AUTOMATIC CONTROL THEORY (EML 4312)

Catalog Data: EML 4312 Automatic Control Theory.
Credit 3.
Feedback control systems; stability
analysis; graphical methods. Applications
with emphasis on hydraulic, -pneumatic and
electromechanical devices.
Prerequisite: EGN 3321

Textbook: "control System Engineering" by Palm, John
- Wiley & Sons -

Reference: "automatic Control Systems" by Kuo,
Benjamin C., Prentice-Hall (1984)

"reedback & Control Systems" by DisStefano,
Studderud, and Williams, Schaum's Outline
Series, McGraw-Hill, 1984

Coordinator: Cesar Levy, Assistant Professor of
Mechanical Engineering

Goals: To familiarize Mechanical Engineering
students with the principles of analysis
and design of feedback control for mechan~
ical systems. '

Prerequisites by Topic:

1. Kinematics of particles & rigid bodies
2. Free body diagrams ,
3. newton's Laws of Motion

4, Work and Energy methods
5. Fundamentals of mechanical vibrations

Introduction to feedback control systems
practical demonstrations (2 classes)
Modeling of components-mechanical
systems (2 classes)

Modeling of components-electrical
systems (2 classes)

Modeling of components-fluid & thermal
systems (2 classes) :
Classical solution of systems reponse
(2 classes)

Laplace Techniques (2 classes)
Control representations and block
diagram algebra (2 classes)

Steady state operations, errors and
initial values (2 classes)

Topics:
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9. Transient responses and stability
criteria, Routh, etc. (2 classes)

10. Frequency response and stability
Nyguist plots (2 classes)

11. Nyguist plots (2 classes)

12. Bode Plots - gain and phase margins
(4 classes)

13. Root locus techniques (4 classes)

14. Tests (2 classes)

Computer Usage: Packaged software is used by the students
to complete their homework assignments.

Estimated Content:

Engineering Science: 100%
Engineering Design: 0%
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EML 4312
Automatic Controcl Systems

Summer 1986

REVISED Tentative Course Outline

[T A4~

Tepic

Cowrgse Introduction
Modelling of Dynamic Systems

No Clasas — Memorial Day
First-Order System Response
"

Second-0Order System Response

Routh~Hurwitz Stability

Nenlinear Models &
Linearization

Laplace Transforms &

Transfer Functions
113

##% Test #1 ke

Feedback Controcl Systems

Contirol System Design
1]

Root Locus

Root Locus

Nyquist Stability
n

System Compensation %
Bode Design

n
Modern Contrel Theory
*#%  Test #2 #Ex
Modern Contral Theory
Digital Control
Digital Control

Fimnal Exam

s oo S oS b v ooven oo art st

Cha 1 & 2

HW~-Set #1 Due
Ch 3
HW~Set #2 Due
HW~-Set #3 Due
Ch &4

HW—-Sat #4 Due

Ch &
Ch 7 #5 Due
ﬁé Due,

Ch 8
© #7 Due

Ch 9

Ch 9

Ch 8

Ch 10 & 11
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EML 4312
Automatic Control Systems

-Spring 1988

Course Information

TEXT

Palms, William J.,Contrel Systems Engineering. John Wiley & Sons,
New York, 1986.

F-Rnp.— LA S 32}

Professcr C. Levy

Office: VH—-165

Phone: 554~ 3439 _

Office Hourss M3 1500 -~ |030, F: 1000-i230
T~Th: 1600-180a '

GRADING

T e g mn i e i

Your final grade is'based on 100%, computed as follows:

Test #1 ..ncoronseans 0%
Test $2 cowawsanaoanen 20%
Final EXam weeswanonss 40%
Homework &

GUizZ268 cansavsnananes 20%

The cut—-offs for letter grades will go no higher.thaﬁz
90% - 100% = A3 BO% — 89% = Bj 70% — 79% = C3 &04 — 6&9% = D.

Tests ‘will be given in class duwnig the class sessions noted on
the course cutline. No make-up tests will be given. If you miss
an exam you will recieve a zero for that grade.

HOMEWORHK
Homework is due at the begimming of lecture! Noe late homework
will be accepted. Notice that the homework assigned in  this

course will be equal in weight to one of the semester tests. All
homewerk is to be done on engineering pad paper. one problem per
page. See example.

QUISLES
Te  keep you up—to-date on yowr reading and homework assignments,
short  wunanmounced quizzes may be given at any time. Be

forewarned!
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Department of Mechanical Engineering

Florida Internmational University

EML 4312 - Automatic Controls

GIVEN: A brief statement of the prdb1em in your own words.

[ v / . '
B _ . K Sketches are helpful
A F / " in organizing your
[:::::::> m -“*-1757§75?f—\"‘""“/ thoughts and notations.
v . They help your apprcach
o) ®) : r/ | to the problem.

 ///»/ 77 7 7 7 7

m=
k = List pf Known Data
F =

FIND: List all of the required answers

- SOLUTION: Basic Principles or Equations
List of Assumptions
Calculations

© Begin with Governing Equations
e Simplify in Symbol Form
o Substitute Numbers

e

< Draw a box around it for

Answer (with units) identification

Ask Yourself: -
® Does it seem reasonable?
@ Are the units correct?

© USE PENCIL -- WORK IT ONCE -- DO NOT RECOPY

© ONLY ONE PROBLEM PER PAGE
© D0 NOT WRITE ON THE BACK

BE NEAT ] |




Department of Mechanical Engineering

Florida International University

EML 4312 Automatic Controls

Summary of Ideal Mechanical and Electrical Elements

Name Symbol . Linear graph Describing equations Energy or power
vz I Uz Fem 1_1‘_).2.
-] dt & =% mvl
Mass ;*2 nrl| v m g, F 2
o 1t
rof. U'l « const vt = e j(; F dt+(va)o 8 20
U2 by va
2~ [ F- buy - bho?
Damper ;».—-I}—-—aq-;- 9021’ F ] | p @ = huy
b o 2= p 030
U2 U r v: ¢
; na : Fek [ var dit o e LF?
Spring MWy 9% F P2k
k -1 df 6y >0
o U2t P P
2
1 Tel dla
= L 02
Inertia %___g M j'. Qop, T dt Sk -5 JO;
3 o 1 rt
LIV 0, = cortst G =g [ Tdrr @l | & 20
2
. T= By 2
Rotational 2 | 7 : @ - Ay
-a-c—H B By, T
damper . < -1
pe T T T : Su=g T ®>0
- 1
4] t
T=K| Sy dt+ T 2
Rotational 2 1 9“’“ T - /(; o 0 &p -% Zl;_
spring 3 MUV/M@Q' y !
T QO K T o o] -% 5{7’[ &y 20
i vz 1y
| 2 | 1-c g, =% cud
Capocitinee I o - C oty o "7 U
’ c o & ha 0
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ol v | |
2 | I~ 0 ¢
il . —g U2 ®- 5 U
Resistance ks /\/\,{\/\, o ' 9%’ / R N >1(§ 21
: var = ®
——— = — vl l
e 2 _L
2 {= vy dt+ 1y N
Inductance L.——f?ﬂﬂﬂj\—l 1?0 i "’[‘ bm =5 LI
M L vy s . (” 630
Ut ot 1. ] "




Department of Mechanical Engineering

Florida International University

EML 4312 Automatic Controls

Summary of Energy Storage and _Dissipation for Ideal

Power and Encegy Transferred at o Conncceting Point

Mechanical-
transhitional

Mechanical-

. ' Electric
rolational eetricul

999 v, A

v, X
F—lp

® = Fv

®=TQ ® = jp

Elements
D-type
A-type storage | T-type storage dissipation
Mass Spring . Damper ‘
= 1 2 =2 1 — E-] 2 == f—-
&k MU &p 2% (34 busy 3
Inertia Spring Damper
& = 3J0% s=1T—2 <p=-.1mz’==znf
e = 3J{2 » =3 F 21 = 7
‘Capacitance Inductance Resistance
, 2
8 = 3C21)° | Gn=3LE |0 = (ﬂR}l = R

Iy
) = / lvdt
lﬂ

h, i
¢ ==/ ed | & =/ ivdt
‘a [G ’

Generalized Describing Equations for Lumped Ideal Elements

A-type elements

T-type elements

D-type clements

Mass, inertia, capacitance

Spring, inductance

Damper, resistance

dvzy ar -
f C i Uyt Ldt U2y = R_/
1 ‘ 1 ‘ 1
vey = E/o fdt + (v21)o [ = Z,/o v dt + fy J = Z o
2
Ea = %C(U2l)2 & = %sz P = g’—%—)—.

2

Linear graph 1 > vat, f




i

LECTURE # ) e NTRODUCTION
e« DYNArMIC $7ST€/‘-1S' CAN BE CLASSIFIED A8  SIRBLE OR UNSTARLE

2 N GRoSS  SENSE 57793/(./77 o BE PEFNEP A

UNSTABLE STABLE NEUTRA L,

® DR UNSTABLE SYSTEMS OUR VJoB /S T7¥B  ConTROL THE
WSTABILITY 8 BRING SysTém UNDER  coNTROL

EX/%MPLES 2
o HEATING ONIT wiTHOyT FEED BACIKK

o F-lé

° BUr BEFORE oNE ConN  CenNTRoL THE SysTErM
o MODEL THE SYSTZM

o ﬁ,\f/:}Lyw THE MODEL

o AVALYSIS | MopELING 4 CONTROL.  HAVE INTERESTED ENGINGERS
R A Llong TIME
®  WITH ADVENT OF CormPUT€RS  THIS SURJELT AAS BECorme

IMPORTANT SINCE (T Alows VS TO (oo AT MORE LomALEX S /STems

® BERRE (DMPUTER ~ ONLY THE MOST SiMPLIFIED MODE(g

WIRE!
* WE CuN BETER VSE  Limired MATERIALS o ENgRrey 7O 2’67’57""/(:6%/5450
MODEL

o AN USE CompumRS PR MEASUMENT { CouRoL , DATA AwAL/SS ¢

pPECIStoN  MAKING (18, MICROFROCESSORS TD CHLIBRATE Wéawfé‘bv':fs)



N

MODELLING  oF DyNArne Sv$TEMS
“OBIECTIVE  OF ENGINEERING ANALYSIS OF P/f;/s' 1eHL SYSTEMS
w==>  REDICTION OF  BeHAVIOR
© REAL SYSTEMS  ARE 70O ComPLEX  FOR EXACT ANAU/SIS
DU g HARE SMPLIFYING  RSSUMmPrioMsS  BASED o EXPERL ENCE
¢ MopEL. /S iDé;/@L/ZL’TQ VERS 10/ & THE 573'75"‘4
WITH  BEHAVIOR THAT APPROX. THE IMPoRIINT BEHAVIOR OF REAL Sysid
o NEGLECT EFFECTS  THAT HAVE SMALL. MPACT ON FROPERTIES To BE STUDIS]

o EXPMPLES

—  MECHANICAL ViBRATIONS OR BN ELECTRICHL CRCUIT

= GRAVITATIONAL PULL OF NERRBY MASSEY ComPARED TO ERcrs

DFN THE FROCESS  OF  SIMPLFYNG A PHySICAL SYsTém To 08TAIA A

MATHEMAT(CALLY  SOLVABLE  SITURTION 1S CALLED  IMODELLING

PEN THE RESULTING  SiMPLIFIED VERSION & THE 57577@ /1S CALLED

THE MATHEMATICAL MOPETL .

* THE PLuRpcy OF THE MODEL DEPENPS ON THE VAUDITY OF THE
AS35JmMPTION S

B MATHEMATICAL RNALTSIS [f YSELESS | No MATTER frow CLEVER OR
COMPLETE | [F BfSep o A mopEL  TuAT POESN T wreeerey REMRESENT

THE BEAAVIOR OF TUE FHYSICAL SYSTEr7

OFTEN ~ EXPERMENTAT 00 — WITH THE FEhL 5}'f7§’M S REBUIRED

DEN A Sysiery 18 A Couecrion OF  HATIER , FARTS  OR ComAoNEN 7S

WHICH ARE INCLUDED  WSipE A SPEGFep, OFTEN ARBITRARY BounbaRy
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AN

DEN A DywAMIC SYSTEM ~— R SYsTem  wWHERE ONE OR HORE QUWTIT/IEZ

OF THE 5757-@»—; CHANGE nf/ TrmE

, .
® THE S$YSTErS BOUWDARY 15 CHOSEN SR CoN VENIEWT CoNTEPTUAL  SERMRATION

OF THE Systsm FRory ITS  SURROUNDING  ENVIRoNMENT

BouwDARY
/.
oUTPUTS
PTS 5 ARE THE RESFPONSES

ACT FROM DN € of THE SySTEmM
ITSIDE THE SysTeM To THE INPUTS
YN
THE SYsTE

*DEFNE A SYSTEM | AonG W/ mPUrS 4 Oumurs | To UNDERSTAND
THE CAUSE 4 EFFECT RELATIONSHIPS AT Wokk /N THE REAL PHYSicAL
sYsTEMS ~ WE waNT 70 Know
() WHAT CHRNGES IN  wipdT INPUTS CAVSE WHAT CHANGES A
WUAT  OUTPUTS
(2)  CpN  System oOUrAUT BE REGULATED 6R CoNTROLIED BY
CONTROLLNG  SySTery INPUTS
(3) How CAN THE CASE ¢ EFFECT RELATIONSHIP BETWEEW

INPUT ¢ DUTPUT BE ConiRotesd

Blotk DIAGRAMS = SYSTEMS APPROACK! e erpessnTED BY

o  MOPEL THE SYSTEmMm AS A SERIES OF TBwciks  EACH AFFECTED
BY WpPvr & ovrPuT

TAXE 1~ DRVE

INPUT ouTPUT | DRIVE SHAET

———B!l. ' — ¢ TRAN [ INPUT
OVTPUT

© ANALYsIS  Foeuses e THE  cownecTion BETWEEN THESE Elemenis
THEE  CoNNEETIONS  DETERMIANE SYSTiN) BEMAVIOR.
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R

