional output vector ,respectively, are represented as

X(K) = [5,(6), %fR), +ony LR, W) = [, (B), a0), oo G, FORY= [0, YaR), oo BT,
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The parameters (elements) of A, an nX n (plant parameter) matrix. B an »X r control
(input)matrix, and C An mXr output parameter, Dan m X rparametricmatrix areconstants for the
LTI system. Similar to above equation state variable representation of SISO (single output and
singleoutput)discrete-rimesystem (with direct coupling ofoutput with input)can bewritten as

Wheretheinput u, outputy and d. arescalars,andb andcaren-dimensional vectors.

ik + 1) = Ax(k) + ba(k)
ey =¥ x(k) + du(k)
The concepts of controllability and observability for discrete time system are similar to the
continuous-time system. A discrete time system is said to be controllable if there exists a finite
integer n and input mu(k); & [0,n 1] that will transfer any state (0) x° = bx(0) to the state x" at k
= nn.

SampledDataSystem

When the signal or information at any or some points in a system is in the form
ofdiscretepulses. Thenthesystemiscalleddiscretedatasystem.Incontrolengineeringthe discrete data
system is popularly known as sampled data systems.

sff) HkT) okT)
rit) Sampler Digital l | DACand Elect ctt)
T andADC 1 o e m a-a-;r hold > [cmm-ﬁm_?_...

SamplingTheorem

A band limited continuous time signal with highest frequency fm hertz can be uniquely
recovered from its samples provided that the sampling rate Fs is greater than or equal to 2fm
samples per seconds.
Sample&Hold

T_.
ait) X

—H ZOH———»
gt Raconstructed
signal
The Signal given to the digital controller is a sampled data signal and in turn the
controller gives the controller output in digital form. But the system to be controlled needs an
analog control signal as input. Therefore the digital output of controllers must be converters into
analog form.
This can be achieved by means of various types of hold circuits. The simplest hold
circuits are the zero order hold (ZOH). In ZOH, the reconstructed analog signal acquires thesame
values as the last received sample for the entire sampling period.
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=
—
-

Outpul
of Z0H Reconstructed signal

Original
signal

-

m)

The high frequency noises present in the reconstructed signal are automatically filtered
out by thecontrol system component which behaves likelow pass filters. In afirst order hold the
last two signals for the current sampling period. Similarly higher order hold circuit can be
devised. First or higher order hold circuits offer no particular advantage over thezero order hold.
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TUTORIALPROBLEMS

UNIT-ICONTROLSYSTEMMODELING

1. In thesystemshowninfigurebelow, R,LandCareelectricalparameters  whileK,Mand
Baremechanicalparameters.FindthetransferfunctionX(S)/E1(S)forthesystem,where EI1(t)
is input voltage while x(t) is the output displacement.(16) (AUC Nov/Dec 2012)

L bt r r et r sy

I
—
=

=l

AL
g

—
1L

2. (i)Ablockdiagramisshownbelow.Constructtheequivalentsignalflowgraphand obtain
C/R using Mason‘s formula. (8) (AUC Nov/Dec 2012), (AUC Apr/May 2011)

Page730f116
SCE ELECTRICALANDELECTRONICSENGINEERING



IC-8451 CONTROLSYSTEMS

3. (ii)Forthebl_ockdiagramshownbelow,ﬁndtheoutputCduetoRanddisturbanceD. (8)
D

(a4

N,

4. Write the differential equations governing the mechanical rotational system shown in
figure.Drawthetorque-voltageandtorque-currentelectricalanalogouscircuitsandverifyby
writing mesh and node equations. (AUC May/Jun 2012)

| K3
j‘3 (T

L @

5. (i)Usingblockdiagramreductiontechnique,findtheclosedlooptransferfunctionC/Rofthe system
whose block diagram is shown below.(8) (AUC May/Jun 2012)

i. é‘g _

(i1)Constructthesignalflowgraphforthefollowingsetofsimultaneousequationsandobtain the
overall transfer function using Mason‘s gain formula. (8)
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X2=A21X1 +A23X3
X3=A31X1+A32X2+A33X3 X4 =
A42X2 + A43X3

6. (i)Considerthemechanicalsystemshownbelow.Identifythevariablesandwritethe
differential equations. (6) (AUC Nov/Dec 2011), (AUC Apr/May 2011)

—s % (£)
; k ] a‘ k 7
;: F—yet) e
}!f///ff,fz’f ARV R A |
(i1) Drawthetorque-voltageelectricalanalogouscircuitforthefollowingmechanicalsystem
shown. (4)
2w, puon Ao,
(‘_ K, K 2
é 3, —T2 Jq £J98) g
1
Tk
LLJEI "L B: ;;J B.B
=

(ii1) Obtainthetransferfunctionofthefollowingelectricalnetwork.(6)

7. ()For thesignalflowgraphshown below,find C(S)/R(S)by usingMason‘sgainformula.
(10)(AUC Nov/Dec2011)
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(il)Findthetransfer functionC(S)/R(S)otblock diagramshownbelow.(6)

{ &,
RO ™

Gra

CONTROLSYSTEMS
—
oy 8 (8>

8 (i)ReducetheblockdiagramtoitscanonicalformandobtainC(S)/R(S).(10) (AUCNov/Dec 2010)

G,

G,

G|

G,

N

.y

-+

H,

Y

-+

(i1)Give thecomparison betweenblock diagram andsignal flowgraph methods. (6)

(1) Determinethe transferfunctionfor thesystem havingtheblockdiagram as shown below.(8)

(AUCApr/May2010)
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(i1) Determinethetransfer functionofthenetworkin thefigure. (8)

£ £

9. Determinethetransferfunctionofthetransistor‘shybridmodelshowninfigureusingsignal flow

graph. (AUC Apr/May 2010)

y o f 1%'*” %f“

UNITHTIMERESPONSEANALYSIS
1. (i) The unity feedback system is characterized by an open loop transfer

function G(s)H(s) =

Determine the gain K, so that the system will have a

s(s+10)
damping ration of 0.5. For this value of K, determine settling time, peak overshoot and time to

peak overshoot for a unit step input. (8)
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K1(25+1)

ii)A unity feedback system has the f d transfer function. G(s)H(s) = ————
(ii)A unity feedback system has the forward transfer function () () SGs+D)(115)?

The input r(t) = (1+61) is applied to the system. Determine the minimum value of K1, if the
steady state error is to be less than 0.1. (8) (AUC Nov/Dec 2012), (AUC Apr/iMay 2011)

2. With suitable block diagrams and equations, explain the following types of controllers

employed in control systems: (AUC Nov/Dec 2012), (AUC ApriMay 2011)
i. Proportional controller (4)
ii. Proportional-plus-integral controller (4)
ii. PID controller (4)
iv. Integral controller (4)

3. (i) The open loop ftransfer function of a unity feedback control system is given by

K
G(S) . s(5T+1)

where K and T are positive constants. By what factor should the amplifier

gain be reduced so that the peak overshoot of unit step response of the system is reduced

from 75% to 25%7? (8) (AUC May/Jun 2012)
(ii) A certain unity negative feedback control system has the following forward path transfer
function G(s) = K2 The input applied is r(t) = 1+3t. Find the mini ue of K
unction = SGr5)@stD); e input applied is r(t) = . Find the minimum value o

so that the steady state error is less than 1. (8) (AUC May/Jun 2012)

4 (i) Discuss the effect of derivative control on the performance of a second order system (8)

(ii) Figure shows PD controller used for a system. Determine the value of Td so that system

will be critically damped. Calculate its settling time. (8) (AUC May/Jun 2012)
R(S)
f —a £ (S)
—
ST

5. (i) Derive an expression to find steady state error of a closed loop control system. (6)

(i) The closed loop transfer function of a second order system is given by T(S) =

100
= ... Determine the damping ratio, natural frequency of oscillation, rise time, settling
52+105+100
time and peak overshoot. (10) (AUC Nov/Dec 2011)
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6. Consider a unity feedback system with open-loop transfer  function,

EE) = 75

(s+1) (s+3)(5+8)

Design a PID controller to satisfy the following specifications:

i.  The steady state error for unit ramp input should be less than 0.08
i Damping ratio = 0.8 and

il Natural frequency of oscillation = 2.5 rad/sec.

State the expressions for the transfer function of the PID controller and for the open loop

transfer function of the compensated system.  (16) (AUC Nov/Dec 2011)

7. The open loop ftransfer function of a unity feedback control system is given by
K
5(sT+1)

, where K and T are positive constants. By what factor should the amplifier

g(s) =

gain be reduced so that the peak overshoot of unit step response of the system is reduced
from 75% to 25%7 (16) (AUC Nov/Dec 2010)
8. Explain in detail the system response with PI,PD and PID controllers (AUC Nov/Dec 2010)
9. (i) Determine K to limit the error of a system for input 1 + 8t + (1 8f2)t2 to 0.8 having (8)

G(s) = ®

s2(s+1)(s+4)

(il) The forward path transfer function of a unity feedback control system is given by

2
G(s) = S(5+3) Obtain an expression for unit step response of the system. (3)

(AUC Apr/May 2010)

10. A unity feedback control system is shown in figure below. By using derivative contral the
damping ratio is made to be 0.8. Determine the value of Td and compare the rise time, peak
fime and maximum overshoot of the system. (AUC Apr/May 2010)

i Without derivative control

I With dernivative control

The input of the system being unit step.

R (5) , C(S)
—@— il
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UNITHIFREQUENCYRESPONSEANALYSIS

KE—D.ZS
1. Given G(s) = —— find K for the following two cases:
5(5+2)(5+8)

i (GGain margin equal to 6 db

ii. Phase margin equal to 45° (AUC Nov/Dec 2012), (AUC Apr/May 2011)
2. Draw a pole-zero diagram of a lead compensator. Propose lead compensation using

electrical network. Derive the transfer function. Draw the bode plots. (AUC Nov/Dec 2012)

3. (i) For the following transfer function, Sketch the Bode magnitude plot by showing

G(s) = & , slope contributions from each pole and zero. (8)

s(s+1)(s+2)

(ii) For an unity feedback system with closed loop transfer function Gis) / 1 + G(s), derive the

equations for the locus of constant M circles and N circles.(8) (AUC May/Jun 2012)

4. (i) Write the procedure to obtain Nichol's chart from Constant M circles.  (8)
(i) Write a MATLAB program to examine stability using Bode plot for the given transfer

20 —0.28
function G(S) = m . Explain the code (statements) as to what the variables and

numbers mean and also what action is caused by each statement. State also how you will

interpret the result. (8) (AUC May/Jun 2012)

100 (1+0.15)

(1+0.015)(1+5) @)

5. (i)Sketch the Bode magnitude plot for the transfer function G(s} =

10(s+2)

(il Draw the polar plot for the following transfer function G(S) = m (8)

(AUC Nov/Dec 2011)
10
5(s+1)

6. A unity feedback control system has, G(s) = . Design a lead compensator such

that the closed loop system will satisfy the following specifications:
I Static velocity emror constant = 20 sec.
i Phase margin = 50°
iii. Gain margin =z 10dB
Draw the bode plots and explain. (AUC Nov/Dec 2011)
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7. The open loop transfer function of a unity feedback control system is, G[S) = s(sTE;(sm
Design a lead compensator so as to meet the following specifications
i Static velocity error constant, Kv = 80 sec-'.
il Phase margin = 35°
iii. Gain margin = 10dB (AUC Apr/iMay 2011)
8. Sketch Bode plot for the following transfer function and determine the system gain K for the

2

Ks=
(1+0.25)(1+0.025)

gain cross over frequency to be 5 rad/sec G(s) = (AUC Nov/Dec 2010)

9 The open loop transfer function of a unity feedback system is given by

1 g : .
GIS} = S+s)(1425) Sketch the polar plot and determine the gain margin and phase
margin. {AUC Nov/Dec 2010)
: - K .
10. A unity feedback control system has G(S) = S(+4)(5+10) Draw the Bode plot. Find K
when phase margin = 30°. (AUC ApriMay 2010)
; s 10 .
11. A unity feedback control system has G(.S‘) = SGID(+10) ° Draw the Nyquist plot and
comment on closed loop stability. (AUC ApriMay 2010)

UNIT IV STABILITYANALYSIS

1. (1) Determine the range of K for stability of unity feedback system whose open loop transfer

function i1s G(s) = using Routh stability criterion. (6)

5(s5+1)(5+2)
(i) Draw the approximate root locus diagram for a closed loop system whose loop transfer

function is given by G(s)H(s) = Comment on the stability. (10)

s(s+5)(s+10)
(AUC Nov/Dec 2012)

2. Sketch the Nyquist plot for a system with open loop transfer function

_ K(1+0.4s)(s+1)
G(s)H(s) = (1+85)(s—1)

and determine the range of K for which the system is stable.

(AUC Nov/Dec 2012), (AUC Nov/Dec 2011)

3. (i) Construct Routh array and determine the stability of the system whose characteristic
equation is s® + 25 + 85"+ 125+ 205 + 165 + 16 = 0.(6)

(i) Sketch the root locus of the system whose open loop transfer function is

K . . )
G(S) = S(5+2)(5+4) .Find the value of K so that the damping ratio of the closed loop
system is 0.5 (10) (AUC May/Jun 2012)
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4. Draw the Nyquist plot for the system whose open loop transfer function is

G(s)H(s) = =

s(s+2)(s+10)°
stable. (AUC May/Jun 2012), (AUC Apr/May 2011)

5. (1) A certain unity negative feedback control system has the following open loop transfer

: _ K . :
function G(S)H(S) = Sein(iizsi) Find the breakaway points and draw root locus for

0=w==_(12) (AUC Nov/Dec 2011)

Determine the range of K for which the closed loop system is

(ii) List the advantages of Routh’s array method of examining stability of a control system. (6)

6. (1) A unity feedback system is characterized by the open loop transfer function, G(s) =

K
(s+2)(s3+1052+495+100)

Using Routh Stability criterion, calculate the range of values of K

for system to be stable. Determine the value of K, which will cause sustained oscillations in
the closed loop system. Also determine the frequency of sustained oscillations.(10)
(i) State the rules for construction of the Root locus for a feedback system. (6)
(AUC ApriMay 2011)
7. Sketch the root locus of the system whose open loop transfer function is
G(S) = m .Find the value of K so that the damping ratio of the closed loop

system is 0.5. {AUC Nov/Dec 2010)

8. Construct the Nyquist plot for a system whose open loop transfer function is given by
K(1+s?
G(s)H(s) = % Find the range of K for stability. (AUC Nov/Dec 2010)

9. Draw the root locus for the open loop transfer function of a unity feedback control system
given below and determine (AUC Apr/iMay 2010)

i. ThevalueofKforG=05
ii.  The value of K for marginal stability
il The value of K at S=-4.
K
G(s) =
(s) s(s+1)(s+3)

10_ (1) Using Routh criterion, investigate the stability of a unity feedback control system whose

—st

(8)

open-loop transfer function is given by G(s) = s(s+2)

(ii) A closed loop control system has the characteristic equation given by
s>+4552+355+15=0 (8) (AUC Apr/May 2010)
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UNITVSTATEVARIABLE ANALYSIS
1. The state space representation of a system is given below: Obtain the transfer function.

x1 -2 4 0N yxi 0 x1
(x'z) = ( 0 -3 1 ) (xz) + (n) u y=1(0 1 0)(x2)
x3 -3 -4 -5 x3 1 x3
(AUC Nov/Dec 2012), (AUC Apr/May 2011)

2. (i) Determine the controllability and observability of the following system: (8)

x1 0o 1 0 xl 0 x1
(ﬂ): (n 0 1 ) (xz)—l-({})u y=(1 0 0)(x2)
x3 0 -2 -3/ \x3 10 x3

(if) Obtain the z-domain transfer function of the system shown below_ (8)(AUC Nov/Dec 2012)

3. Obtain the state space representation of armature controlled D.C. motor with load, shown
below: (AUC May/Jun 2012)
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aa
Choose the armature current 7, the angular displacement of the shaft 8 and the speed d_

as state variables and @ as output variables.

4. (i) The state model matrices of a system are given below: (AUC May/Jun 2012)
0o 1 0 0
A=|0 0 1 |,B=|(0)and C= (3 4 1)
0 -2 -3 1

Evaluate the observability of the system using Gilbert's test (10)

(ii) Find the controllability of the system described by the following equation: (6)
A —1 —1y (X1 0
(X) - ( £ _1) Xz) + (1) u(t)

5. (i) Find the state variable equation for a mechanical system (spring-mass-damper system)

Bj
T O T T A i T R A ST

. : : P g | 1 0y (X1 0
(i) A LTI system is characterized by the state equatlon(x.z) = (1 1) xz) + (1) u. Where

U is a unit step function. Compute the solution of this equation assuming initial

shown below. (8)

NN NN

condition x0 = [é] Use inverse Laplace transform technigque. (8) (AUC Nov/Dec 2011)

6. A sampled data control systems is shown in the figure below: (AUC Nov/Dec 2011)

RE.S_);*@__X K —1-eTs 1 s
—X T=05s & s(s+2)

Find the open loop transfer function, If the controller gain is unity with sampling time 0.5 seconds.
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7. Write the state equations for the system shown below in which x1, x2 and x3 constitute the
state vector. ) (AUC ApriMay 2011)

4
-

Determine whether the system is completely controllable and observable.