EXAMPLES
- RESISTOR, RELATING  VOLTAGE T2 CIRRENT™

V | L C
— = R Fity$SicAL  serqrenT t= Vg
: PROCESS ~ INTEGRATOR RELATES AKCEL.
& 1 U ,
- 5 [ [ N 7D Vﬁ(l’.’r?‘y Urs f a dt

* WHENEVER. OUTPUT IS TIME INTEGRAL 8F /NPUT THIS 1S INTEERAL CAUSALIT

P INTEGRAL éMS'AL/W EonSTITV7ES A BASIC FoLr) OF @41/3.44,/7 oL AL
F/%y.S’m/%L 575‘7&;‘/"18

EXAMPLE coor ‘ PWArIC % = kx
P L FBI) ol \ r; - hx
“@« Ass 18
- lx w MEASUREP " ’ —
[ m I FRor REST ‘ P

1

= mx
“o“":'; Q. :
weuT — | L=
l k. .
£ = mx +F = mx+ kx relakes mfm"\’ F “iu@uf‘f»w‘i'x
« THS 18 A Bloek DPJAGRAM ©F THE 3YSTEM NoT A CONTIROL.
DiAcRAM
F -+ [:'IAFZ
L % ComPARATDR  REPRESENTS THE ELEMENT
THAT INTRoPUCES APDITIoN 4 SUBTRACTION
Fy Blocks @NLY ALLOW For MULT, DIV 4 f

STATIC 4 DYNMIC SYsiEMS
" 4
DA STATIC BLEMENT » ONE WHoSE OJFFUT AT Ay TIME DEPENDS only
oN INPUT AT THAT Timg
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il

o DAN. B Dyisig SYSTEM

DYApq1C.  ELEMENT ~ONE WHOSE eVTFUT DPEPEND ON PRESENT An'B

PAST  INPYTS
EXPMAE . STATIC — RESISTDR = CIRRENT DEFEWPS oLy oN PrRESENT
“ APPLIED> VOLTAGE L= /%/'
PINBic — CAPACITOR. ~ CURRENYT™ DEPENDS On RATE OF CHANGE
OF AFFLIED Voupée (= C 3%_/

V= &'_J'cdmvo

(S ONE THAT HAS AT LEAST ONE  DYVArIC

ELeEMENT

°© RS WE HPIE SA> CUR JoB IS To MODEL | ANALYZE d Conyros A SySrzwy
° W‘G/V’E BRIELLY DiSC/ISED MopPEULLING
® M M/H«/S/S ~ FREDICTING THE BEMAVIOR ©OF THE SySTEm  FROM 71986
DEVELoFED MpTH MoDEL
o PR conrRol — [ROCESS of2 PELIBERRTELy MPLUENCNG THE BENAVIOR
OF A 3YSTEM T ACHIEVE  DESIRED RESULT
THERMOSTIAT
ATD FitoT , CRUISE Conio (.
° CONTROLLER. xw&w
(1) BRING OFERATING Corbs7Tons TO DESIRED WAL
(2) MANTRIN  DESIRED 6\0//23//70/1/5 I THE FRESENCE
OF VARIATION S OF THE EXTERVAL  EopDi 71085 (»zsm%wc?es)

° — ° ° °
LESSoN #2

TiPES  oF HMODELS

LERD  TD ALEEBLAHE Faps

e STARIIC FLEMENTS -~
“ v DiFFEREVTIAL KBNS

Ditbre  Erem eNTS -~
LUMPED FPARAMETER. — NoN~SPRe/ALLY DEPENDENT BVT TiHE DEFENDENT

3

]

DIGTRGUTED PARMIMETZR, — Sﬁéc/m 4 TIMC DEPENDENCE MpRiE CorfLléN

iNVOLVE PDES

L]




EXIMPALE PoNT MASS VL DiSTRIBUTED MASS (1) s (2) €as of 7z

o NOWLINGAR. - WHEN DEPENDENT VARINBLES OB DERIVATIES INVOLVE  Fow RS

— . d 5 2
PR TRANSCENDAL 78 ¢ - @Y yaE o
>

o LINGAR. — WHEN DEFENDENT VAR, 4 Dere VS ARE 72 THE FesT Fords .
jﬂ + 57 y’ +6 3{ = O
~ G /%PPL] SWERFBSITION FRINCIFLE

o TIME IWARANT = MoDELS w’/ CoNSTHNT &)E/—’FJ/ (sAne "//"’7)

o TigE VARANT (Afoﬂ/iﬂﬁ,’aﬂﬁyﬂ7) - MODFLS LF/ Nond Con &5~ CoErFYs, ‘47; c[[_) gt ¢
o  DISCRETE ~ GOVERNING [aNs ARE REPLACED By PHFERENCE a3
o CoNTIwVoys Time€ - " g ARE  DiFFERENTIAL R MGEBRHC Eans
°  DETERMISTIC, = MODELS  eogFFS/iNfrrs  ARE KNOWN

© STCHASTIC. - HODELS  COZFFICIENTS /ylii7S — HWE AN UNCERTIF TS

s foR GASE OF /7‘:\/)%73/5 USE  Lumped 4 STATIC FErmEnTS

o BR roRe REALSM VSE  DISTRBUTED 4 Doy e EtementV's

¢ ENGINEERS  TRY 70 StMPLIFY  HODELS  TO MAKE ANALYSIS EAS ER.
- oNE WA Y Jo Do TS /S To DEVELeP A LINEAR rMoPEL

¢ THIS Allows FoR USE OF P/em/a,-Pa:’ OF s*u,%:/epa.wm/g_/

DEN - THE RESPONSE y(é) OF A LWNEAR SySTEr  DUE 7o SEVERAL

WIS X (8) | K (E) ) K3(E) ... ALTING SiMUeTANEOUS Gy
/1S EQUAL TO THE Sum OF THE RESFONSES gm‘ EACH /A/Pl/f/ /F EACH
WERE 0 ACT ALONE .
/F )/[-[z‘) /8 redponse dug fo X;(t)  THEW
ylt) =2 y(t)

S |y = o ] e
= STEM | '
x";_ i Z I x? e |=

WHERE Yity, =y



o You c¢ad TELL A

LINPUT

SysTErr 1S
87 A CowSTANT

/37 SAME CoiSTANT,

ExpmpLe OF ~ LiNeaeny: Y = ’?(")
l).MaC' newd ;‘_ X = ax"l'bxz

IR EESA

~
A
Sy
X
Q.
o

(F]—ey = %’

dt*

° iF  You ARE &GIEN AN

° IS
dhz

15 REPLACED BY CY
d*ey 4(c><)4_1 + 2(ex) =
or cy+4cxy+26x;‘

Liv/eEar

e f{g LNGAL. IF y = p(a,x,«u onz) =

1%

4h13

TO  DETERMINE L/A/C:/-)/Q/77

7 + 46%‘/6 4 47' 23int

IF WHEN Yo M&Lr/ﬁz_y THE

THEN THE OUTPUT  Witl BE MULTIFLIED

X [T 2
i y,= R"«) Y2 ’—‘—,100(2)
afixy+ bp(xz) = ay,+ by,

not  linear

mﬁ lineay ? Y: Sinx

¢ CAN  EXTEND THIS DEFN  TD FNS OF MoRE THAN ONE VARIABLE

® SUPPoSE WE HAVE A SysTM  THAT 1S DESCRIBFD BY
__ZZ & 4><_z +2x2 = 0 waere X (E) 1s THE NPUT
at y(t) 1s e ourpuT
F T 15 UNEAR =>  IF INPUT 1% REPLACEP BY €X THEN OUTPUT

¢ [y+4xy+ 2x2] =0

Look AT THE HomoGeEMEoUS

LINEAR ?

£an)



 FoR Dywsme Systims = no  real " physicod systew , Can he
desce bed b? a lnear Comstant GoeH-,&wF dx’~ff¢r¢%&lx':z!l eﬁwﬂ‘w’w\»
HOWEVER 1IN A LmMITED RANGE ©F OPERATION "n+e'7 CAN BE
APPROKIMATID By svcH MOPELS

LINEARI 2ING

o BECAUSE OF THE USEFULNESS OF SUFERMSITION | WE TRy 7O 08B
THE

LINEAR MOPELS

4
jfow Do wE Bo TMIS. /37 UINEARIZilG ABOUT
AN

OPERATING P,

o7 Po THIS WE

vsg  TAYwR seriws  (APPeNpIx A ”"""")

®  CoMSIDER THE STATIC CLEMENT w/ INPUT [O07P0T MODEL
i

w=f(y) 5‘_‘;1/;; L[5

aperwh/,'u) pt ( Yo, Wo )

= X
=7

LI is close 4o Yo THEN

e Pro o /4F ) af i ae_.a.,'ozm'.
R G0 (G e
wZ w,+ C ()"7’0) s ovow  LET

Z=C(Cx

THUS WE HAVE RePLACED THE CURvE

BY A LINGAR FN

w ={(y)




EYAMPLE =~ ANGUAR  oscittaTioN OF A PeNpuLumM

éx +c§|'n>/ =0 nole.  dy

16 lingar bul sfny iSnil'
dt dt

WE CAN ULINGARIZE §in\/ ABovr THE OPSRATING PT y:o
. 3. Ly
Sany = )/ - 7/5‘ + 7'/5' - .
For 7 elose o )/=O

dy +Csfm/ — 5{1+c\/ =0 THS s A ULNEAR ODE
dt dt '

°  LINEARIZING oL A wmw oofF 2

VARIABLE S XY e wmpuls WIS oudpuld
W = £<x1j) s -'——"“W
y o

ET THE oPERATING PT B W=l, when >€=Ku,7'=70

W= for) o)+ 2] ooy + 2] Gy
;:;'; 7 7)o
T §¥ X-X, = X a-="2f
X lxaxo
Y7o ‘:Y 7=Ye
w - Nc ~;-Z . lg = ?_f.
‘ ' 2y lyzax,
Z=- aX+bY y2%o

° WE Cad USE THIS PROCESS FoR PAL  ©F N~ VARIABLES

—=  WILL DIi%CU4s LATER ON IN CouRSE ~t—

DYNAMIC  SYSTEM _ ELEMENTS =~ HModDELe/wG

¢ REAL PuysitAL SysTémS

ARE  CoaliRoLiL&Ep 6’7’ LBy ) STORACE

RAND  BExCHaNGE  OF VAROuS FoRmS OF e Y

°  MODEL OF byngmye SYATEMS  ARE MAPE UP OF BASIC BuidiNg BLack
THAT  IDEAUI2ZE  THE ESSENTIQL PHYSicaL PHENomENA OF REAL SYSTay

BILDING BLockS WE WILL STUPY = SiMPLE MECHAN 1AL 4

ELECTRICAL SYSTen) ELEMENTS THAT smoee/ DisSiPATE. 4 TRANSFoLM
Eﬂtz&é{y



MECHPNICAL ELEMENTS /N TRANSLATION

v look AT SimpLE ‘TRmenoﬂu MOTION OF A PARTICLE  FRom DYWAM ¢S

0 1
4 e
FIXED REFERENCE —X . © DISPLACEMENT N DIRECTION SHOwN
FRAME ll—-a- V) = X, MEASURED FROM REFERENCE PT O
'——P Q‘ = \o‘ll = k"
SPRINGS | DAMPERS | MASSES
b 2 IN GENERAL WiLL HAVE MoTIONS
7 'X‘ T THE REQUIRE KNOWLEDGE
mma] X, OF RELADVE ™oTioN
— X =2V, TP X, 2V,
St ™R X, = XX,
— X =0, %28y

Y3, U'?.AUT =X2|

H

Ay = @ymGy = Xy,

NOTE  THAT THIS 1S TRVUE FoRh CGRSE WHERE FEITHER FRMuE ©ofF RGF

s smmu/my OR  TRANSLATING OA/Ly,

"j ’:? Y .é ot
erl DEEME P = FeV and wok rf/r"V‘/é
PURE  TRANSATIONAL MASS

/
4 N@W?DA/‘S SECop AW F = hiE /:):.-. mom¢y,7’m: mv
' dt 2
o Foo THE IDEAL MASS CASG gfﬁ = mdY = mdX = ma
dt dt dt?

N ¥}

% - ,
re/(l - — ag" xg e A 1¢ absolule Mée,leﬁd'w»\
/L-- - -~ i o o~ ~ e e e = 4 e
/f] —— s o X axis . éﬁ-’;r—_ dv,, IF
VY, = oinst dt dt =

V, 15 THE VELoarr7 OF THE FRM@ o REF & Tis Emuee O or a eough

SfMBouie  REPRESEUTATION 1S
V| l o= Vz_
4-6»-; .ﬂ wm {-——+ F
/’
o PURE TRANSLATIONAL MASS = Altows For NO  Rotation  FRICTIoN OR ELASTICH,
- PARNCLES OF BopY ARE RiGiPLy CoNWECTES
- \12 << gPgED OF qu') \/i=6w5'l— ovr O

- F s resultont fova achug ow mes



\,t--h -
s = | TFab + Ple=o) . j Fut 4 U, (E=0)
b o

ENTAL EQUATION

e

ELg
o Fower dedivered to o7 removed ’F‘“"’“ a4
P=F-v
o Wrk dene on “H«me bmma{"frm (>t4+o,>
W j dx = S cdt = S AF

all t P

°* MASS  STORER wWeRkK AS A Form  OF 2?"‘/2"9@7 ASsociARD  WITH

VELOCITIES ©F #A%S FPARTICLES (Kmlf?ﬂc 54/619577 ':= Ek)

© BR A Newronisn MASS ?zmz = mVZ’, or df;amd‘/:,
Q=W=émv22 Z0 Ao é;:"z’*m/bz

° SiGN ©F \7 IS 1MPoRFavT AS /T TEW US Mow TO RETFRIEVE SToreD
ENGRG /

FURE TRANSLATIONAL SPRwG ~ @ Z2ERD MASS  MECHANICAL EEMENT

WHiicHd  DEformS 87 STEADy AMoud TS WHEN  (oADED By STEARY fORCES

¢« SINCE No mass => ?-J? -3 AND

SYMBou . —e Vi Ve
_ J v ‘ -
RE PRES ENTATIOF F ot o MA@ e [T o me - Xa1 = ’F“ D{i F
] 2
7 . 4% ‘
V2| = 222 ) X2| o g V,, dt + (‘t 0)
dt °

* SINCE WE HAVE CAQUILIBRIUM oFf FbREES NOTE  F IS THoUGHT

oF PSS FlownG  THROVGH THE SFRING

e e et =
—

= - F s I
e FR M PEAL  SPRING :  Xg = £ L Uy = Ll
| ’ "k 207 ot

3 b _
o Fe k[ G dt 4 F(t=o)
a



Wee  domee om the >r)nw;i ]a«.lﬂmfncaa_.
W = J FoZ d erx?_,
For an peaL spemg, dX%, - df’
= Wo ke, = L2 So
* THIS .wopk IS STORE> AL TTENTISL EWEREY N THE SARWG
\ . Reaction force F

i Frictionless i Rigid distributed around
‘ rollers . | ring periphery of ring

| FlERED
; —r <
J e Diaphragm

(b) - }
(©) (d)

| ()
} FIG. 2-8. Typical translational springs. (a) Coil spring.
|

(b) Cantilever beam.  (c).- Corrugated circular diaphragm.
(d) Curved bat. (e) Uniform circular bar.

L= o

o st

LESSoN #3
*PURE TRANSUATIONAL DAMPEL — HAS Mo MASS opf SPRiNG Eﬁpgvs REPRESENTS,

ONLY THE EFFECTS  OF RESISTAMCE T0 RATE OF DEFoRmMATION

[rmste———y

‘ SYM Bouic . V‘ b v
REPRESENTATION | 3 >z SF-0
iy |

Fe - —sF
F=fn v,

PR A /DEAL DAMPER

/:2151)2‘/ = b);Z/ _
RR A Gen  capsE IN PosiTION ) Xy, =j;—’;//-’dé + Xy (t<0)
WORK  DopE W :f/i 4/1%, - /F.u; AE

7]7 = -F— Y

‘ Powez./ Y



For2  aal IDEAL DAMPER.

Z
F=bv, Zo
2
W= b Jvz, dt
NOTEZ  WoRK Dong INCREASE W/ TIME 4 CanNoT BE REMOVED

PONE
DAMPER DiSSPATES  THE wokk OR ENERGY DEABVERS >

PowsR.  Flow™ 1S NOT REVGR$IBLE 4 AlWAYS Flows mwro DaPeR

DAHPIR. UNLIKE MASS 4 S‘Pﬁmfé;/ PUT  IMPORTANT

ROTATIONAL MECHAN) CAL SYSTEM S

© FOR  SySTEMS TUAT UNDGRGO ROTATIONAL  Mo7on ( TVRBWES | G ALVANOHETE

Porps E?z:) WE N&EED [O DEFWE  /IDEAL /?o{”‘/?w‘awcm ELEAENTS

WiicH ARE THE  COWIETZPARTS OF THE TRAVSILATIONAL ELEMENTS

1N
TATIO
oF RO
/}x:s o (92, = 92: 6
le = 2'-@I = wz.(_w/ 24 4o
< rﬁ-ﬁ'\bucb line. O = Xy =0 = Uy =)= 192-9‘

WE CAN DEFINE W - J T w au:, WoeK PovE od

/
|

~

. TR
THE CLEMENT AND M= T+

PRE  RoTATIONAL MASS
J= mr? Poinlr HASE mﬁcﬁm/’ al distance I from axic o/ rotaFen
J= ZM/, /;: 7%/‘ A Maeels 2
— ; . leng A /z;i,mzar [b-oh - See
:/ :|J( r'C/h7 f}/‘ ab?éaéu%&y Md.ad

CAN DEENE THE MNGUAR tiominTusy R so 7har [ = dh - 4



Coe

S'7M30ueﬁfu.7
da’rwﬁév\ cFTde(tAm;y\gE lz] rh Seawys rule,

: --J[.:;;Z«_T

Lonst’

OF

IDEAL. TRANS L7707 AL

IDEAL »Qomnmm_ Mﬁss 15 A Cowsecrron

HASSES  RIGIDLYy CodnECTEP TOGETIHER O Cod STRAINED  TO ReTATE AT

- . —_—
J—C{)Z z\/ - %/Qé

¢, ABouT A FIxgp  AXS
-~ b dil y .
THUS h=V W, Srnce 7— dh = g
- dt
. g
Since. X, =0
= _L »Td(_) = L ﬁ. B /6. ;
® E;\" 5 ¥ 2 2 ‘7_ ”m er /#

NDEPENDENT 05 T

o THIS ENERG Y Con BE RECovzesps -

° RorATIoNAL _ SFRG

e HAS No INEETIA & TRoNSMITS TORQUE

6 =L T
v~ Jd8 ) dT
=, - = 2 z L
7
= = A
o é;} ://'WZI dt 5/76/921

o GNERGY ij/47,§ Posimive & REoVECABL:

ROTAT/oNAL  DAMPER

IMMERSED VW FLUbDS
© FRovipes RESISTHNV CE

- W, K Wy _—
"“"“‘Lﬂ_jmmn-—ﬁjj%“'

¢
> T+ k[, dt s )
/ = LK
- 5! 7 (92 Ze

By AFFECTING THE TORRVE

s ENCOUNTRED W BEARINGS OR SURFACES OF ROTRTING ELEHENTS
[F)/R 1S A Fwib ALso //)

To THE RATE oF REUTIVE ANEHAR MOTran)



2

SymBoriCaLLy

T ot

e HAS ANO mAass

o

—
=

OR  COMPLIANCE

©  FoR THE  IDEAL DAPGR T = Beo? ,
T o2 -
P= 1 W, = Bw, Zo B{ n-m-sec/rmd

Ibin. e/ red

" DIssIPATES EN?iRé,y LiKE ITS  LINEAR COVNTBERFART

N ALL  THESE CASES WE HWE LINEARIZED

= MV, V, << ¢
/7~ (%)
l% ) LG ZED  HBoVT
A OPERATING RANGE
h = r‘/o \{,_ << C
K f LINEARIEED  ABvuT
B OPERATING RANGE
MECHp 128 TRANSIDRMERS
o THIRD CQiASS OF ELEMENTX THAT Do NOT Si0RE oR prSSIIATE EA/EZ@’]

BT TRANSRRMES Enféf%f - PURE TRANSIoRMEES

MAGN )TUDE
Vewcﬁy AR
/s 268D,

EXAMPLE :

v MoDZL AS

OF FORCE [oR 72’/8@:/&) o l/e‘we/77 [oﬁ PN G AR

E CHANGED  So THAT NET PR Flow) NTD THE ELErENT

SimAE Genr TRON  (RoTATIONAL TRANSORMER)
L CReLES  Rotuné w‘/o St FPPAGE



SymBoLilhLLy w —_—

T o e T

/ N /

e

o HAS AO pMASS OR COMPLIANGE

©  FOR THE  IDEAL DAqPGR T= Bw,,
2z . 2 .
P - W, = Ba)a >0 B{ n-m-sec/rd

Ib-in- Sec/red

¢ DISSPATES C"N:’i%y LiRE ITS LINEAR COVNTERFART

° N ALL THESE CASES WE HAVE LINEARZED

=  M”Vs V, << ¢
/%’ f LidGy2 2ED> ABOJST
b OPERATING RANGE
h = I P v, <<C
K LivEARIZED  ABoUT
B f OPERATING  RANGE

MECHAN 1648 TRANSFORMERS

o THIRD CLAS OF ELEMENTS THAT Do NOT SORE 0R piSSIFATE  EWElsy
BUT  TRANSRRMES &»’Wéﬂﬁf - PURE TRANSIORMELS
o MAGN)TUBE ©F FORCE ((oR 72%@:/&:) oR VEL&?C/77 [a/e IS LAR

VEwcﬁy) ARE CHANGCED So 7HAT NET FPoudR Fow) N THE ELErENT

/S 2E€D.

EXMPE : Sl 6eaR TRAN  (RoTATIoNAL TRANSORMER)
e MoDEL AS L CQReiEs  Rorun6 w’/o S11PPAGE



Piten AP f;‘ /rB ARE FEQUAL ﬁlﬂ
Np

AT CoNTACT VA:VB o7 Walp = wﬁ%

ASSURIE wFRAME or =0 ﬁ"_&_ ="£ :NA = GEAR RATIO
Rer Wa g Na

MA,’ M& H #‘ 7EE7H

AT contacr PT 2F=0
-

GEAR RATIO

R =1y } -
- Tz ]

*IE FRICTION RETWEEN GEML TOOTH SURFACES IS ZERO
¢ IF GGALS HAVE NO CHANGE N ANGIHAR. MOMENTUM

s IF BEARING TORGUE 1S NEGLGIBLE 4 I3 FRICTIoN /S ZERO

oy, P
e —

T = IA'chA+ &.53,5 = Tiw, + (—TA/GR)(wA-Gz)=O

o [For THG CASE WHERE THE FRANE oF REFERENCE /S MoviNG

Yg; . [

o = = &9 e ":_75_ 2 .GE/),QM’/'"/O’ Bu7T )P:O
7/ 3 '

" g
~-at LJA/:%»%

g

y
(
Y
&

Frame. of raf&w& is mow'mi U‘/ s!m’J w,

THUS AN IDEAL ©R PUBE RoTATIONAL TRANSFORMER  STORES OR DISSIPATES
No  ewtedy 4 PEEMgS  Wa  GWEIN W, . TRe (DEAL TRANSHRMER.



o
o

T
V@z‘u

.

HAS A uwere Revmon Berween ourreT (wy,) # waur (wy,) : éean reTro
o USES
(/) CHANGE SPED DF MOTDR R OTHER M6 [awER SOURCE
(2) 0875 NON ~UNifoRey MOTIoN FROM UWIFDRy ONE

(3) ACHIEVE  MELHANIEAL APVANTAGE

A Poge TRASLATIONAL TRANSFRWER. - no mass, infiniely oHff

o frichen

le— 1y »—w—lé-——— ] ?’QV

xz{i —— Q% i,

TH T To T™HE P V&
? ].'a Wi RESPE PwoT Y wc~7
)
= LW - n (LEVER  RATIO)
mrc‘}’/w/
ALSO  SNCE IT IS MASSLESS 2 momesds muct be O,
N S A . 4 F =13 ==L
afa =% " e T h

AN (DEAL LINGAE TRANSIORMER MHAS RATIO 7))  BEnG ContStAr7~
AD  ALSO HAS 2800 TORYER frow/.

MECHAIN 16 L TRANSDUCERS

DAN - ADEVICE THAT TRANSFoRt1S EMERSY ©oR FOWER  IN oNE
FoRm  iNTOD  Eeks g OR PouER IV ATOTIRER

DN ~ A PURE TRANSDucER  DOES THIS  WiTHouT EVELGY L0535 OR
STORASE 4 NET Power Frow mro THE TRaNSDUCER /S 26RO

EXAMPES

FLECTRIC MO TORS (crectricar o MECH»)
GRS TURB INES (Fvp mEc)
THERHD CoUPLES ( THermpL o erecpucnt)



R

S’

EXAmPLE OF RAck. 4 PinJron

o RACK 7S A 6EAR  OF INF/NITE RADIWS

IDEAL R¥P 2ASSUME  NC MOMENTUM 5 J ,M=0
» FRicmioN ToRQUES = O

s GEARS ARE PeRrFerT 4 RIGID
o PiNioN ROTATES — ONLY
r o RACK  TRANSLWES ONLY

fi =N TRWSDUCTION RATIO

= T~ i ¢ =l =,
{ ]R iP_F&fa o EQ/T’ '-'-’; -

4
P n

A PuRe ﬁoTAﬁr 7o 'r»ewsm-o/ay ENERGY TRANDUFR — PRopbucgs

A DISPLACEMENT (vewcn7) WiHichk 1S A SiNdLE VAWED FN  of

THE Rvmmy DiSPLACEMENT <o/2 ANGULAR VELB(L,~7‘7), NET POWER = O

A e R-170 -7  TABNDUCER  HAS RojpRy /4oron

720 Pp LT70NAL  TO 'mq,«fsaﬁme’y MOTI00)

ELECTRICAL N ] STEM  ELEMENTS

WE WILL FIND  THE Sps  CoMCEFIS 0F WoRK | EWNERGY § FOWER.
USEFUL /o s*-moym/c; MHECHANIEAL S JSTEMS  ALSo HAVE T#HEIR

COUNTER PARTS /N ELECTRCAL

RECALL VouTAGE — ELEGTRIC FIELD FPo7enTiAL
CUORRENT  ~ Ao  OF ELECTRIC CHARGE

Den Vorase (or PoTenmiAL p;/—”ﬂ&‘fecwcz-’) V.  Betwesn TWO FIS -

2|
THE WorK  DONE N CARRYMG A UNIT PoSiTIVE  CHARGE  FRom
Pr 4 7o Pr2



1

,-——9 dg

——z-b-@ R / i’Af_H
P S v, = j F.ds
i “ 2 21

e V?’ e

I Vo = V>V, Pr 2 is AT A HisHER PoTeENTIAL

FROM THE VoLTAGE DFN

THE AMOUNT OF WORK DoNE WHEN BN INFINITESimAL CHARGE z)(;:i

1% MovEd>  FRom PT 4 T© 2

dW = Vv d o YZI = -d—q_.wz‘
24 2199 d
9
[vpdeveurs = Jovies o whTssec
! CoJi. . CovromR
DEN CURRENT IS THE RATE OF FLou) OF CHARGE AcRess p