3. (i) Explain in detail the state space representation for continuous time systems.  (8)

(il) Explain in detail the state space representation for discrete time systems. (8)

(AUC Nov/Dec 2010)
9. Determine the state controllability and observability of the system described by

-3 1 1 0 1 i o %
x=(-1 o0 1)x+ 0 0oju y= (1 i - (AUC Nov/Dec 2010)
0 1 1 2 1
) i ) Y(s) (5+3) ’
10. (i) Using cascade method decompose the transfer function = : and obtain
U(s) (s+1)(s+2)
the state model. (8)

(i) Obtain the state space representation for the electrical network shown in figure below (8)

(AUC Apr/May 2010)

uts) 2 EAR)) i X0y
$43 o e
l(,fs) S{s41)

11. (i) Determine the transfer matrix from the data given below: (8) (AUC ApriMay 2010)

-3 1 1
A=(U _1),B=(1)andc=[1 1)D=0
(ii) The transfer function of a control system is given by (8)

Y(s) (s+2)
u(s) 53+ 952+ 265+24°

Check for controllability.
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QUESTIONBANK

UNIT-ISYSTEMSANDTHEIR REPRESENTATION

PART-A
1.  Whatiscontrol system?
Asystem consists ofanumberofcomponents connectedtogetherto performaspecific
function.Inasystemwhentheoutput  quantityiscontrolledbyvaryingtheinputquantitythen  the
system is called control system.

2.  Defineopenloopcontrolsystem.

Thecontrolsysteminwhichtheoutputquantityhasnoeffectupontheinputquantityis called
open loop control system. This means that the output is not feedback to the input for correction.

3.  Defineclosedloopcontrolsystem.

Thecontrolsysteminwhichtheoutputhasaneffectupontheinputquantitysoasto maintain the
desired output values are called closed loop control system.

4. Whatarethecomponentsoffeedbackcontrolsystem?

Thecomponentsoffeedbackcontrolsystemareplant,feedbackpathelements,error detector
actuator and controller.

5. Distinguishbetweenopenloop andclosedloop system

S.No Open Loop ClosedLoop

1 Inaccurate Accurate

2 SimpleandEconomical ComplexandCostlier

3 Thechangein output due to Thechangein output due to external
externaldisturbancearenot disturbancearecorrected automatically
corrected

4 Mayoscillateandbecome un | Theyaregenerallystable
stable

6. Definetransferfunction.

TheTransferfunctionofasystemisdefinedastheratioofthelaplacetransformof output to
Laplace transform of input with zero initial conditions.

7. Whatarethebasicelementsusedformodelingmechanicaltranslationalsystem.

» MassM, Kg,

Page860f116
SCE ELECTRICALANDELECTRONICSENGINEERING



IC-8451 CONTROLSYSTEMS

« StiffnessofspringK,N/m
« andViscousfrictioncoefficientdashpotB,N-sec/m

8.  Whatarethebasicelementsusedformodelingmechanicalrotationalsystem?
» Momentof inertial, Kg-m*/rad
« dashpotwithrotationalfrictionalcoefficientB,N-m/(rad/sec) »
And torsional spring with stiffness K ,N-m /rad.
9. Nametwo typesofelectrical analogousformechanicalsystem.

Thetwotypesofanalogiesforthemechanicalsystemare o

Force voltage and
« Forcecurrent analogy

10. What is block diagram?

Ablockdiagramofasystemisapictorialrepresentationofthefunctionsperformedby each
component of the system and shows the flow of signals.

11. WhatarethebasiccomponentsofBlockdiagram?
Thebasicelements ofblock diagramareblocks,branchpoint andsumming point.
12. Whatisthebasisforframingtherules ofblock diagramreductiontechnique?

Therulesforblockdiagramreductiontechniqueareframedsuchthatanymodification made on
the diagram does not alter the input output relation.

13. What is a signal flow graph?

Asignalflowgraphisa diagramthatrepresentsa setofsimultaneousalgebraicequations
.BytakingLaplaceTransformthetimedomaindifferentialequationsgoverningacontrolsystem can be
transferred to a set of algebraic equations in s-domain.

14. What istransmittance?

Thetransmittanceisthegainacquiredbythesignalwhenittravelsfromonenodeto another node
in signal flow graph.

15. Whatissinkandsource?

Sourceistheinputnodeinthesignalflowgraphandithasonlyoutgoingbranches.Sink is a
output node in the signal flow graph and it has only incoming branches.
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16. Definenon touching loop.
Theloops aresaid to benon touching if theydo not havecommon nodes.
17. WriteMasonsGain formula.
Mason‘sgainformulastatesthattheoverallgainofthesystemasfollowsOverallgain, T =
T(S) = transfer function of the system
K=Numberofforwardpathinthesignalflow.

Px=forward pathgainoftheKthforward path

A=1—(Sumofindividualloopgains)+(Sumofgainproductsofallpossiblecombinationsof two non
touching loops) -(Sum of gain products of all possible combinations of three non touching
loops) + .......

Ay=(Aforthat partofthegraph whichisnot touchingKth forward path)

18. Writetheanalogouselectricalelementsinforcevoltageanalogyfortheelementsof
mechanical translational system.

Force, f a Voltage, e

Velocity, V a current, i
Displacement,xacharge,q
Frictionalcoefficient,BaResistance,R

Mass, M a inductance, L

Stiffness, K a Inverse of capacitance 1/C
Newton‘ssecondlawaKirchhoff*svoltagelaw.

19. Writetheanalogouselectricalelementsinforcecurrentanalogyfortheelementsof
mechanical translational system.

Force, f a current, i

Velocity, V a Voltage, e
Displacement,xaflux,®
Frictionalcoefficient,BaConductance, G=1/R
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Mass,MacapacitanceC
Stiffness, K a Inverse of inductance, 1/L
Newton‘ssecondlawaKirchhoff*scurrentlaw.

20. Writetheanalogouselectricalelementsintorquevoltageanalogyfortheelementsof
mechanical rotational system.

Torque,TaVoltage, e

Angular Velocity, o a current, i

Angular Displacement, 0 a charge, q
Frictionalcoefficient,BaResistance,R

Moment of Inertia, J a inductance, L
Stiffnessofthespring,Kalnverseofcapacitancel/C Newton‘s
second law a kirchhoff*s voltage law.

21. Writetheanalogouselectricalelementsintorquecurrentanalogyfortheelementsof
mechanical rotational system.

Torque, Tacurrent,i

Angular Velocity, ® a Voltage, e

AngularDisplacement,faflux,®

Frictionalcoefficient,BaConductance,G=1/R

Moment of Inertia,J a capacitance C
Stiffnessofthespring,Kalnverseofinductance,1/L Newton‘s

second law a kirchhoff*s current law.

22. Writethe forcebalanceequation ofan idealmass, dashpotand springelement.

LetaforcetbeappliedtoanidealmassM.Themasswill offeranopposingforcefmwhich is
proportional to acceleration.

=fn=M d2X/dt2
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Letaforcefbeappliedtoanidealdashpot,withviscousfrictionalcoefficientB. Thedashpot will offer
an opposing force fywhich is proportional to velocity.

f=fp,=B dX/dt

Letaforcefbeappliedtoanidealspring,withspringconstantK. Thespringwillofferan opposing force
fiwhich is proportional to displacement.

f=fi=K X

23. Whynegativefeedbackisinvariablypreferredin closedloopsystem?
Thenegativefeedbackresultsinbetterstabilityinsteadystateandrejectsanydisturbance signals.

24. Statetheprinciplesofhomogeneity(or) superposition.
Theprincipleofsuperpositionandhomogeneitystatesthatifthesystemhas responses yi(t) and

ya(t) for the inputs xi(t) and x»(t) respectively then the system response to the linear combination

of the individual outputs a;x;(t) + ax»(t) is given by linear combination of the individual outputs
aryi(t)+axya(t), where aj, arare constant.

25. Whatarethe basicpropertiesof signalflowgraph?
Thebasic propertiesof signalflow graphare
« Signalflowgraphisapplicabletolinearsystems. o
It consists of nodes and branches.
» Anodeaddsthesignalofallincomingbranchesandtransmitsthissumtoalloutgoing
branches.
« Signalstravelalongbranchesonlyinthemarkeddirectionandismultipliedbythegain of the
branch.
« Thealgebraicequationsmustbeintheformofcauseandeffectrelationship.
UNIT-IITIME RESPONSE

1.  Whatis an orderof a system?

Theorderofasystemistheorderofthedifferentialequationgoverningthesystem.The order of
the system can be obtained from the transfer function of the given system.