GIVEN AREA

EJ} [47 = AP = Cotltom
d P lec.
— !-_—-]g o CONVENTIQN FoR F) CURRENT

—

/
* NEWTONS 3T LAl HAS AN CRUIVALENT — PRINGPLE DF Cons arRIRTIONS

®

OF CLECHR/IC CHARGE & NET CHARGE LEAVING

ONE  ELEMENT MUST ENTER ADIACENT ELEMENT

:® CHARGE GNTERING ELEMENT ~CLHARECE

L
[USE——, ——«—-——-*,’

—

* WE WiLL RESTRICT OJRSELVES TO CAES WHERE Np AtcertnTron/
OCLURS i) AN ELEMENT

LEAVING ELEMENT = CHAMNGE OF NET

CHARGE STORED IN THE [FLEMENT

o THUS L 43 Mmoo o= A dcT; ouT LIKE DAMPERS, SARINGS

’ 2z
L,q ol = ___.u b}q_
o ELECTRICAL ELGMENTS — TRASMIT CURRENT  AS MECHANICAL CLEMENTS

TRANSMIT  FORCE



Powl 2 ;, WORK g ENERGE

W = rateof el«auﬁ@ eJunh = 2%'@-‘ = Vzlg_;i = 4 v, (warrs)
elechrical = \wdt =1iv, dt (oules
2’“"’“}7 21 ]
- | Ve dg

'ELECW&(Q&L - ELEMENTS

‘ COPCITARLE  (STORES ENGRGY IN AN BLECTRIC FIELD  BUT NoT CHARSE)

LiIkE MASS (S'ivez-"s C:A/ERﬁy N GEAWITARTIoNAL F/EL'D)

LA
,_______' I__T, VOUTAGE DRoP 1N DiRECTION OF CORRENT Flow
V. '. i
& ¢ IDEAL  CAPACITANCE
r 1= CY ¢] ~facads= £
l: mV, 9 24 [eT -~ facads Volt
= m de:J L= € dYy
; dt dt

* ZERO RESISIHNEE TO Frodd
° DIELECTRIC HAS INANITS RESTSTANCE TD Fiow

° MAGNETIC FIELD CEFRFECFS ARE ZéRo

¢
v, Zﬁlf(,“[é + 1, (t=0)

e IWDUCTPACE  ( STORES GMERGY N A MAGWETIC FIELD) Like SRS
o CURRENT Flow INBVEES  MASNETIC F/ELD
P CHANGE N CueRENT ) //1/7?,1/5'/7 OF MANETTE FIELD CHasES

o leNZ inw - CHANGE IV MAGNETTC FIELD  INDUEES VOLFAGE DrirpRen/ces

&

Va ‘ =L Y)
— Y IUVTIY
L
v, = X,, - Fult LnRrace [>T - wegees - Vousse
dt

! A .
ng = Sn \/Zi dt + 7\2| (tg ) !'XZ,: S,}lz‘ Glt + XZ‘({‘ZO)J



§
~——

. TAMP
W = L= v dt+ { (t=o)

. 3 o

* 4 2 ¢ 2 - 2
= - e y - | . = - o=
E ‘(vz‘ Ldt J Ld),, = ZLA“ 2: L L>o Ep =3

AN IDEAL INDUETANCE N, =Le 0 [L]- i+wrau?s = Vour-sex
L A

TI‘H
e

ENERGY STORED By VIRTUE* OF CURREN] . ENERGY 15 RECOVERABLE - MOT
PIRECTLY  DEFENDENT ON Vo, « L DCPenpenT oN GEOMETRY ¢ MATERIAL

RESISTANCE (PISSIPATES EWERGY ) LIKE PAMPER
R

va ———— V' L = 21

] :M,::' ]:)\/ ‘.

. 21
R -'
RESISTORS  ExHIBIT NO CAPACITANCSE OR  INDULTANCE

‘2 - 27
?:évz. - \/?2i =4 R>0 wams ,'_?: 'szaJ'

.
R .
Powee. Fowg iINte A RBISTOR.  Bur Never ouvr - ENERGY /S

DiSSPATRD ... PowWck s TRANSRMmE) TD HEAT

0

o

0 —_—— O J—

———

LESSON # 4

TRunsFormers  ( TRANSEORM  ENERGY ar/o )D/S’S/P/-W“/a,d)

®  PURE ELECTRICAL TRANSDRMER. ~ DOESN T SroRE OR DiSSIPATE ZNZ',%'/

DETERMINES  OUTPUIT VOLTASE DIFF., AS A FN  OF WNPUT VoLTACE DiFF,

o ASSUME  TWD (Coitg  OF A/g} Ny TURNS  Wounb AROMD f  MANET

WHOSE PE,QMEHB/L/iy 18§ LAREGE IN CLompa®iSoN TO AIR

4:3 - 4& ]
, e » ,
U"'>\1° > U4;>‘4 ® ASSUME MAGNETIC FL/X
U A —7 ) U3 ,A3 $ is Nor LosT
’ * Farapays Laws
" Yo o . BN
Vo, Ay = Va, 2y- *Na

} ' Agn "“%Nb

N 0.

?‘4’5/}\2’ = N"/Ma v|)>\l



Sn'nde, Vo ois J‘e,l(,b-k_ij o X => v4‘3 = Nb = N ﬁrnsrwh&;

nel
SiNaE 7o, power /i AN IDEAL TRANSFDRAIER  THEN

Lg Vo, =74 Vyg = Ly ==Y, '_"-"T‘,]
Ly \/,,}3

ELECTROMECHAN1CAL TRAMSD UCERS

e b e e s

o (CoANVERTS ELECIRICAL EYRRENT

Fived vore, pv;nwnhlc y TO MECHANICAL ToRQVE
matena .
Mechanical

oryue, 73, - , .
Radial magnetic roraue 4 e VOLW/‘}GE INTD  ANGUVLAL 'VEL['C/]?'

field ; Magnetic

Flux lines

* f} RADIAL MAGNETIC FIELD oF STRENGTH
B (WeBErs /m?2) /S ESmBUSHED
BeTweenN MAGNET

* MOVAALE WN-TURN Coil ROTATES

ABouT AXIS

A" Rotatable e NS CorRENT PASES THRoUsH

coil,

N turns
Axlsoc;fct:g;anon CO/L, MAGVETIC FIELD FROPUCES
I
Coil current, i, + var TORAUE
FIG, 2-38.  Schematic diagram of rolary clectromagnetic o B)07 - SAART AW Gives

clectrical-to-mechanical transducer,
r

' ' ==L
T, =-2NA B 1 ¢, = o ba
ZNL - (en6GTH oF CowdUcTOR

re - Core RADWS
N~ TRANSDULTIoN RATIO OR ELECTROMECHANICAL COUPLING LoNST

Y IR A0 MOVES w/ w4 = 94 } VOLTAGE DROP (S INDUCED ReRLSS TERMNALS

© BY FARADAYSE (AW
& ddb N b =Fux
U'z'l = M a—.t_, = ,ZNQ, B )’; LO4 = __(;)1_4 LINKAGE

NET PowER IS ZERO.



o WE HAVE NOTED  SIMILARITIES N ELECTRICAL [ MECHANICAL GLEMENT EQS

* BASIS FoR  CoMPARISON 1DEAS oF THRoUGH 9 ACRDSS VARIABLES

° N OUR LUMPED PARMETER fnL YSES  FoR  MASS ,SPRING | DAMPER ’ INDUCTRAI
CAPACITANCE ; RESISTANCE
i
» NOTE  REp7IoNsHPS  BeTweed A THROVER VAR ABLE (wWrose wiLve

Bogswi CHANGE AT THE TERMINAL ENDS OF AN IDEAL ELEMENT ) AND
M ACReSs  VARIABLE ( WHOSE VAWE IS GIvEW AS A RELATIVE VALUE
e )
OR DIFFERENCE  BETWEEN TeraiNALS )
THROVGH  VARIABLE ~ FORCE | TORAUE | CURRENT

ALross VARIABLE  — Ve*we/77/ PVGULAR VELOCITY , VOLTAGE DRoF

"W A PHYSICAL SYSTEMS D MEASURE THROUGH VARIABLE MysT  SEVER

THE  SySTEM NT ScMme& Poiw7T TO MEASURE FORLE , TORRUE | CURRENT
o REMEMBER AMMETER. MUST BE PeACE IN SERIES

¢ FoResS ¢ TORQUES ~ /REE Bory DIASRAMS

© PR ACRoss VRRIKBLES NO NEER T SEVER om TO ENTER SysTEm
s REMEMBER, VOLTMETER  PLACED N PARALLEL
¢

e THERMAL & FLvip SysrermS
THROVGH ~ ELUID Frow = MHEAT Flow” A =pVA , q_: L AT

/ re——

ReRoss -~ PRESSURE DRoP ) TEMPERATURE  DIFFERENCE

* A CONVENJENT SymBol To REIATE THRoUGH 4 ACReSS VARIABLES /S

THE  LINEAR G RAPH REPK&’SEA/?A"T/O/\/ .

©TERM  LINEAR. MEANS GRAPH =~ IS DEFMED BY LING SEGMENT

> NOT To BE CoNFISED U/ LINGAR RELATIONSHIP OF IDEAL ELEMENT



Uy Uz

2 2 » THE NDDES INDICATE ACROSS-VARIABLE
?Uzlrf . . v2rlyf " ey = T
e e OF ELEMENTY
b
vz ® v ®) ° LINE INDICATES /HE cém/m/w /
U2
2 ~ - . -
_E»‘__‘ Mfichani;:a] __ol—_:F: — o1, F QF THE mf[)'}é;/‘} V//)Q/A'BL_E
2 elemen 1 +v direction | ([
© @ ! ® ARRow JNDICATES ORIENTATION
c
- vy OF Boii Positive ACRpSS ¢ THRoVEH
: S 2 ()
F .
~E § o cons e VARiABLE
© ® o +V,, cases + 7[
, ; 5% o => JBOWER FLows INTD ELEMENT
% Electrical "y ? vor,
1 t .
v2 elemen U1 e WHEN l/Zi 4 ]C ARE + (7}’ f 3//
(2) (h) * MASS i8S SPEC/AL  SINCE ONE
FIG. 2-39. Linear graph representation of pure mechanical ‘ o .
and electrical system elements. (a) Linear graph. (b) Oriented TERMINAL 15 THE FiXel REF, FrRAME
linear graph. (c) Nonmass mechanical element, (d) Oriented
graph. (e) Translational mass. (f) Oriented graph. (g) Elec- - AND FoReE Noi PH)S)C/«}LLy TRANSHTTEL
trical element. (h) Oriented graph.

TO THAT TERMmINAL

PoweR 4 ENERGY

PowER 19 THE PRODUCT OF THRY VARIABLE & ACROSS VARIARLE

[

W

E = j??olt - j £, dt
LEXAMPLES
Mass, (AeaTiA (J) | cAPACTANCE A~ TYPE GLEMENTS £ =§4~m\/22 -
SARINGS § INDUCTANCE T-7veE  fwmenrs  E=d //"2"’ 2
DAmPERS & RESISTAMCE D-7YPE  memens  [P= by,

A~TYPE ELEMENTS STORE ENERGY By MEANS DF THEIR PeRISSVARIABIES ¢ Vi, &,
'T‘ TVPE 1 1 2" “ m it H 77-}@0(}6” u . F.;.r) ‘C



TABLE 2-3

TABLE 2-2 Summary of Energy Storage and Dissipation for Ideal
Power and Energy Transferred at a Connecting Point i Elements :
|
Meéchanical- Mechanical- . D-type
translational rotational Electrical A-type storage | T-type storage dissipation
o, x Q,0 v, A : Mass : Spring ‘Damper
F r FlT o )T | e b e} & = Lo 8__1F2 ® = b _F2
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- ExpmPLEGIF A TRONSFORMER  ELEMENT 1S /v THE SYSTEM (7 WiLL SPLT
THE  SYsTérng GRAPH INTO 2 FARTS

=> (n-2) verrex Fang

COMPATI BiLiTY OR  FATH LA

ELECTRICAL  ~ PoTeNripe 15 A Scatar  (KiRcnofFs Vel.7AsE tiw )

MHECHAN1CAL — DiSTANCE 75 A SCALAR

CAN ADD AL You MOVE
FLuip - FPRESSURE 19 A SCALAR

Ror PFr-PT
THERMMAL — ~  TEMPERATURE 1S SCALAR

o ALGEBEMC Sum  OF THE PCRiSS VBRIABLES AROUWD Ay

LLOSED JTATH
' IS 26F0.

GWEN A SysTEMm GRAPH oF

2~ TERLIMWAL — ELEMENTS
AavD b bramches ;

CITH N VERTICES
ovty b= (n-1) oF THE PATH EONS ARE
LiNEAR Ly INDEPENDENT . IF THERE ARE P FPARIS ; THERE ARE

b - (n —)b) LINEARLY (NDEPENDENT GQNS

o FoRmuLATION OF SysTEM EAQNS

) A SUFFICIENT SET OF EQNS R DETERMINING THE 5’75*75»4 EQUATION

FoR A\ OUTPUT OF AWy SysTér ( LINEAR Of /\/@/W.i/l/éﬁ/&) 1< OBTAWED
By vsiG A St OF

(n-1)  LINGARLY INDEPENDENT VERTEX EWs
(6-n+1) wLNeArLy INPENDENT PATH EQNS
b-s

ELErENTAL EQNS

n S No oF V’Eﬁncgs’ b 1s WNo of BrRANCHES , S /& No 0F SoURGH

" FoR A SYSTEM GRAPIH WITH b bruucheS OF wyicH

S BRANVCHES ALRE
SOURLES =7 (25-5) UNKNOWNS . wity 7



FoR GAcH NeNSOuRLE RRANCH @ 2 UNKNOWNS — THRU 9 AcRoss VARIAALE

OR  EvcH  SOVAG s [ UNKNOWN =  CorUGATE VYARIABLE
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e HERE -~ b,} b, are AR DArPING (Assumed  Linicanr.)
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— Vlﬁ + V)3 +Vz‘j=O = ‘\{'2 = \/‘—-\/Z . .‘ (4)
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FIRST ORDER  SYSTEMS LEssoN # 6

o ASSUME WE KNow HOW TO MopEL d HAVE DETERMINED SYSTEMS ODE

/
¢ WE STaeT LeokE AT SoLvrion) HETHODS To THE MODELS DiFF EQ.
©We  wvesTisaTE  RRST 4 2™ oroer SurErs  InveriAtLy
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Lo
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y(t) = 5aert Yo = §lt=0)



iF r<o DEFNE T= —Lr TIME CoNSTANT

-
°  TIME ConNSTANT 1S IMPORTANT  SiNCE  WHEN t=T &t/j =e
(4]

o THE RESPoNSE WILL DECREME TO 37% OF 1S INITIAL VAWE
EQUILIRRIVUM  AND STABiuTy
*  EQUiLIRRIUM OF A SYSTEM - WHEN THERE ARE NO CUANGES N MODELS
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%l{: —~rlj = Q- I'"\j =0 oNLy SouN ljr:o IF r#0
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DISPLACES  THE SYystérg FRomq /TS EQUILIBRIUM VALVE
° EXAMPLE - MASS d SPRING  SYSTEA & ERUILI BRIVM IS (5;,7. OF  SFR/NG
* AF  THE SYSTEM /S New DiSTURBED SUGHTLY
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THUS Y= Yo e IS STABLE FOR = O

UNSTABLE R I~ >0
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LOCAL STABILITY PROPERMIES FbR LINEAR MODEL ARE DETEAMMED
By THE Roois ©F THE CHARACTERISTIC Ean .
A LINGAR MODEL /S GLORALL Y STABLE /R /T 1S LodAL b SVABLE

FOR  NONLINEAR MODPELS —~ T CAN BE LOCALLY STABLE BT GLOBALLy AoT
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= AND oML)/ I THE RooiT OF THE CHARACTERISTIC ERUATION
S /s NEGATIVE ; iT/S NEUTRALLY STABLE IF S=0 AND

UNSTABLE IF & >0,

CESTiMATION OF /N 7 ._.,«:7/
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_E{:Z 2 fy =% 2/:4/ s roll
di Yy

/nj - /nyo =rt or /ny 2/,7‘70 erl

PLoT Yy VS, € ON SEpm/L0G PAPER = THE SiOPE 1S

STEP RESAONSE OF  FIRST- ORDER SYSTEMS
REMEMBER THE LEVER FROBLEM
6+ Ko =1L F

6 bL>

- 2 _ -
REMEMBER — THE — MASS ~DAMPER FPROBLEM N/ FoRCE ' APPLIED O MASS

3 ‘ b _

v +hy = F

m m
THESE  HAVE foRA
7 = _7 + MU j IS OUTAUT OR RESFWSE

U (8 INPUT To S“yg-;-gM
WHEN U =0 WE HAVE Fad WE HAVE JJST STUDIED

WANT 70 STUDY BEHAVIOR OF _7 =ry + M FoR CorMon/Ly ENCOUN TERED
INPUT FNS.



s THE SiMPLEST INPUT /S A sTEP AN Ug(t) =u

A b(s({')
1 Us(t)=0  tgo
1 t¢>o0

€

o THIS REPRESENIS AN JNPUT THAT 1S SWiTCHED ON WY A TirE mWICAvAL

-

o

¢

Q

WHICH IS MUCH SMALLER THAN THE TIME CoNSTANT OF THE 5757'ch

3 = -1 s j 21
Solwrion PR = p \7 '(_:.L/ + Mus(f)

For t>0  Uslt) =1
j + ?’ j = M Wrontosenvepvs /< oRper LODE
FRory  Yovr ORDIN/ARY DIFFERENTIAL EQNS CAASS

y = j + \7 PRINGPLE oF SUPERPOS(TION
h P -t

WHERE Y SATWFIES - \7 , ,L_z;y =0 4= Ae

Ys /S ANY SoLusion THAT SATISFIES THE INHOMOGENEOVS CASE

CHooSE \7/’ = longtant - \7/9 =0
THIS 0+~TQ =M or D=MT

-6
y = Ae /f+ MT A 15 4 constand

APPLY y[-f:a) :ﬂ,
Y, = A+Mt or A :yo(—Mt

i

y = (ﬂo - Mt)eﬂiyc + Mt

NOTE - AS t—> w0 y — MT

TRANSIENT + STEADY STATE,

g ;= = Ly= = Mt
FOR ERUILIBRIVM f/ o = - 5 =M ar j z
As t - TRANSIGNT FPART DIiES OFF ¢ LEmes THE STEADY SIATE

STEADY STATE PART IS THE EQUILIBRIUM PT OF System



[ ]

[

P

' , -

o

I

LETS REWRITE THIS ;
-t -6 . v
(j -Mz)e "M = Y 724 Mz (i-e %)

FREE  + FORCEP RESANSE

1y

FORLEP RESPonISE 18 DUE TOTALLY JO THE NPT
NOTE THAT For # SrABLE SYSTEr = FREE RESPONSE 1S FART OF TRANSIENT

~ FORCED RESPoNSE  MAY BPPEAR N BOTH

Look AT THE NEU???ALLy STABLE CASE r=0

j’ Musdt) = M FR t>0
y(t) = f MdE + y(t=o)

= /Wt +70

as t ~> o0 ‘j~——>m

Lovic AT THE UNSTABLE CASE r>o

s

Yywry=Mult) - M  ror t>0
4= 4+ 9, ' ~t
Yp SwmsFies Y -ry=o §= Ae
Y, ¢ Ay SOLN TO THE INHomoGENEOUS  ODE
LET = Constant / =0
4 3 v
0O - I"D M or D=-
f/ = Aert “ﬂ

/F j(f:o) :yo f_.“'-‘..> \7‘, r\‘A "‘_Ar__? or A :yd’ "’"ﬂ

SR

THUS f/:(jo~»j‘74 )ert—_/_g

85 t—>ow y-—>w DVE TO er’t



exAmeLE 3.3
GIVEN ; /?Ah-{-/):/?? or h +.L h:_’_ﬁ
, ! RA A7
LIKE y-*%yz Moy

TIMmE CONSTANT = /?A = 27100 Sec h(fro)r:/;e = 5}‘2‘ g, = 0,08 ’4:(5 (é)
- t4
SoLwTioN LIRE = (yo - M“L‘)@ 4 +MT wHERE M = /-_\L 008

-t/
—t— h(t) -‘féﬁ' - &Q;‘;-Zma) é Y20 o+ 25’.5:(2100)
3 3

N
ANS hit) = -3v e sr0 35 ft
* SUPPOSE MEron T OF TANK WAS 30 FT T WILL THMK oVERFLOW
*WHAT IS EQUILIBRIVM  HEGHT 7 35 ft
-t ~ /2100
o WHAT 1S FREE RESPONSE 7 h}%) = L,oe, /e = §e ft = qu((i)
. TREG
. & |
* WHAT 1S FoRCED RESAONSE ? h(t) = 0.05(2ic0) [ | -2 /’"""J ft = i»,P(t)
Foren T 3 Y
° WIHAT 1% TRANSIENT ? h(H = ~3De t/2mo "'Ft
FRANS
" WHAT IS STEADY STATEL © h(t) = 35 f&
33

° RESPONSE OF A FIRST ORDPER SYSTEM TO A RAMP _INPUT

j: r"j + Mo
Ay
o) = © T
mt t>o
m
1
97»[‘
j"rj= MmT for £ >0
ASSUME
. t

JEdntdp Y, SATISFIES Y ~rY=0 Y7 Ae"”

Yp 1S ANY PARTICUAR SoLUTION
LET Yp = Ct+D 5. Yo = ¢
C - r(Ct+D) = Mmt = C-D=0 -rl=Mnm

or C= -Mnm ’D="Q=~—f‘_4_;v_,v\
r r rz



i

i

rt

THYUS y = Ae = - l‘ﬂ?m (t+"f) ONLYy Goop FOR r? o
To FAND A : INMAL eonPiTION 3(t=o)~= ﬂo

= 2 A -~ Mm = + Mm

> 30 A ~= o A 30 H

t
Y = tjoert + Mm Q|+er)~f‘15_n_t

r r
FREE e e et
FolCED

N
Yy =y, e + Mm'cz(e /f_ I>+ Mmz t

Look AT THE FORCED -RESFONSE. AS 1 —>00 THE FRCED RESANSE

7Enps 7 Mmt (8-T).- ror Twe weur Mmt

THE EQUiLIBCum PoINT — OF j+ 9 =Mmt /s g=Mnlc,
THUS  THE [FoRCED RESAWSE 1S THE SAME AS THE EQUILIBR Uy
PoINT OF SYSTEM EXCEPT A TiME LAG IS INTRODUCED, THAT /S /
THE OUTFUT AT TIME 1 WAS THE wAur BT 7ime -T  For

VERY tARCE L. THIS Fueneminod /S CALED STEADY SrATE TIME LAG

INPYT
NOTE THAT foR A UNIT STEP , THERE 1S NO STEaDy STATE 7myp tAG

SINUSOIDAL RESFPONSE TO A  GHRST ORDPER S VSTEM
j’ =ry + Mu-
U’(L’) {)"{ zl) = o 2‘ <o

:L*-/’\ /\ / y smwl >0

\// \] AMPLITUDE  OF S et 754
-1 4 FREQUENCY 1S GIVEN By w




* SUCH INPUTS  OCCoR EXTENSIVELY /N NATURE ( EARTH $ RITATION 4 Revervron

) FRODUCE Siek iWPUTS | RECIFROCATING ENGINES | ROTATING UNBALANCGGD M/?Ci-//ﬂ/f"g)
° SoiLvrioN : LeT j = 7}/ + yp f/,, SoLVES ff - f‘j'z &

j/, IS FACTICVIAR SoldTIon
(oot + Dsinwt
9: 2 —wlShwl +wDeoswl
—wC$hwf+wbammtr/famx+2&uw{]=ﬂ4w:/W&hwi

=> ~wC-rd =M
wD -rC’=O

o LET j =

9 =

/
USE  CRAMERS RULE

[20]6)- ()

®  JO sotvE

M "r]
c, = O UJ = ____M__"_L_)_,___ - -»MUJ
T -wior? W r
I
~-w M
D = ~ I (0} - rM = ..rM
T _wtrt wWiir?
- -1
-r (7%}
M . , rt
= Y =Yp+Y, = = wemwt +r5mth + Ae
P Jn whr ’

° FpR THE STARWE CASE = -.L
T
-t

= M"l‘.#_ [Smwt - WT wswt“( +Ae



o TO FINP A H ic j (t;o) - jo

: L
jo s =Mz(wt) +A o A = R ""‘Mlﬂ?
Tw | v T
-t ' -te
lj—_- fjo(’. -+ Mz [s;}\wf«wf Cd?wt + WT € ]
T %0+ 1 .
EREC FoRCED RESPNSE
o LooK AT FoRCED RESPONSE: AR T —s o0 y— “f"z [Sn'n wt - wt CoSw‘tJ
T Wy

WHICH 1S THT STEADY STATE OF THE SYSTEM

¢ EQVILIRRIUM PT OF SYSTEM 'j - r'j = Ms-{nw't l% lj 2 —Mgm w’t = Miginw
r

. Now iF sinobl-wg cmwl s wermn as  Bsn (wz‘+y$)
THEN Beosd =4 #Bsing = -we
B- [ B - 17T
$ = tan"twr) PHASE ANGLE

STEADY STATE Y = Mz _ [ Sin wé»a)zav:a)éi = MT | 170 Sin(whed

T T/

= Mz Sin (wt-/'%)

S+ Tt

<IN LompariSON O THE EauitiBRium PT (o0R i puT)

o AMPLITUDE — CHANGE By —L—— (z.e. SuALER)
1+

d ¢ Witt BE NEGATIVE . =2 wt%qé < wl TWS THE
OUTPUT  WILL LAG THE iNPUT

* NOTE AS W INCREASES | AMPLITUDE  DECREASES i LAG INCREASE



LESSon #)

FREE RESPONSE OF A Secoud ORPER SYSTE®

* EXAMPLE oF Sitonp ORDER Sy<TBM - ARST T PROBUEMS W YouR FREVIOVS
HW  ASSIGN MENT . ALSO  MASS - SPR/NEG DASHAST SYSTET
° GENELAL Form ©OF LINEAR SECAND ORDSR  O.D.E. w'/ CodSTANT COCEFFS

ax+bx+cx = f

INPUT ] 75 oUTPUT 18 X . THIS 1S CRLED THE REDUCED Fodss
U dX ARE IN
Y el Also BE wrRitten AS Uz X STATE VARIABRLE
} FORK ~ HIGREST ORDER

AV = 7P— bu-cx oF DERIV, iS 1

o FOR NUMERICAL SHLUTION USE SIATE VARIABLE  Fokr; . REDUCED Fokrt

ALtows FoR WAL)"D‘CAL SOLA DR Low ~0RDIER MODELS W/ SIMPLE INPITS
st
- PR REE RESPNSE SET f=0 . Saw s xlb)=Ae

x = sAeSt . s*Aet -
(asl+ AS#(L’) AeS&:O

[ 2
o CHARACTERISTIC.  EaN (S as+bsee =0

s= ~b2 /5% 4q¢

28
» I;? [)2» 4dac > o 2 /‘eae/ Mﬁ?tﬂj ro?3
S = -b+ Vb sac S, 2 ~b~ Vb kac
24 g 2a

’ \ s S
Sown 18 x(t) = Ae” & A, et

s gweE 2% srpeR => 2 vwkwowws A A, => Q?’,m;c 2 Coupirions

™ FNB omiQuE  Soun . ASsamE  X(E=o)=X, | X(t=0)=x,



« THIS 1S LIKE DERINING STAT: VARIABLES AT t=0O

e THUS Xo = Al +A?_ / A = Xo = S2 %y A S X=Xy
y T g g Y27 T5IY
Xy = As, +A,s, } ;-3 $,~%2
st st s, t g, t
THYUS x{t) = —= [X(C 2)+><(se, -5, )]
5,73,
. K2 - s - =-b . 5 -
1r b-d43e =0 = g, 5, = 23_..'S. real, 2repeated rools
{
SOLN X (t) = (A +A,t) €
“ FOR SPME CONDITIONS X(t=0)=x, = /\l } Sy
: o 2T "o T Mo
X (t= 0)=X, = A+ As