2. Whatisstep signal?

ThestepsignalisasignalwhosevaluechangesfromzerotoAatt=0andremains constant at A for
t>0.

3.  What is ramp signal?
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Therampsignalisasignalwhosevalueincreaseslinearlywithtimefromaninitialvalue of zero at
t=0.the ramp signal resembles a constant velocity.

4.  Whatis a parabolic signal?

Theparabolicsignalisa signalwhosevaluevariesasasquareoftimefromaninitial valueofzeroat
t=0.Thisparabolicsignal representsconstantacceleration inputtothe signal.

5.  Whatistransient response?

Thetransientresponseistheresponseofthesystemwhenthesystemchangesfromone state to
another.

6. Whatissteadystateresponse?
Thesteadystate response is theresponseofthe systemwhenitapproaches infinity.
7. DefineDamping ratio.
Dampingratioisdefinedastheratioofactualdampingtocritical Damping.
8. Listthe timedomain specifications.
Thetimedomainspecifications are
1. Delaytime
ii. Risetime
i11. Peaktime
iv. Peak overshoot
9. Whatisdampedfrequencyof oscillation?

Inunderdampedsystemtheresponseisdampedoscillatory. Thefrequencyofdamped
oscillation is given by w¢= waV(1- {2)

10. Whatwillbethenatureofresponseofsecondordersystemwithdifferenttypesof
damping?

Forundampedsystem theresponseisoscillatory.

For under damped system the response is damped
oscillatory.Forcriticallydampedsystemtheresponseisexponentially
rising.

Page91ofll6
SCE ELECTRICALANDELECTRONICSENGINEERING



IC-8451 CONTROLSYSTEMS

Foroverdamped systemtheresponse isexponentiallyrising buttherise timewillbevery
large.

11. DefineDelaytime.

Thetime takenfor responsetoreach 50%of final valueforthe very firsttime is delay
time.

12. DefineRisetime.

Thetime takenfor responsetoraise from0% to 100%for thevery first timeis risetime.
13. Definepeaktime

Thetimetaken fortheresponse toreachthe peakvaluefor thefirsttimeispeak time.
14. Definepeakovershoot.

Peakovershootisdefinedastheratioofmaximumpeakvaluemeasuredfromthe Maximum
value to final value

15. DefineSettling time.
Settlingtimeisdefinedasthetimetakenbytheresponsetoreachandstaywithin specified error
16. Whatistheneedforacontroller?
Thecontrolleris providedtomodify theerrorsignal forbetter control action.
17. Whatarethedifferenttypesof controllers?
Thedifferenttypesofthecontrollerare o
Proportional controller
« Plcontroller
« PD controller
o PIDcontroller
18. Whatisproportionalcontroller?
Itisdevicethat producesacontrolsignal whichisproportionalto theinputerror signal.

19. What is Plcontroller?

Itisdevicethatproducesacontrolsignalconsistingoftwoterms —oneproportionalto error
signal and the other proportional to the integral of error signal.
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20. What is PDcontroller?
PDcontrollerisaproportionalplusderivativecontrollerwhichproducesanoutputsignal
consisting of two terms -one proportional to error signal and other proportional to the derivative

of the signal.

21. WhatisthesignificanceofintegralcontrollerandderivativecontrollerinaPID
controller?

Theproportionalcontrollerstabilizesthegainbutproducesasteadystateerror. The integral
control reduces or eliminates the steady state error.

22. DefineSteadystateerror.
Thesteadystateerroris thevalueof errorsignal e(t)whent tendsto infinity.
23. Whatis thedrawback ofstaticcoefficients?

Themaindrawbackofstaticcoefficientisthatitdoesnotshowthevariationoferrorwith time and
input should be standard input.

24. Whatarethethree constantsassociatedwithasteadystateerror?
Thethreesteadystateerrorsconstantare o
Positional error constant K,

o VelocityerrorconstantK,
o AccelerationerrorconstantK,

25. Whatarethemain advantagesofgeneralizederror co-efficients?
1) Steadystateisfunctionoftime.

i1) Steadystatecanbedeterminedfromany typeofinput.

26. Whatarethe effectsofadding azero toasystem?

Addingazerotoasystemresultsinpronouncedearlypeaktosystemresponsethereby the peak
overshoot increases appreciably.

27. Whyderivativecontrollerisnotused incontrol system?

Thederivativecontrollerproducesacontrolactionbasedonrateofchange oferrorsignal
anditdoesnotproducecorrectivemeasuresforanyconstant  error.Hencederivativecontrolleris  not
used in control system

28. WhatistheeffectofPIcontrolleron thesystemperformance?
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ThePIcontrollerincreasestheorderofthesystembyone,whichresultsinreducingthe steady
state error .But the system becomes less stable than the original system.

29. WhatistheeffectofPD controlleronsystemperformance?

TheeffectofPDcontrolleristoincreasethedampingratioofthesystemandsothepeak overshoot
is reduced.

30. Whatisthedisadvantagein proportionalcontroller?

Thedisadvantagein proportionalcontrolleris thatitproduces aconstantsteady state
error.

UNIT-IITFREQUENCY RESPONSE

1. Whatisfrequencyresponse?

Afrequencyresponseisthesteadystateresponseofasystemwhen theinputtothe system is a
sinusoidal signal.

2.  Listoutthedifferentfrequencydomainspecifications?
Thefrequencydomainspecificationsare o

Resonant peak.
o Resonantfrequency.
« Bandwidth
o Cut-off rate
« Gainmargin
« Phase margin

3. Define-resonant Peak

Themaximum valueofthemagnitudeofclosedloop transferfunctionis called resonant
peak.

4. What isbandwidth?

Thebandwidthistherangeoffrequenciesforwhichthesystemgainlsmorethan3dB. The
bandwidth is a measure of the ability of a feedback system to reproduce the input signal
,noiserejectioncharacteristicsandrise time.

5. DefineCut-offrate?

Theslopeofthelog-magnitudecurvenearthecut-offiscalledcut-offrate. Thecut-off rate
indicates the ability to distinguish the signal from noise.

6. Define—Gain Margin?
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Thegainmargin,keisdefinedasthereciprocalofthemagnitudeoftheopenloop transfer
function at phase cross over G(jo frequency. Gain margin kg =1 /|pc)| .

7. DefinePhasecrossover?

Thefrequencyatwhich,thephaseofopenlooptransferfunctionsis180°iscalledphase cross
over frequency pc.

8.  Whatis phasemargin?

ItistheamountofphaselagatthegaincrossThephasemargin,yoverfrequency required to
bring system to the verge of instability.

9. DefineGaincross over?

Thegaincrossoverfrequencymg.isthefrequencyatwhichthemagnitudeoftheopen loop
transfer function is unity..

10. What is Bodeplot?
TheBodeplotisthefrequencyresponseplotofthetransferfunctionofasystem.ABode plot

consists of two graphs. One is the plot of magnitude of sinusoidal transfer function versus log

.The other is a plot of the phase angle of a sinusoidal function versus log ®.

11. Whatarethemain advantagesofBodeplot?

Themainadvantages are:

1) Multiplicationofmagnitudecanbeintoaddition.

i1) Asimplemethodfor sketchinganapproximate logcurveisavailable.

ii1) Itisbasedonasymptoticapproximation.Suchapproximationissufficientifrough
information on the frequency response characteristic is needed.

isavailable.iv)Thephaseanglecurvescanbeeasilydrawnifatemplateforthephaseangle curve of 1+
jo

12. DefineCornerfrequency?
Thefrequencyatwhichthetwoasymptoticmeetinamagnitudeplotiscalledcorner frequency.
13. DefinePhaselag andphase lead?

Anegativephaseangleiscalledphaselag. Apositive phaseangleiscalledphaselead.
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14. WhatareMcircles?

ThemagnitudeMofclosedlooptransferfunctionwithunityfeedbackwillbeintheform of circle
in complex plane for each constant value of M. The family of these circles are called M circles.

15. Whatis Nichols chart?

ThechartconsistingifM&Nlociinthelogmagnitudeversusphasediagramiscalled Nichols
chart.

16. Whataretwo contoursofNicholschart?

NicholschartofMandNcontours,superimposedonordinarygraph. TheMcontoursare the
magnitude of closed loop system in decibels and the N contours are the phase angle locus of
closed loop system.

17. Whatisnon-minimumphasetransferfunction?

AtransferfunctionwhichhasoneormorezerosintherighthalfS-planeisknownasnon- minimal
phase transfer function.