_ .1 st DECAYING
X(t) = [xo(t‘-s,t) + Xt ] € , 8<o0 = EXPoNENTIAL

» F § <0 wE HAYE A bEc'Aymté; EXPoNENTIAL

e iF b*-4gc <0 2 wmrle/x (omdw?ovk rDO@

fet p=t2 a g = V43¢ -b*

28

TP s pd

- ¢ - )
SowTioN ¢ X(t) = A,e P ?) /f) [ /D tg

8 [5 Cas?,f+5 S/ﬂ;?[_/

. EULER.  FoRMULAS e '8= CSO+isinb Alpws THE ABOVE

L F p>O  THIS IS A EXFONENTIALLy DECAYING SiNVSOIDAL FN oF 4
i FREQUENCY OF THE SINUSOIBAL FART /S g

e we eav wRITE pAS  BeARe  Bsin (?t+¢)=5,wr?f + B, singtt

W/ Beosd=8, Bshe -8

o T wbeny
MPLITUDE

-pt
Soun x®) = Be sin (gt +4)

v i~ XU‘:O):X{, , )2(6:0):)20

= BS;D’)SA



,205 _/7'135'1}145 4 B?&b¢' = é(xo '*F’(o) = BC"’S}’

b = _Kog B e fulipra)’

\

1S BRAGGETTED AT
-t

ToP 4 Borrom ‘BY CURVES PRofPoRrTionaL TO € P

128 N PALM

THE SelwTioN X(t) = Be‘rt Sin (?b-ﬂﬁ)

T™HE

‘ P4

-

° THE

3

BRACKETTING CURVES HAVE A TIME
e NoTe THAT For >4t

biep ouT

CoNSTANT  T= L
P
THE OSCILLATIONS HAVE ESSENT/AWLY

or. TiE e X(t) = Be T s (gt )

QAL =27 DeFMEC THE period of osei flation
At= 2r . IS THE kaaumcy OF 0SC)LLATION
? IN RADIANS [SEe

ek o CHAPACTERISTIC EQUATION DETERMINES

Syster STABILITY
TIME  CoNSTANT
0SCILLATORY BEHAV/OR

FREauErdey OF  OSCILLATION

* INITIAL Con'DiiToN'S Xc,} X, + DETERrNE AMPLITUDE { PRASE SHiFT

. look AT QX +bx £ax =f : TO pETERMME STABILI

7y, LeT f«zo
LET >2/)ﬂ( =0

THUS X=0 /S CQUILIRRIUM PT OF Sysm*m IF CH#£0

s LOOK AT THE THREE  CASES



b 0, & ——— —
() x(t) = Ae’ 4 A, e’ S =-bilb*Yac 9,2 -b-Jb 4ac
2d 2a

| y _SE _y
L@ x(t)=(4 +4,¢) e 5=
’ mff roop R . S :—P'*:%
¢ = 7, Y = b 2 Y4¥4c~ < I ’
(3) X(t> Be .Slﬂ(?{‘-l-qé) /z-,’ 2 ? \(/ Z;é s = p-i %‘
IF CAsE (1) 4(2)  IF S, S, d S <o X=0 /8 &gueB AT
N cAsE(3) iF p>o (re. real paat of 545, < o)

OBSERVATIONS

*ie © THUS RR STABILITY RouTs OF caaR EaN  MUST HAVE  NEGATIVE REAL
| mes
© for case (8) : IF b=o (F-.-o) WE HAVE NEUTRAL STABILITY AVAV%A(
() : 1F c=0 (5)70)> WE HAVE NEVITRAL sma;u? Mo /F
ONE RooT 18 ZERO 4 THE SEConD
1S Ner Posirve  ®K
| Ay
k¥ | v For Al epsES IF REAL FART OF, RooT 7S PoSITIVE  THEN SySter 1S
UNSTABLE
LA THE OBSCRVATIONS ALSO HoLb R HIGHER ORDER SysSTEm S
* R A SECOND oRDER SYySten ==> COEFFILENT & I3 NOT~ ZERD /N
ax + bx +ex = f
© ForR RoOTS 7O HAVE NEGATIVE RéAL FHRTS »3,bc >0

‘ <
o b or ¢ is zERO = Sysreng IS NEVIRALLY STABLE

s loox AT SgLzcz mX+cx +hx = O (ms*esvk =0)
| k l L]1:) ¢
% - WE CAN FuD THE  CRITICAL DAmMPING CONST,
; 2 2
: ‘?x Ca, so THaT b-hac=o0 = ¢ -4mk=0

CC. = ZJMK



) - c ¢
¢ cad DIFING DMaPiNG FAcoRr T = & = =
| Ce -ZJmk

P T <1 SYSTEM IS UNDERDAMPLD (compiex Roots | oscrciamory )
S =1 Sysienm 13 c/%/r/cau,y DompPe>  (ONE RsAL Roor
3 > S7STem (S OVERDAMPELL ('/‘wa Disnner REAL /?wws)

IF NO PAMPING ~ THE F'Rsamucy OF OSLILLATION FokR AX 4 €X =0

W, = /,6% IN OUR CASE Wy = /;nf’:

¢ = ..—Q—— = —g— = S"-’n =/>

I )
S ZJ;n—E. Zmz‘;% z2w,m Py
g - [5G - [A) e i

2d
SvmmAary
av thytcx =0 X + CX +kx =0
wﬂ = a'% (.0,, = .;%
o b b ¢ . /
x 2 . b =2fac = e ¢, = Zimk
§ 2Jae 7 € S 2fmk ‘
9= w, /g = 4acb? 4 = w, 7-5% = Jhmk=c®
b 3 e Zm
2 Sw, = — 2lwy T~
= W . 24 _ _ - A e e p
T= e & . L T = ot TIME CONST
P b Sw,, Swa’)
S“,)S'2 = “‘f’i“;l = ~Tw, t 4 wy,J/—K"
Wn1=8% =W, DmpEp FREQUENCY Wy <, e </
-4
~] R
/. system 1] DAmPNG pAS

R LARGER PERIOD o
GSCILLATION




i

o WE O GEAPHICALLY REPRESENT

HE LPools

- LW :
g,z-Suwn -+ L W £ Im(3) ¥ Neig:w s PumE IF Re(s)ro
- WE MAVE UNSTABLE Sysia
Y
| (37 "—\ - MAGHTUDE OF S, oR 8.,z WW)q
=Swy /// RQ(S) <= re’éa
s i ML
x r= J[Re(s)l +[Im(s)]
gZ:-den--'Lwd
) i —
0= da! Im(s) Ston lI-v25T
Re(s) 7T -2
p=m-0
= : = O = Tr ."_'l => T '(
NOTE S 0 > F /2 ma,cimwrﬂ s
T=1 @=m roz() => Real ayig CRiTrcALLy DAPED
0D <Y< %.T <f<m O<A<T UMDERDA PED
/ / 2
» NoTe.  ¥w, = 7,'3— THIS i3 DISTANCE FROM IMPGINARY AXIS TO

THE MASNITUDE OF THE REAL TART OF THE RoorT”

* Roo7s LYNG ALoNG A ConSTANT Y"ws = THEY HAVE SAME G

d

 Roors  LYING  AloNg A oWSTANT X LNE => THEY WAVE Sime T

o Roors e AloNg A cowstanr B LWNE => THEY npveE SAE T

© Roors LYiNG FARTHER AWAY FRomy  TMAGINARY MXIS  HAVE SHMALLER

TIME  QoNSTANTS  THAN THOSE LYiNG CLOSER

Sz X b IM(?)
S
X
e ‘/"C, o
N VEZ J—

¢ Dor(NANT ROOT PR A  CHARACTERISTIC EQN 1S  THE oME WITH THE (ARGEST

TIME CONSTANT o (TS BFFECT ON THE FREE RESPONSE OF A Sysirq /S

STILL EVIDENT  WHEN THE GFFRELT OF THE OTHER RooiS HAVE PiED oJT,



\.’(/

N

© THUS

o THUS

e TO FIND THE

BE GIVEN JNITIAL  CoND;TIONS .

4

CiHoOS E XF(/:) = .D = Const ; XF=0)' 5{:/920
0+ 0+ kD = or D:l/kzxf,(z‘)

() = X, () 4 X () = X, (¢) + 1

TRNSIENT  Steapy sATe ™ (€Q0ILI8 )

COEFFICIENTS oF X

, (A A, er B i) : s
MUST APPLY THEM To TOTAL Solwmren X(€)

(o 0) ")2

‘t+¢) +—-—-

IF Sysrem /s UNDE—‘RbAMPiTD g x(t o) =X,

x(t) = BeF Csin (?é%f%)i-_;Be >m ()
( 0)_)( B<:m¢» o+ ——~

X (75=0>:Xb = —~S’w,,35m§£ - Bac)/ Cmgé

- Sw, (gL )B w, erogh = Baoa = ”X’.o"" Sw Koy

1}

cotnch = Xot Swakog) B I R C RN TR S) A
; i wd(xo__ﬁ') wdz .
° IF )2,_, , X, =0
w‘/m = S-w” B:—’- uJ2+SE;;JZ = ﬁ’.: /___-»
t¢ y kwc[ \/ d n &}d ,é,//- 5
0o forch (_f_,z ¢ daudh - V-
Ji-% 3
~§w £
e THUS X (t) $u1(w(t+¢') +7]
wc/ B /4.% vy /’“gz 4) eﬁ"/ﬂ«.—.\ jpm——3 or 4" -’l'llﬂ-m,hl ‘//’S-Z
J7-%? 5
. & is in 39 Quapem
UNDER DIAMPID 575@1 7 w’/ Xo, )(D::C) :

For

= m ke are >0



¢ You SHouLP OBTAIN THE RESULIS FoR THE OVERDAMPED ¢ c:errzmuy
DAMPED CASE -~ SEE P64 /34 TABLE 3.5~

© NOTES oM CRITICALY DAMPED | DVEROANIFED 4 WDERDAMPED CASES

° CRITICALLY PAMPED ~— STEADY STATE VALUE /S REACHED 7HME QUICKEST

BUT WITHoUuT OS¢ LLATION

* OVERDAMPED =~ STEADY STATE VAWE /3 REACHED WY THoUT OSCILL A~

Tiod BUT TAKES (LonGER

UNDERDAMPED = SySTEM OVERSHooTS STEADY SIATE WLWEZ # 0SciuATES

ABOUT THE  STEADY STATE VALVE .
70 SETTLE

AS §— O | TAKES LoNGE)

S =0 oscuprions rRemmin .

“ PESIEN JNSTRUMENTS 7O BE CRITICALLY DAHPED

© TRANSIENT RESPoNSE TERMS — P& /37

S MAXIMUr)  OVERSHooT — MAXiMury PEVIATION ABovE S'/”é%@y STATE

ConD rTioN3

FoR THE JTEP RESFONSE TO AN UNDERDAMPED SYsTEM

) / -Zw,t
x (&) ‘:Z’—/://-_yz » " 5m(w 7_‘4—,95);-/]
MAX OVERSHOOT  OecuRS WHEN dx _ o

0 _ - Sw Sw,,t ) f a;f
X=0 n_ e Sin [ {~+q§ ~ e " el ¢+
k [‘// ;2. & ( ) ‘/ (‘{ 2]

/-g*
0 - e sat - sin(Wted) + Ji-g> Coi(agé+¢)]
le,// -3
= fan (wytrd ) = =52 _ and) N
5 ‘ 5
THS  wWit= AT or t = MM, ,
TIME To OVERSHooT /S Tt =1 . T (n=1)
_ ‘ ol

Wy J1-32



TIME
¢ WE &EAaN ESTIMATE  THE A’ESI%WSEA OF THE s’ysrew 87 THE Dortyld A7 RooT

o JE THE SEPARATION BETWEEN THE RoDZ /S (AREER TS METHOD BECorES
BEITER AT EXTiMATING THE LESFODNSE TiHE e THE SysTé‘M

© Rk A 2% ompre syster uf Two REAL REOTS  (ovERDAMPED CASE)
S O WNDICATE How MUCH SEPARATION ExiSiS BEGEEN Roors

8= - consl
- N+ g ; ' !
2 - nNrss s A
S . 8/)&%27110"\ ]chldz, S,z -2 eensl
Z :
PALM

see /93 13]

STEP RESFONSE OF SECoAb ORDER  SycTsrs
MODELS  ANY RALD CHANGE N NPT

o REMEMBER  THAT STer RESANSE
fRory ONE LEVEL TO ANOTHER. (LIKE A SwiTeH)

MASS - SANING -DMiIPsR  RESFONSE TO  STEP INPUT

e LE Té Loor AT
- . 0 t<o
mx + cx + kx = ult) = {
1 120
« LET X(£) =X, (t) + X, (t)
. , 7
Xhm SoLvES mx +CX+kx =0 = Xb (é):AeS

IF OVERDAMPED ’
T S St
X, (t) = Ae iz h e

UNDER DAy PED .
" o Pt _
xh({—) = Be sin (?é-/-qé)
CRITICALLY DmPLDd
7 st
Xh(f) = (A' +Az£’)e

. / - .
« Xplt) s Uy SoLN THAT SATISF/ES  MX +CX tbkx =4 e t>o



: *ﬁr

o THif TIME 1S A0 KNowd AS FeAK TimE fP:,"/T
“yvi-3>

© Since VLLA(wA‘ZT-Ft]é ) = \/_I—;__fz = Sin (ag£+49) = ,/71_5':7,

. I "K‘j{“, ‘
X = < | = € i-g ’\//*57- oA/

Ji-g2
*K - x5
"o : e X=X = X~-L - 1 e iz
MAX OVERSHOOT = s< F = E—-
Wk ~ IS,
° Y MAX OVERSHoOT = “X’ Xse ,((oo"?a = 00, € Ji~5*