18. Whatarethe advantagesofNicholschart?
Theadvantagesare:
1) Itisusedto findtheclosed loopfrequencyresponsefrom openloopfrequencyresponse.
i) FrequencydomainspecificationscanbedeterminedfromNicholschart.
111) Thegain of the systemcan beadjustedto satisfy thegivenspecification.
19. WhatareNcircles?

If the phase of closed loop transfer function with unity feedback is a, then N=tan a. For
eachconstantvalueofN,acirclecanbedrawninthecomplexplane. Thefamilyofthesecircles are called
N circles.

20. Whatarethetwotypesof compensation?
Thetwo types ofcompensation are

1. Cascadeorseriescompensation.

i1. Feedbackcompensationorparallelcompensation.
21. Whatarethethreetypesof compensators?
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Thethreetypes ofcompensators are
1. Lagcompensator.
ii. Leadcompensator.
iii. Lag-Leadcompensator.
22. Whatarethe uses ofleadcompensator?
Theuses of lead compensator are
« speedsupthetransientresponse
» increasesthe marginofstabilityof a system
« increasesthesystemerrorconstanttoalimitedextent.

23. Whatis theuseof lag compensator?

ThelagcompensatorImprovethesteadystatebehaviorofasystem,whilenearly preserving its
transient response.

24. Whenlag-leadcompensatorisis required?

Thelagleadcompensatorisrequiredwhenboththetransientandsteadystateresponseof a
system has to be improved

25. What is acompensator?

Adeviceinsertedintothesystemforthepurposeofsatisfyingthespecificationsiscalled as a
compensator.

26. Whenlag/lead/lag-leadcompensationisemployed?
Lag compensation is employed for a stable system for improvement in steady state
performance.Leadcompensationisemployedforstable/unstablesystemforimprovementin transient

state performance.

Lag-Leadcompensationisemployedforstable/unstablesystemforimprovementinbothsteady state
and transient state performance

27. Whatarethe effectsofadding azero toasystem?

Addingazerotoasystemresultsinpronouncedearlypeaktosystemresponsethereby the peak
overshoot increases appreciably.
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UNIT-1V STABILITYANDCOMPENSATOR DESIGN
1.  Definestability.

AlinearrelaxedsystemissaidtohaveBIBIOstabilityifeveryboundedinputresultsina bounded
output.

2. Whatisnyquist contour

Thecontour that enclosesentireright halfof S planeis called nyquist contour.
3.  StateNyquist stability criterion.

If the Nyquist plot of the open loop transfer function G(s) corresponding to the nyquist
contourintheS-planeencirclesthecriticalpoint—1-+jOinthecontourinclockwisedirectionas many
times as the number of right half S-plane poles of G(s),the closed loop system is stable.

4. DefineRelativestability

Relativestabilityisthedegreeofclosenessofthesystem;itisanindicationofstrengthor degree of
stability.

5. Whatwillbethenatureofimpulseresponsewhentherootsofcharacteristicequation are
lying on imaginary axis?

Iftherootofcharacteristicequationliesonimaginaryaxisthenatureofimpulseresponseis
oscillatory.

6. WhatistherelationshipbetweenStabilityandcoefficientofcharacteristic
polynomial?

Ifthecoefficientofcharacteristicpolynomialarenegativeorzero,thensomeoftherootslie on the
negative half of the S-plane. Hence the system is unstable. If the coefficients of the
characteristic polynomial are positive and if no coefficient is zero then there is a possibility of
the system to be stable provided all the roots are lying on the left half of the S-plane.

7. What is Routh stabilitycriterion?
Routhcriterionstatesthatthenecessaryandsufficientconditionforstabilityisthatallofthe
elementsinthefirstcolumnoftheroutharrayispositive.Ifthisconditionisnotmet,thesystem is unstable

and the number of sign changes in the elements of the first column of routh array corresponds to
the number of roots of characteristic equation in the right half of the S-plane.

8.  Whatislimitedlystablesystem?
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For a bounded input signal if the output has constant amplitude oscillations, then the
systemmaybestableorunstableundersomelimitedconstraintssuchasystemiscalled limitedly stable
system.

9. Inroutharray whatconclusionyoucan makewhen thereis arowofall zeros?

Allzerorowsintheroutharrayindicatetheexistenceofanevenpolynomialasafactorof the given
characteristic equation. The even polynomial may have roots on imaginary axis.

10. What is a principle ofargument?
TheprinciplesofargumentsstatesthatletF(S)areanalyticfunctionandifanarbitraryclosed contour

in a clockwise direction is chosen in the S-planeso that F(S) is analytic at every point of the

contour. Then the corresponding F(S) plane contour mapped in the F(S) plane will encircle the

origin N times in the anti clockwise direction, where N is the difference between number of

poles and zeros of F(S) that are encircled by the chosen closed contour in the S-plane

11. Whatarethetwo segmentsofNyquistcontour?

1. AnfinitelinesegmentC1lalongtheimaginaryaxis.

il. AnarcC2 ofinfiniteradius.

12. Whatarerootloci?

Thepathtakenbytherootsoftheopenlooptransferfunctionwhen theloopgainis varied from
0 to infinity are called root loci.

13. What is a dominant pole?

The dominant pole is a pair of complex conjugate pole which decides the transient
responseofthesystem.Inhigherordersystemsthedominantpolesareveryclose tooriginand all other
poles of the system are widely separated and so they have less effect on transient response of
the system.

14. Whatarethemain significancesofrootlocus?
1. Theroot locustechniqueis usedforstabilityanalysis.
i1. Usingroot locustechniquetherangeofvalues of K, for asstable systemcan bedetermined
15. Whatarebreakaway andbreakinpoints?
Atbreakawaypointthe rootlocusbreaksfrom therealaxisto enterintothecomplex plane.
At break in point the root locus enters the real axis from the complex plane. To find the break

awayorbreakinpoints,formaequationforK fromthecharacteristicequationanddifferentiate the
equation of K with respect to s. Then find the roots of the equation dK/dS = 0. The roots of
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dK/dS=0arebreak awayorbreakinpointsprovidedforthisvalueofrootthegainKshouldbe positive and
real.

16. Whatareasymptotes?Howwillyou findangleofasymptotes?

Asymptotesarethestraightlineswhichareparalleltorootlocusgoingtoinfinityandmeet the root
locus at infinity.

Angles of asymptotes =+180°(2q + 1)/(n-m) q=0,1,2,....... (n-m)
n-number of poles. =~ m-number of zeros.

17. What iscentroid?
Themeetingpointoftheasymptoteswiththerealaxisiscalledcentroid. Thecentroidis given by
Centroid=(sumofpoles—sumofzeros)/(n-m) n-

number of poles.
m-numberof zeros.

18. Whatis magnitude criterion?

Themagnitudecriterionstatesthats=s,willbeapointonrootlocusifforthatvalueofS, magnitude of
G(S)H(S) is equal to 1.

|G(S)H(S)|=K(productoflengthofvectorsfromopenloopzerostothepoints=s,)/(product of length
of vectors from open loop poles to the point s=s;) = 1.

19. What is anglecriterion?

Theanglecriterionstates thats=s,willbethepointontherootlocusifforthatvalueofSthe argument
or phase of G(S)H(S) is equal to an odd multiple of 180°.

(Sumoftheanglesofvectorsfromzerostothepoints=s,)-(Sumoftheanglesofvectors from poles to
the point s=s,) =+£180°(2q + 1)

20. Howwillyoufindtherootlocusonrealaxis?
To find the root loci on real axis, choose the test point on real axis. If the total number of

polesandzerosontherealaxistotherightofthistestpointisoddnumberthenthetestpointlie on the root
locus. If it is even then the test point does not lie on the root locus.
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21. Whatischaracteristicequation?

Thedenominatorpolynomial ofC(S)/R(S)is thecharacteristicequation of the system.
22. Howtherootsofcharacteristicarerelatedtostability?

If the root of characteristic equation has positive real part then the impulse response of the
systemisnotbounded.Hencethesystemwillbeunstable.Iftheroothasnegativerealpartsthen the
impulse response is bounded. Hence the system will be stable.

23. Whatisthenecessary conditionforstability?

The necessary condition for stability is that all the coefficients of the characteristic
polynomialbepositive. Thenecessaryandsufficientconditionforstabilityisthatallofthe elements in
the first column of the routh array should be positive.

24. WhataretherequirementsforBIBOStability?

TherequirementoftheBIBOstabilityisthattheabsoluteintegraloftheimpulseresponseof the
system should take only the finite value.

25. What is auxiliarypolynomial?

In the construction of routh array a row of all zero indicates the existence of an even
polynomialasafactorofgivencharacteristicequation.InanevenpolynomialtheexponentsofS are even
integers or zero only. This even polynomial factor is called auxiliary polynomial. The
coefficients of auxiliary polynomial are given by the elements of the row just above the row of
all zeros.

UNIT-V STATEVARIABLE ANALYSIS

1. Definestatevariable.
The state of a dynamical system is a minimal set of variables(known as state variables)

suchthattheknowledgeofthesevariablesatt-totogetherwiththeknowledgeoftheinputsfort
>to,completely determinesthe behaviorof thesystem fort >t

2. Writethegeneralformofstatevariablematrix.

Themostgeneralstate-spacerepresentationofalinearsystemwithminputs,poutputs and n
state variables is written in the following form:

=AX +BU
Y=CX+DU
Where=statevector oforder n X1.
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U = input vector of order n X1.
A=SystemmatrixofordernXn.
B=Input matrix of order n X m
C=output matrix oforder p Xn
D=transmission matrixoforder p X m
3.  Writethe relationshipbetweenz-domain ands-domain.

Allthepoles lying in theleft halfof theS-plane, thesystem is stable inS-domain.
CorrespondinginZ-domain allpoles liewithinthe unitcircle. Type equation here.

4. Whatarethemethodsavailableforthestabilityanalysisofsampleddatacontrol
system?

Thefollowingthreemethodsareavailableforthestabilityanalysisofsampleddata control
system

1.Juri‘sstabilitytest.2.Bilineartransformation.3.Rootlocus technique.
5.  Whatisthenecessaryconditiontobesatisfiedfordesign usingstatefeedback?

The state feedback design requires arbitrary pole placements to achieve the desire
performance.Thenecessaryandsufficientconditiontobesatisfiedforarbitrarypoleplacement is that
the system is completely state controllable.

6. What iscontrollability?

Asystemissaidtobecompletelystatecontrollableifitispossibletotransferthesystem state
from any initial state X(to) at any other desired state X(t), in specified finite time by a control
vector U(t).

7.  What isobservability?

AsystemissaidtobecompletelyobservableifeverystateX(t)canbecompletely identified by
measurements of the output Y(t) over a finite time interval.

8.  Writethepropertiesof statetransitionmatrix.
Thefollowing aretheproperties of statetransition matrix
1. ®(0) = e"’=I(unit matrix).
2. O(t)=e= (e =[D(-t)]".
3. D(ti+t2) =eA(t1+t2) =D(t;) P(t2) =D(t2) D(t1).
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9. Definesampling theorem.
Sampling theorem states that a band limited continuous time signal with highest
frequencyfm,hertzcanbeuniquelyrecoveredfromitssamplesprovidedthatthesamplingrateFsis greater

than or equal to 2f,samples per second.

10. Whatissampleddatacontrolsystem?

Whenthesignalorinformationatanyorsomepointsinasystemisintheformof discrete
pulses, then the system is called discrete data system or sampled data system.

11. Whatis Nyquistrate?

TheSamplingfrequencyequaltotwicethehighestfrequencyofthesignaliscalledas Nyquist
rate. £=21,

12. Whatissimilarity transformation?

Theprocessoftransformingasquarematrix Atoanothersimilarmatrix B bya
transformation P'AP = B is called similarity transformation. The matrix P is called
transformation matrix.

13. What is meant by diagonalization?

Theprocessofconvertingthesystemmatrix Aintoadiagonalmatrixbyasimilarity
transformation using the modal matrix M is called diagonalization.

14. Whatismodal matrix?

Themodalmatrixisamatrixusedtodiagonalizethesystemmatrix.Itisalsocalled
diagonalization matrix.

IfA =system matrix.

M=Modal matrix

AndM'=inverseof modalmatrix.

ThenM' AMwillbeadiagonalizedsystemmatrix.
15. Howthemodalmatrix is determined?

The modal matrix M can be formed from eigenvectors. Let m;, mp, ms.... mpbe the
eigenvectorsofthen"ordersystem.NowthemodalmatrixMisobtainedbyarrangingallthe eigenvectors
column wise as shown below.

Modalmatrix , M= [mj, mz,m3.... my].
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16. Whatistheneed forcontrollabilitytest?

The controllability test is necessary to find the usefulness of a state variable. If the state
variablesarecontrollablethenbycontrolling(i.e.varying)thestatevariablesthedesiredoutputs of the
system are achieved.

17. Whatistheneedforobservabilitytest?

Theobservabilitytestisnecessarytofindwhetherthestatevariablesaremeasurableor not. If the
state variables are measurable then the state of the system can be determined by practical
measurements of the state variables.

18. StatetheconditionforcontrollabilitybyGilbert’smethod.

Case(i)when theeigen values aredistinct

Considerthecanonicalformofstatemodelshownbelowwhichisobtainedbyusingthe transformation
X=MZ.

=AZ+U

Y=Z+DU

Where,A =M"'AM; =CM , =M"'B andM =Modal matrix.
Inthiscasethenecessaryandsufficientconditionforcompletecontrollabilityisthat,thematrix must
have no row with all zeros. If any row of the matrix is zero then the corresponding state variable
is uncontrollable.

Case(ii)when eigenvalues havemultiplicity

Inthiscasethestate modalcanbe convertedto Jordancanonicalformshown below

=JZ +U

Y=Z+DU Where,] =M"'AM

Inthiscasethesystemiscompletelycontrollable,iftheelementsofanyrowofthat correspond to the
last row of each Jordan block are not all zero.

19. StatetheconditionforobservabilitybyGilbert’smethod.

ConsiderthetransformedcanonicalorJordancanonicalformofthestatemodelshown below
which is obtained by using the transformation, X =MZ

=AZ +U
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Y=74+DU (Or)
—JZ +U

Y=7+DU where =CMandM=modalmatrix.

Thenecessaryand sufficient condition for completeobservability is that noneof the columns of
the matrix be zero. If any of the column is of has all zeros then the corresponding state variable
is not observable.

20. Statethedualitybetweencontrollabilityand observability.

Theconceptofcontrollabilityandobservabilityaredualconceptsanditisproposedby kalman as
principle of duality.The principle of duality states that a system is completely state
controllableifandonlyifitsdualsystemiscompletelystatecontrollableifandonlyifitsdual system is
completely observable or viceversa.

21. Whatis theneed forstateobserver?

Incertainsystemsthestatevariablesmaynotbeavailableformeasurementandfeedback.
In such situations we need to estimate the unmeasurable state variables from the knowledge of
inputandoutput.Henceastateobserverisemployedwhichestimatesthestatevariablesfromthe input
and output of the system. The estimated state variable can be used for feedback to design the
system by pole placement.

22. Howwillyoufindthetransformationmatrix,Pototransformthestatemodel to
observable phase variable form?

o Computethecompositematrixforobservability,Qy

« Determinethe characteristicequationofthesystem|AI-A[=0.

« Usingthecoefficientsai,as,....an-j0fcharacteristicequationformamatrix,W. o
Now the transformation matrix, Pois given by Po=W Qo".

23. Writetheobservablephasevariableform ofstatemodel.

Theobservablephasevariableform of statemodel is givenby the following equations

=AoZ +Bou.
Y =CoZ+Du
Where, A= ,Bo=and Cp=[ 00.....0 1]

24. Whatisthepoleplacementbystatefeedback?

Thepoleplacementbystatefeedbackisacontrolsystemdesigntechnique,inwhichthe state
variables are used for feedback to achieve the desired closed loop poles.
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25. Howcontrolsystemdesign iscarriedinstate space?

In state space design of control system, any inner parameter or variable of a system are
used for feedback to achieve the desired performance of the system. The performance of the
systemisrelatedtothelocationofclosedlooppoles.Henceinstatespacedesigntheclosedloop poles are
placed at the desired location by means of state feedback through an appropriate state feedback
gain matrix, K.

Pagel1060f116
SCE ELECTRICALANDELECTRONICSENGINEERING



IC-8451 CONTROLSYSTEMS

GLOSSARY

Acceleration Error

Theamountofsteadystate errorofthesystemwhen stimulatedbyaunitparabolicinput.
AccelerationError Constant

Asystemmetric thatdeterminesthat amountofacceleration errorinthesystem.
AdaptiveControl

Abranchofcontroltheorywherecontrollersystemsareabletochangetheirresponse
characteristics over time, as the input characteristics to the system change.
AdaptiveGain

Whencontrolgain isvaried dependingon systemstateor condition,such asadisturbance
Additivity

Asystem is additive ifa sum of inputs resultsin a sum of outputs.
Analog System

Asystem thatis continuous intime and magnitude.
ARMA

AutoregressiveMoving Average
ATO

Analog Timed Output. Control loop output is correlated to a timed contact closure.
A/M

Auto-Manual.Controlmodes,whereautotypicallymeansoutputiscomputer-driven,
calculated whilemanualcanbefield-drivenormerelyusing astaticset point.
Bilinear Transform

Avariantofthe Z-transform
Block Diagram

Avisualwaytorepresentasystemthatdisplaysindividualsystemcomponentsasboxes, and
connections between systems as arrows.
BodePlots

Asetoftwographs,a"magnitude"anda"phase"graph,thatarebothplottedonlogscale paper.
The magnitude graph is plotted in decibels versus frequency, and the phase graph is plotted in
degrees versus frequency. Used to analyze the frequency characteristics of the system.