DEFNED AS MAX OVER SHOOT  CompPaRED 70 FnAc VALUE + “"Y’xxs"'s
3%

FH L c DElAy TIME - TIME AT WHiLH X=0,5Xg = 0,51

R
= —osliE - e, (1t +db)
= {4, 1+o07s 0 <5<l
Wn
© RSE TimE - TIME WHICH X =Xsg FOR THE FIRST TIME

=Y i (Udll'/'¢) =0 of b—é{'éw‘-qéz ni

THUS  X=Xg  WHEN

, e
¢ = nw- s RR FRST TIME @ t, = .Z_’Z:j"_g_.
. - Md /60 &,ﬂ J—}:—S—:;f
° SETTUNG Time g | TiME R Wiien X-Xg€ 0,02 X
~Sw,t ‘
= L é S < .
| e e (o)<
et ' 3
Fok  5<07 W twst=+4 t,= 4 Sw,y=T

s Twn



AR 07<5 < o = _5-4, ln[J/-g?(aaZ’)]
y '

LESSoN #E

—— [ e &)

- S

look AT Siisor DAL wAur 7o 2% opper Sye7Er)

mx +Cx +RX = )0 where  {= ot

x() = X ntXp WHERE X, Sovves mx +cx+kex=0
Also Xp 15 ANY Sowrion To THE obt

sine £ s A LveAr FN =>  CHoosé Xp = Ct+D >2',>=‘3 X, =0

m(o) + ¢ C + k (Ct+D) =4t
= kg ¢ ol+kD=0  C=d { D=3f(9)

k
THUS
be ::C-l:%'b::' i({:=.&>
P i I
ir ; < | UNDERDAMPED> CASE

_ =Swyt ] 12/ .
x{t) = Be S/n(k&é%-qé) + (¢ %)
1w AT t=o X=X, 4 X=
o = B .Sin?[v ;%_ => BS/"nﬁé = Xo “",fd&

R X,=X, =0 Bsmg = %CE Bevs b e[(s‘*’n-“;— =1 )‘%g]/wé

e W '
tnch = ke - Wy wiere ¥, = 23 = dnp = 28 ;“ Ti
3w, 'c/k- i S b=



and B = ._‘i!_.
kldd
, ~Swat d
THUS X(t)= Be sin (wyt+gd) + z(‘é‘;%)

x(t) = 4[ ehgwﬂts;h(’%&@&) +(t- “i}%)]

R L(Jd

THE OTHER — CASES §=1 d S>1  jee 6veW w 7ABLE 3.7 Fj 147

©  RETURN To DormiNANT RooT OF LAST (ECTURE
S KAMPUES | L
— FRoBLEM 317 | FoRr ,70:”—765’ \ ,
) AD  STEADY STTE RéSPonsg 70 X X4 x=f
2) WHAT 1S DiFFeRenics Bemsen X(8) ¢ L) AT Sreapy STATE

3) How lowlg To RéAcH STERDY STATE

D miiexvkx = dt XP [srmoys'rm-e’) :f_’(é—/%)

Heae Mm=1 c=§ k=1 d d=6
- by &
Xp or Xg = T(f 7—)

2 x(t)-fe) =bt + (& -u£) =-48
X .

-8 82411
2
~.i27 , -7.873

3) LOOK FOR DOmMINmIT RooT
cupr Ea 5 S4§S+l=0 => S

i

-1t ~7.8713t
x= A e +A,e



T, = -l ;{ T, = _,? o Ty 169 sec
7-873
DomINANT RocT

e TO REACH STEADY  STATE t = 4t = xh < .02 Xh(€=o)

N 4(7.69):: 30,76 sec To REACH S‘TE‘Afby STATE

ExpriPus 3.9 FIND & Wo, T, W, FoR DoHINANT RooT
D) $=-2  s= -3 4 $=-3-4

DominANT RooT (S eMNE  QuLosesT TO IMAGINARY  AxiS =7 S=-2
T= L . SINCE TS 1S A REAL ReoT => NO §w, w 2
2 ) Ny
For 7
2) $S=-3  S=-244 , Sz -2-2

; . / -
DominANT Roor /8 S= ~2tU ;, T = = L
- IR 2

S=-ptig = -Zu,tdwy o 4=l
aso Sl = { Re(s\?+ Im(s) =w, = [(2)+(1)" = 2/2 = 2.828

—_— 2
Since. a)d:w,, \//»-}'Z =//-(£é) ::.'; = /l-é = ,707

——

EXpmPLE  3.185 FoR G +cx +4x=0 Frars € So Twar
1, MAX %o OVERSMooT IS SMALLER THAN 209,
2., [BoP 18e. "/75;7(’, /'S Smaller o 3

3, PRIORITT 1S TD OVERSHooT (/€ ~ WHAT Dogs Tz 1mPLy T)
1) e mus S uwe mi ek +Rx=20 4w, (B = wp= 2

swee  t€3 =D wit, €2 = lokAT Fi4 It => F< 0,333



) FoR MAX eveRswser <207 =2 ¥z .43  (FI§3/4a)

sINCE T Cawner BE > .43 d (Ess AN . 333

weE s",fms*rry OVERSHooi 4 seT (=, 42 TO rINIM1 26 RISE Timg
To Finp C 3‘.: £ = C = C or C=z ’2(-45):5'./4
e 2fmk 2.6 ,
legee S

« MHIGHER oRDER Lm/c»-/a,e] SYSTEM)S RESHAWSE
@ WE toow AT 2°% oRper Systens  SiNCE THE Y REFIESENT
VBASIS? FoR  HIGHER ORDER SysTEXsS
° RooTs coued Be REAL € PISTINCT | REAL & REPEATED | CorPLEX CoT

PAIRS LEADING T  THREE DisTiner BERAVIORS

* HiGHER  ORDER Systems T ARE  BASICALLy A COMBINATION oF
THESE THREE TyPES .
. el spie vse x=AeSE

- g -1 -
" CHARACTERISTIC &EQA Q, K +4,., 5" + an,z;" e ... 4 a £+ @,=0

WHERE A, 4, ... Rk, are real

@ SowwTioak 0F Form

¢ z .
X(t) = A,eﬁﬂ/ﬁ e5 i 44,5 e g goors arE

REAL 4 DisTontel
- &
x(t) = ('4/ + A, Tt +,45tz-f---- # /)n ¢’ ')65’ 17 n, real repeateS roats

Pt Pt
x(t) = B;e Suw(?,hqﬂ').,LBz&f 54/'\{?2£+$?,)*”“

TR A SystEn W/ SETS OF CoMPLEX comnJUGRTE  FhRS

* To FiNp THE FoReED ReSANSE (o X/’) VSE METHODS WE

DISCUSSED  FREVIO usLy



© N CHARACTERISTC ey A2
‘IF Coupipx Reols ARE REFCATED  le 5,5, | S, =5,
, _pt
x(t) = (B +B,e)e" sin (gt +$)

e
. ’T‘msAmaR FoR  SYSTEMS WHieH ARE FOURTH ORDER. OR HIGHER

¢ OFTEN /T /3 /Vz,—'ce-ss/m] 7O 8RN A CENERRL 1DEA  OF
SysT€M  RESPoNSE

. 70  Po THIS WE Do por NEEDP TO DETERM/NE JFULL S'oi.;\l

e VUSC DomiAdANT Reo7T IDEA To F/wND ouT  How Lovic

BE FoRE STEAD?/ STATE /S REACHED

¢ look AT Expmple 4 /53
y " 24y " 225" + Fooy '+ 200y = F
¢ PRy AeSt
cCHAR Fo. <18 e %4 2453,; 2255-24 9o £+ 250020

°©  STeADY STATE Resfonse (of EauiLis PoNT ) s Zs"wj:'f

* Reors aArRE S = ~/0t54 -2% 4
° DominANT Roor IS =214¢ AND 'z’ﬁzL
* NOTE THAT For 1 = 4. RESFoNSE 1S GIVEN BY
70
-2¢ ” _
B,e Sin (4&+ ¢) + F R f=Srep e
2 2500
WHY 7
e Sz =244( = -Bw, t I:LJJ %:4 W, = ‘/(2)7}'4’-_-_- ZJ?=4,47
amd G = \]/-(34)":0.447
Wa

© To REACH ~ 2% OF STEADY STATE RESPNSE Reauiees T=47T=25w



v AS MENTIONED /’ﬂfvmysz.yl H SystEMm

/5 sragie 17 Re(s) <o
£ Ims)

/ B ,22(3)
© RouTH HVRWITZ 1S A CR/TERION THAT DEFINES # Roors IN RIGHTHALF

| | T _PIANE
o STABIUTY  (RouTH - HURWITZ 6/317‘(:“/2/0&))

e GWEN N  pAPrenDIx |- FoR2

—~

e
-
/

A GCENERAL SySTEM
look AT ¢HARAERisTIC BaN  D(s)=0

[-4

® RULEM - NECESSARY (onPiTioN

L 4

WEOANY  CoCFPEICiENTS OF THe &EaQuarioN ARE L0

STARLW

Sysrers /s oT
(CAn BE NEURALLY STABLE OR WWSTABLE )

& BETTER —~ ALL OFFES

MusT BF PRESENT 4 ALL oF SAME SIGN

o

How&cvER ConNVERSE /S NoT FRUg

EXAMPE s D)= s*+3=0 NoT STABLE
D(s) = $testi2s+K=0 MAY BE STABLE
D(s) = S'3+’+S'L¢+ $~-6=0 UNSTABLE
o ° 5 — — o LEsson # 8

-~ h-2 2
For  ROUTH ARRAY FOR G, 8+ 4y, s 4Gy ST+, ST SPG,=0

S Qn Qpoy  Gnny Ap. ---
S P Qu-y Rug Qooy -~ -
gh= b, b, b3 b ...

"2
AY é, ez O
S‘ £ 0

| = Sd



b= o | & G
an-l aVl-( an~3
by - L % G
Qn-i Ay .-y Qp-<
* | @n Qn-2lk
b, = -
Ay Qn-y a“’(z"*')

n-f ¢
IF CHAR E& (S EVEN FPowl€R | LAST Etemeny (N Rew FoR S /s 0

C - _ ,___'__ hh“" ay\_;
ro b, b, b,
¢, = - L ] Q-y Q-5
© | b, b,
c; ) ) ._L- C\y\..| Qn_(zm,)
“ b‘ bi bm:

* IF  THERE 13 wNo ble»u ELEMENT PUT 26R0  THERE

* CONTINVE THIS OPN UNTIL ALL GLEMENTE IN ARRAY
RULE 2

e WHEN THE Aerwj 1S ComPLETID
HALE PLANE (S EQUAL

ARE FounND

THE NUMBER ©F RooTs IN RigHT

TO THE NUMBER OF SIGN CHANEGES /N THE

FIRST CoWWmnN oOF THE A.em7, /F No SienN CHANGE ; Bl RooiX NV

LEFT WALE PuANE.

IFRULE 1 + RULEZ ARE SATISFIED  YoU HAVE NECESSARY

4 SURFICIENT cowpiToN FoR 37HBIL/'T7



EXAMPLE *
¢ Roees |
 RULE 72

r? !
r* |
r b,

1 C

r3; f?'»/-Zr-/-X:O

SRATSFIED

¥

i

¢y 'Lll ?\:?QX:S
-6 |_¢ o €

2 SIGN CHANGE =» 2 Roots W/ PoSiTIVE REAL PARTS . UNSTABLE

EXAMPLE ©
[
r> !
r* 6
r b,
! <,

NOo  Si6N CHANGES

EXPAmPLE -

v RULE

45
W

FoRr STABH.IT"’

r3cbr*siireb =0 »RULE 4 SATISFIED
i bl = "; l‘ ' +..é9: lo
[/ WA b
b
&, = -4 ‘ ‘ = _mé'_o.zé
! io | is 06 -io
=> SYSTEM STABLE
r® 4 k’,r2+ r+k, =0
1  SATISFIED |F ‘k|>o , k>0
! b‘: __‘_ \ \ ‘ \_ (kz”k';)
kl K\ kI kZ "ki
¢, = ~— lk' kz}- - by kark
T a(ky-k) | b, o (ky=r,
kl
-k, <0 => k >k,




SeLe Al CASES

RULE 4 1= A 26RD OCWRS IN THE

FIRST Column 8 REMAINNMGE DERIVED
ELEMENTS /N THE Row 4Re Nor ALL ZERD  REPUACE THE 26Ro
WiTid A SmALL FPoSITVE NUmBER & § CovrmwwE TO FORy

PRRAY . WHenN COMPLETiD, LET & >0

RuLe 5~ e

ENTRIES ABove § Betow A 2ERo N FIRST Coiumn/

HAVE S/hvE  Sien , A FrR  OF PURE Impa/NArRy Roois EXISTS.