BoundedInput,Bounded Output
BIBO.Iftheinputtothesystemisfinite,thentheoutputmustalsobefinite. Acondition for
stability.
Cascade
Whentheoutput ofa controlloop isfed to/fromanother loop.
Causal

Asystem whoseoutput does notdepend on futureinputs. All physicalsystems must be
causal.

ClassicalControls

Acontrolmethodologythatusesthetransformdomaintoanalyzeandmanipulate the
Input-Output characteristics of a system.

ClosedLoop
Acontrolledsystemusingfeedbackorfeedforward
Compensator
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AControlSystem thataugments theshortcomings ofanother system.
ConditionalStability
AsystemwithvariablegainisconditionallystableifitisBIBOstableforcertainvalues of gain,
but not BIBO stable for other values of gain.
Continuous-Time
Asystem orsignal thatis definedat allpoints t.
ControlRate
Therateatwhichcontroliscomputedandanyappropriateoutputsent. Lowerboundis sample
rate.
Control System
Asystem ordevicethatmanages thebehavior of anothersystemor device.
Controller
Convolution
Acomplexoperationonfunctionsdefinedbytheintegralofthetwofunctionsmultiplied
together, and time-shifted.
Convolution Integral
Theintegral formofthe convolution operation.

CQI
Control Quality
Index= 1 — abs(PV — SP)/maz[PVmax — SP,SP — PVmin]|
beingideal.
Cv
Controlledvariable
DampingRatio
Aconstantthatdeterminesthe dampingpropertiesofa system.
Deadtime
Timeshiftbetweentheoutputchangeandtherelatedeffect(typ.atleastonecontrol sample). One
sees "Lag" used for this action sometimes.
Digital
Asystemthatisboth discrete-time,andquantized.
Directaction

Targetoutputincreaseisrequiredtobringtheprocessvariable(PV)tosetpoint(SP) when PV
is below SP. Thus, PV increases with output increase directly.

Discretemagnitude

Discrete time
Asystem orsignal thatis only definedat specific points in time.

Distributed
Asystemisdistributedifithasbothaninfinitenumberofstates,andan infinitenumber of state
variables.

Dynamic
Asystem is calleddynamicif itdoesn't have memory.

Eigen values
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Solutions to the characteristic equation of a matrix. If the matrix is itself a function of
time,theEigenvaluesmightbefunctionsoftime.Inthiscase,theyarefrequentlycalled Eigen functions.
Eigenvectors

Thenullspacevectorsofthecharacteristicequationforparticulareigenvalues.Usedto
determine state-transitions, among other things.

Euler's Formula
Anequationthatrelatescomplexexponentialstocomplex sinusoids.

ExponentialWeightedAverage(EWA)
Apportionsfractionalweighttonewandexistingdatatoformaworkingaverage. Example
EWA=0.70*EWA+0.30*latest,seeFiltering.

ExternalDescription
Adescriptionofasystemthatrelatestheinputofthesystemtotheoutput,without explicitly
accounting for the internal states of the system.

Feedback
TheoutputofthesystemispassedthroughsomesortofprocessingunitH,andthatresult is fed

into the plant as an input.

Feedforward
Whenappropriateknowledgeisusedto forecastat leastpartof thecontrol response.

Filtering(noise)
Useofsignalsmoothingtechniquestorejectundesirablecomponentslikenoise.Canbe as
simple as using exponential weighted averaging on the input.

Final Value Theorem
Atheoremthatallowsthesteady-statevalueofasystemtobedeterminedfromthe transfer

function.

FOH
Firstorderhold

FrequencyResponse
Theresponseofasystemtosinusoidsofdifferentfrequencies. TheFourierTransformof the

impulse response.

FourierTransform
Anintegraltransform,similartotheLaplaceTransformthatanalyzesthefrequency

characteristics of a system.

Game Theory

Abranchofstudythatisrelatedtocontrolengineering,andespecially optimalcontrol.
Multiple competing entities or "players" attempt to minimize their own cost, and maximize the
cost of the opponents.
Gain

A constant multiplier in a system that is typically implemented as an amplifier or
attenuator.Gaincanbechanged,butistypicallynotafunctionoftime.Adaptivecontrolcanuse time-
adaptive gains that change with time.
General Description
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Anexternaldescriptionofasystemthatrelatesthesystemoutputtothesysteminput,the system
response, and a time constant through integration.
HendrikWadeBode
ElectricalEngineerdidworkincontroltheoryandcommunications.Isprimarily remembered in
control engineering for his introduction of the bode plot.
HarryNyquist
ElectricalEngineerdidextensiveworkincontrolsandinformationtheory.Isremembered in this
book primarily for his introduction of the Nyquist Stability Criterion.
Homogeniety
Propertyofasystemwhosescaled inputresultsinanequallyscaled output.
HybridSystems
Systemswhichhaveboth analoganddigital components.
Impulse
Afunctiondenotedd(t), thatisthederivativeoftheunit step.
ImpulseResponse
Thesystemoutputwhenthesystemisstimulatedbyanimpulseinput. The Inverse
Laplace Transform of the transfer functions of the system.
Initial Conditions
Theconditionsofthesystemattimet = Tp,wheretoisthefirsttimethesystem is
stimulated.

Initial ValueTheorem
Atheoremthatallowstheinitialconditionsofthesystemtobedeterminedfrom the
Transfer function.
Input-OutputDescription
Instantaneous
Asystemisinstantaneousifthesystemdoesn'thavememory,andifthecurrentoutputof the
system is only dependent on the current input. See Dynamic, Memory.
IntegratedAbsoluteError(IAE)
Absoluteerror (idealvsactualperformance)isintegratedovertheanalysisperiod.
GratedSquaredError(ISE)
Squarederror(idealvsactualperformance)isintegratedovertheanalysisperiod.
Integrators
Asystempole attheoriginof theS-plane.Has the effect ofintegrating thesystem input.
InverseFourierTransform
Anintegraltransformthatconvertsafunctionfromthefrequencydomainintothetime- domain.
InverseLaplace Transform
Anintegral transformthat convertsafunctionfrom theS-domain intothe time-domain.
InverseZ-Transform
AnintegraltransformthatconvertsafunctionfromtheZ-domainintothediscretetime domain.
Lag
Theobservedprocessimpactfromanoutputisslowerthanthe control rate.
Laplace Transform
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Anintegraltransformthatconvertsafunctionfromthetimedomainintoacomplex frequency
domain.
LaplaceTransform Domain
AcomplexdomainwheretheLaplaceTransformofafunctionisgraphed. Theimaginary part of
s is plotted along the vertical axis, and the real part of s is plotted along the horizontal axis.

LeftEigenvectors
Left-handnullspacesolutionstothecharacteristicequationofamatrixforgivenEigen values.
The rows of the inverse transition matrix.
Linear
Asystem thatsatisfies thesuperpositionprinciple.
LinearTime-Invariant

LTL
Low Clamp
User-appliedlowerbound oncontroloutput signal.
L/R
Local/ Remote operation.
LQR
LinearQuadraticRegulator.
Lumped
Asystem witha finite numberofstates, or afinitenumberof state variables.
Magnitude

Thegaincomponentof frequencyresponse.Thisisoftenallthatisconsideredinsayinga discrete
filter's response is well matched to the analog's. It is the DC gain at 0 frequency.
MarginalStability

Asystemhasanoscillatoryresponse,asdeterminedbyhavingimaginarypolesor imaginary
eigenvalues.

Mason'sRule
MATLAB

Commercialsoftwarehaving aControlSystems toolbox.AlsoseeOctave.
Memory

Asystemhasmemoryifitscurrentoutputisdependent onpreviousandcurrent inputs.
MFAC

ModelFreeAdaptive Control.

MIMO
Asystem withmultipleinputsand multiple outputs.

ModernApproach
Modern Controls
Acontrolmethodologythatusesthestate-spacerepresentationtoanalyzeandmanipulate the
Internal Description of a system.
ModifiedZ-Transform
Aversion ofthe Z-Transformexpanded toallow foran arbitraryprocessing delay.
MPC
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ModelPredictiveControl.
MRAC
ModelReference Adaptive Control.
MV
CandenoteManipulated variableorMeasuredvariable(notthe same)
NaturalFrequency
Thefundamentalfrequencyofthesystem,thefrequencyforwhichthesystem's frequency
response is largest.
NegativeFeedback
Afeedbacksystemwheretheoutputsignalissubtractedfromtheinputsignal,andthe difference
is input to the plant.

TheNyquistCriteria
AnecessaryandsufficientconditionofstabilitythatcanbederivedfromBodeplots.
NonlinearControl

Abranchofcontrolengineeringthatdealsexclusivelywithnon-linearsystems. Wedo not
cover nonlinear systems in this book.

OCTAVE
Open-sourcesoftwarehaving a Control Systems toolbox.
Offset

Thediscrepancybetweendesiredandactual value aftersettling.P-onlycontrolcan give
offset.

Oliver Heaviside
ElectricalEngineer IntroducedtheLaplaceTransformasatoolforcontrolengineering.

Open Loop

Whenthesystemisnotclosed,itsbehaviorhasafree-runningcomponentratherthan controlled
OptimalControl

Abranchofcontrolengineeringthatdealswiththeminimizationofsystemcost, or
maximization of system performance.
Order

The order of a polynomial is the highest exponent of the independent variable in that
exponent. TheorderofasystemistheorderoftheTransferFunction'sdenominatorpolynomial. Qutput
equation

Anequationthatrelatesthecurrentsysteminput,andthecurrentsystemstatetothe current
system output.
Overshoot

Measurestheextentofsystemresponseagainstdesired(setpointtracking).
Parabolic

1
o - Sthu(t)
Aparabolicinputisdefinedbythe equation2 .
PartialFractionExpansion
Amethod bywhich acomplex fraction isdecomposed intoasumof simplefractions.

PercentOvershoot
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PO,theamountbywhichthestepresponseovershootsthereferencevalue,inpercentage of the
reference value.
Phase

Thedirectionalcomponentoffrequencyresponse,nottypicallywell-matchedbetweena
discrete filter equivalent to the analog version, especially as frequency approaches the Nyquist
limit. The final value in the limit drives system stability, and stems from the poles and zeros of
the characteristic equation.

PID
Proportional-Integral-Derivative
Plant
Acentralsystemwhichhasbeenprovided,andmustbeanalyzedorcontrolled. Programmable
PLC
Logic Controller
Pole

Avalueforsthat causes thedenominatorofthetransferfunction tobecomezero, and
thereforecausesthetransferfunctionitselftoapproachinfinity.
Pole-ZeroForm
Thetransferfunctionisfactoredsothatthelocationsofallthepolesandzeros areclearly evident.
Position Error
Theamount ofsteady-state error ofasystemstimulated by aunit step input.
PositionError Constant
Aconstantthat determinestheposition errorof asystem.
PositiveFeedback
Afeedbacksystemwherethesystemoutputisaddedtothesysteminput,andthesumis input into
the plant.
PSD
Thepowerspectraldensitywhichshowsthedistributionofpowerinthespectrumofa particular
signal.
Pulse Response
Theresponseof adigitalsystemto aunitstep input,intermsof thetransfermatrix.
PV
Processvariable
Quantized
Asystemisquantizedifitcanonlyoutputcertaindiscretevalues.
Quarter-decay
Thetimeornumberofcontrolratesrequiredforprocessovershoottobelimitedtowithin 1/4 of
the maximum peak overshoot (PO) after a SP change. If the PO is 25% at sample time N, this
would be time N+k when subsequent PV remains < SP*1.0625, presuming the process is settling.

Raise-Lower

Outputtypethatworksfrompresentpositionratherthanasacompletelynewcomputed
spanned output. For R/L, the % change should be applied to the working clamps i.e. 5%(hi
clamp-lo clamp).
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Ramp

Arampisdefinedbythe functiont¥(t)
Reconstructors
Asystemthat convertsadigitalsignalinto ananalog signal.
Reference Value
Thetargetinput valueofafeedback system.
Relaxed
Asystemis relaxedifthe initial conditionsarezero.
Reverseaction
Targetoutputdecreaseisrequiredtobringtheprocessvariable(PV)tosetpoint(SP) when PV is
below SP. Thus, PV decreases with output increase.
RiseTime
Theamountoftimeittakesforthestepresponseofthesystemtoreachwithinacertain range of the
reference value. Typically, this range is 80%.
RobustControl
Abranchofcontrolengineeringthatdealswithsystemssubjecttoexternalandinternal noise and
disruptions.
Samplers
Asystem thatconverts ananalog signalinto adigital signal.
Sampled-DataSystems
Sampling Time
Inadiscretesystem,thesamplingtimeistheamountoftimebetweensamples.Reflects the lower
bound for Control rate.
SCADA
SupervisoryControlandDataAcquisition.
S-Domain
Thedomain ofthe LaplaceTransformofasignal or system.
Second-orderSystem;
Settling Time
Theamountoftimeittakesforthesystem'soscillatoryresponsetobedampedtowithina certain
band of the steady-state value. That band is typically 10%.
Signal FlowDiagram
Amethodofvisuallyrepresentingasystem,usingarrowstorepresentthedirectionof signals in
the system.
SISO
Singleinput, single output.
Span
Thedesignedoperation regionoftheitem,=highrange-lowrange. Workingspancan be
smallerif outputclamps areused.
Stability
Typically"BIBOStability",asystemwithawell-behavedinputwillresult inawell- behaved
output. "Well-behaved" in this sense is arbitrary.
Star Transform
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AversionoftheLaplaceTransformthatactsondiscretesignals. Thistransformis implemented
as an infinite sum.
StateEquation
Anequationthatrelatesthefuturestatesofasystemwiththecurrentstateandthecurrent system
input.
StateTransition Matrix
A coefficient matrix or a matrix function that relates how the system state changes in
responsetothesysteminput.Intime-invariantsystems,thestate-transitionmatrixisthematrix
exponential of the system matrix.
State-SpaceEquations
Asetofequations,typicallywritteninmatrixform,thatrelatestheinput,thesystem state, and
the output. Consists of the state equation and the output equation.
State-Variable
Avectorthatdescribes theinternalstate ofthesystem.

Stability
Thesystemoutputcannotapproachinfinityastimeapproachesinfinity.
Step Response
Theresponseofasystemwhenstimulatedbyaunit-stepinput. Aunitstepisasetpoint change for
set point tracking.
Steady State
Theoutput value ofthe system astime approaches infinity.
SteadyState Error
Atsteadystate,theamountbywhich thesystemoutputdiffers fromthereferencevalue.
Superposition
Asystemsatisfies theconditionof superpositionif itisboth additiveand homogeneous.
SystemIdentification
Methodoftryingtoidentifythesystemcharacterization,typicallythroughleastsquares analysis
of input, output and noise data vectors. May use ARMA type framework.
SystemType
Thenumberof idealintegrators in thesystem.
Time-Invariant
Asystemistime-invariantifaninputtime-shiftedbyanarbitrarydelayproducesan output
shifted by that same delay.
TransferFunction
Theratioofthesystemoutputtoitsinput,intheS-domain. TheLaplaceTransformofthe
function's impulse response.
TransferFunction Matrix
TheLaplacetransformofthestate-spaceequationsofasystemthatprovidesanexternal
description of a MIMO system.
UniformStability
Also"UniformBIBOStability",asystemwhereaninputsignalintherange[0, 1 Jresults in a
finite output from the initial time until infinite time.
UnitStep

Aninputdeﬁnedbyu( l").Practicallly,aset pointchange.
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Unity Feedback
Afeedbacksystem wherethefeedback loopelementH hasatransfer functionsof 1.
VelocityError
Theamountofsteady-state error whenthe systemisstimulated byaramp input.
VelocityError Constant
Aconstantthat determinesthat amountof velocityerror ina system.
W-plane
Referenceplaneusedin thebilinear transform.
Wind-up
When the numeric‘s of computed control adjustment can "wind-up", yielding control
correctionwithaninappropriatecomponentunless prevented. Anexampleisthe"I"contribution of PID
if output has been disconnected during PID calculation
Zero
Avalueforsthatcausesthenumeratorofthetransferfunctiontobecomezero,and therefore
causes the transfer function itself to become zero.
ZerolnputResponse
Theresponseofasystemwithzeroexternalinput.Reliesonlyonthevalueofthesystem state to
produce output.
ZeroState Response
Theresponseofthesystemwithzerosystemstate. Theoutputofthesystemdependsonly on the
system input.
ZOH
Zeroorderhold.
Z-Transform
AnintegraltransformthatisrelatedtotheLaplacetransformthroughachangeof variables. The
Z-Transform is used primarily with digital systems.
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