IE THE SIENS ARE  OFFOSITE |, THERE 1S DWE SIGN CHANGE AND

AT LEAST oNE RooT N TE RMH  FPLANE

EXAMPLE : s3i2s%s 2 RULE 1 SATISFIED
3 o -
: ) | z T = —
s b, - IZ ZI O —s €
s* 2 rA
s bi bz = O
{ <, 9
- - i - "Zf’: —
CTTE e o =t
Smee No Sied cdange 4 b,=0 = 2

IMAGINAR Y RooTs

= Se2shsiz = (S4a)(sS%b) er b=/ asz = s=2{ -z

* WE G40 DETERMiNE THE DECREEC oOF /Msmg/uv = THE # oF Rou7s
IV RIGHT HALF Pané

AND How CLOSE THEJE fowJs ARE To THE
IMAGINARY Ax/s

RULE { 1F ANY DERIVED Row /S /_oz,:/mc,ouy ZERO | THE SySTer /<

NoT STABLE , THIS MPUES Poois BRE LocATED SYmmMETRICALY

pouT THe oRiGN (21, 2hw , azib 4 -atib)

* FORM THE AXILIARY %L/WM//?L Con THINING  THESE RooTy
BY USING THE ELEMENTS ABOVE THE ZERO Row 3 P(s)

« TAkE i p(8) . CoerFICIENTS Now RePLpce 2eRO Row



s CoNsSTRYCT REST oF /}f,?,qy

ExpaarLe
rie2re s §=0 RULE 1 SHTISFIED
3 I 4
r t b o= ~_1 l =0
* ‘ Z )z g ‘
r* 2§
’r b, b,=0
. 2
/ e, e SINCE b, =0 Form F({) z 2r48 =0
_El_. = 4yv
drP
« repace b, 514 AND FIND C,
2 %
C‘ = “".i-. ' = g
4 14 o

? THE AUXILIARY PouyNoMiAL 15 A FACTOR  OF CHAR. canN
THus  (2r™8) or  rHU isA eacror of TP 20%+4rag
(%) (r+ a,) = r3 2%ur+® = a=2
Roots ARG  I= -2 r= 424
* NOTE SINCE NO SiGN CHANGHE - PoorsS MmusT LiE oN /Mﬂé}/uﬂﬂ)’ MAx/<

*= RULE T ANy DERIVED Row OF TWE ARRAY MAY BE MULTIPLUED

DR DIVIDED 87 A NoNZERD PoSiTIVE NVMBER WiTHOUT CHANGING
THE RESULT

© CAN BC VSER TO FACILITATE CALCULATIONS

EXAMPLE
rés: Zr"+ zqf3+ Y€r2 ), 28r+80 = O RULE | SATISFIED
1 2
- t 2y 2§ b o= -1 e ! =0
: 2 |2 vg
3 2 ® A'Z'_ l 2 Sof”
r b, b, (b))
2
r ¢, < b,=0
r d, @ * Since bl,“‘z are 2ERO
! e, P(r)=2rY+48r %50

P(r) = 8r?+ Jbr



H#& ]

e REpLace b, b 591 g 4 36

b, & i A
2 48
c, = -t , = +24
| i iz
2 50 N
CZ = -1 l = +50
I i Fe)
d, = =1 ll 'z = +9.917
2y 24 5o
Clz = O
24 SO
- =
e,= L laq70] %0
9.911
>  BECAUSE OF THE ORIGINAL R'OUJ; SysTEM WAS UNSTARLE oRrR Mnem.quy
STARLE
o SINCE NO SN  CHANGES =>

RooTs ©N wnewmy AxX1S

2rf s yfreso = o
2(r%s2¢r%28) =0

2 (r% 1.09/3)(r* 22.909)=0

THOSG Roors ARE Roors OF p(r) =

» IN ORDER TO DCreRrmine THE NUMBER oF Roo7s

OF A &weEN VERTICAL

TO THE

RiGHT LNE | RepiAce 8 by $vd

/N THE CHAR EQUATION AND Do THE Roury —HURWTZ ﬁ,e/:»qy
,fm(S)f

L T Re(s)




e

ExAMPLE 3.1 P5. /55

For 23.95%4+ 265+ K =0 , FWp THE VAE OF Requigti

S0 THAT THE DomiNawT TIME CONSTANT IS NO UARGER THAN )5

T:yz => RC,(S\ :""%_ :“-Z or £=-2
RePLAGE S B -2, 1 (3-2)": 8% 4544

S ‘u’ 5-2)°= '?’«Ls +123 -8

s+ 9t 2l s K = (3 -6< +123~8) 3(9 1-4344)4» 26 (- 2)+l<«
-3

=> $® + 33% 423+-24
1 3 1 2
> t2
2% 3 K-24 b, = -1 - K-24- 4 - K-it
13 ke -3 =3
RO
[ ¢, K-30 <90 or K<30
: b,=0
3 iK~-24

— K-30 o
(K - '30)/,5 3

N R R ) O
K~3p l_ -3 ’( )
= K-24 o = K>24

2 244K <30



e o T s N T T RSP I e ek 1
u_m.f ~ch. 4 EAEN o ey s e o .i
. | 3
' Smslu'f‘r ZEU/S/TEA . _ . R f!
r*ﬂ | Sm BiLiTY 5 A /’RD/"??T7 of - LW FoRCED RESpocsSE. Ul alv Lwy ertrl |

SYSTEm 1S UNSTABL[ So IS TJE foRced 5?57&41. ( SUPCR PeSizion) )
'S"rmz/_?.m' s bc7‘£,<)mwz~.“/) 8y THE ‘RQDTS of- CHAL. cfzm/,

' _o,‘j‘" + .an_,r""':-/'— v+ 4, = O
R Kects Mn? BE ,-' (1) Rear DIstineT

i ' ’ (z) lom PLEX OavJu(AT[S
- 5se - | ) FfC/‘ﬁfb :

ReoTs | _ 'T;t’;;v.s‘/{,fr Maobr S/@ﬂ[

.
A
~Na NnaaL
N

1 V - _
5| Relsd - - .t

Sy

8 B X

e’ siant]




./‘/.va‘ c’l-‘ft | - x . - .'57‘4&/1,./7'7 - Feord

e Jumer pae s
N O X

¢ |— - !

N
>

I
=

’ Smélf Zd‘bT - - e >
@ orein S B : . 1
oo : : : . L ) Lim(TEBLY STYLF

szl . Re (2 o \J \‘J
aont na [ . : :
= . o . Esimut. .

bzg B PR lorploy rorls on S FMARGINALLY  STABLE
Qs - Tnbuegngnin  AHS | | | | _

P ey

S 3 SOUARE
3. 5. SQUARE

15 5 SQUARE

Seric
I

jo A
A%
-

e || Ve Reersar
- ORlGn

Tnx)
|. C’ (C+6A) 5ii wl

>.; ReB'_j ;

Dotk Rewrs |
o InaGivaty Axis

m fS /Z'A&Gmmcy 5748(5 / f .’_ a/ucsf Sﬁvé;L[ /’/)/,b‘ of  Conpley
Uy HE Jmﬂ&awy*' ‘ﬂx,r D P *-OT'!E/(L 2057‘5 ARE [a - -




~.

)
'/ T

. LESSon # )6

Routh - Hurwitz Array

Summary

1. If no element in the first column is zero

The'number of roots of the characteristic equat1on with
-positive real parts is equal to the number of <ign changes
in the f1rst co]umn of the aryay.

\

,'23 Zeros in the-first»co]umn,‘but no row of .all zero elements

. | ,
If the sign of the elemeni above the zero (e) is the
same sign as the element below]it, it indicates that there

are a pair of imaginary rootS'pf,the characteristic equation.

1f the §1gn of the element above the zero (e) 1s
oppos1te to that of the element below it, it 1nd1cates that
there 1s one sign change (see 1.) above)

3. A row with all elements zero

. Indicates that there'are roots of the characteristic
equat1on of equal magnitude Iy1ng radially opposite in the
s plane, i.e.,

a) two real roots with equaT magnitude, but
oppos1te s1gn o

b) two conjugate imaginary roots
¢} two pair of complex conjugate roots

symmetrically located about the origin
of the s plane..




LINEpRI2ATION REVISITED

* THERE ARE MORE NowiwEsR MOPELR THAN LWEAR MODELS

¢ PREDICTION ©F THEIR BEHAVIOR. IS MorE ComPLICATED 5 DEPENDENT oW
MAGN ITUDE ©F INPUT 4 INITIAL ConDITIONS

° WE DESIRE LINEAR Mobels SNCE THEIR Benmvior (S kwowd ( STABILITY

DEPENDS o CUARACTERISTIC EON 4 RESPonNsE 1S DEPENDENT oN wWAUT Fw@u)

*  WE T/Qy TO UNEARIZE WHENEVER REsiBLi NABouT PN ORERATING Posni7”

LINEARIZATI0n  METHODS  p. 629 -6 30

v SUPPOSE WE WANT TO UNEARIZE A FN {)(5)0") ABcuTt 'j’je, dvzvg

‘F(g)v) = Hjc,\&) + %( ‘ (j'j&) + ;Zf/ (v=ve) + ggéfa
JJe v=Ue TeRms

UsinNG TAYLoR ExPANSION
n m
e HiIGHER ORDER TEAMS ARE FNS OF Cj‘fje} d (r-ve)
o LINEARIZATION THROWS ouT HIGHER plbEr TERMS — IF j"j&"’ 0 , Urlg~0
& © LINERRIZATION 1S UVSED To INYWESTIGATE Locadl s"mzrzu7
¢ LINERRIZED MODELS USED IN  DESIBNING FEEDBACK ConlTRoL SySTEMS
WY = IF  CoWTROLLER KEERS Systerm WNEAR  OFERimwg P7
THIS 1S SAME RS LiNEAR ZATI0N f?ﬁacESS, Ef;%’c//ﬂuj I

WE NRE  LocaLey STABLE . FERTVRBATIONS WieL BE mialstss 260

© How o LNERRIZE ¢ TWO METHops
1) FIRST LINEARIZE AL Wow LiNEAR FHS  d THed DEVELOP DIFF &

2) DEVELOP DyF ERS  THEN  LNEARIZE

1,0 = - mglsin® I=ml®
oPseATING PT 15 B=0
r’/ -S"u"‘l @ ad g




SECoND METIHOD

e dx a (th)d X v e (%42 )Cfx e +C?.,(X,]/%) =/2x,j,f)
dt” Lu) / dt"

C0_g XL 2ot
Rewkite A8 7[)(";:)){) X _an-q_x a( ’j) )

N~y

(n=1) (n-2) x’
g(xlj) j X ) X / )

Now TAKE 3 (xm-/i x(n—:))
29| (x-x,) + ——3/ (TIJ)"L’SI(M)'F _-g(n-i)/ ©
X X=Xp j 44o ot DX XM“Q: X(n-/)
e °

. 4 / 2 -
EXAMPLE \7 +2j .-.3XZ=O => \lj = (—Zyr/-g)() = j(x,j)

?ﬁl = éXI 2 é)('o j _g;gl =2

oX X=X, X=X, fj E j

| oo F rg) ¢ b ~2(57y0)
%Y lyzy, |

Now Since (S*jo) = 3 LET 3'302 Y X-Xg = X

Azx,

Y-6x,%-2Y

EXAMALE ¢ X’ﬁjx/-?(f-)(y j/z 4—j2 =0

-sx‘ Ky - :1/«2 g2 = §(oy2,59)
(2>< y) \ - X, =X, 242,
924

X=X,

BX 3 Sy

X=X
‘o

G T )

% X Dy

I
il

'%C'J

[} s

% =-@xtq,) % - (X+>‘o"2ﬂoz)7“*(3° 4)Z -4 R -5 X
w&%'Xxonxeij -&1222



{APU;CE ‘m/on/s;ﬁb;w;

S METIH0p TO SocVE THE INHOMOGENGOUS [.0,D,E 4‘ /A1 AL
CoNDITIONS  WiTiH RESORTING TO  Itomo SENEOUS + PARTICUHAR SoLS
¢ METHOD LEADS 7O AN ALGEBRBIC EQN THAT Y/IELDS ©u770T
© THIS METHBD Will Aliow VS ToO Paxﬁfﬂ/iy THE 5'75'7'25’"7 STRUC TURE
BY MEANS OF SIMPLIFIED BLoc DIAGIAHS
* PARTICUNRLY USE FUL
o WHEN (NPUTS ARE DiSCoNTIiNdaus  oR IMPULSIVE

o Wien PUTS  ARE  PERiopic Bur NOT SINUS0I DAL oNLy
e DFN i fi) e DEFWED PR T =0 | AND IF

> -st
£ e i) at EXSTS

1}

(3]
-st A
f e v/"((’) A 1S THEN LAPLACE TIANSFORM

’ of HE)

TueN F(s)

(s)

]

ol {#6)
Aiso fit) - LT Fe) = / ) eSGis

s P = Ug(t) = {o

i t =0

L’a‘\

B o -St 00
F(s) = / e S8 wu (t) dt - é_/ =
-5 o

o

o NOTE THRT THIS TRANSFOLA IS LAEAR

N

L{af +bgd] = aX{fw)] +bd{ gty



aso oL { CoMSWTf = 4"”-?””"‘

o
EXMMIPLE ; f({) = @ at , iZO Q = constanl
% ot b o (s-a)t - (sa)t |
ks et - [T o 6
o Yo S-a o
5-a
3 wa -/ / a.f
aso ol Z/'Stﬁf = £
v EXArPLE : SHoOW THAT ozé Z/Zl e f / /S
': -st -X -
J{\/__} f e /Z‘/f ‘/—'/ X /ZJX USiNG ,\/:SZA
: ) ; © oy
L eor | e xRx = (%) < U7
z . L - /T
I T
 LAPLACE TRANSFoRMS  ofF DERIATIES & WIEGRALS
f / e‘“Lﬂ'f’ dt INTEGRATE BY PARTS
) -s&
LET a:e‘“b dv szdt = dy=-5€ i{t/ V:f
.sst 0 . st
Ju dv = 'MU", fU‘Au =7 f{t / j-F(t)l-ge o{l']
1 :
) : -

I } o) + j fedt = sFGs) - o) = s} -flo)

ast
LoNete: THS 1S TRUE F {t) 15 bounded on grows slower thaw € ast >



. MORE oN LAPLACE TRANSFORA~S IN APPENDIY B .

L OTHER UVSEFYL FoRMULAS

Jz/e%ngf = $2F(s) - s (o) '-3%7[(0)

{W {= s"F6) - s"f0) ~s"';s‘£.f(o)~.ﬂ jt”n"{zo
2 { [ Felte ] & Fes)
L5 - [?{r)dc
L{tf-
It} - o

of{wthf =

ozﬂ {Sowwt"f

+w2

FivalL
o WRBRERS VALUE THEOREM = ONLY FOR STHSLE SYSTEMS

Liw ) = £, - o § F5)

¢t >0 J->0
" IITIAL  VALVE THEOREM = USEFUL W 1nVERSE TTRAMFomrsS
fie) = flo*) = Lo $FS)
é — 0 K¥rd ]

o APPLICATION TO SDLNS OF DIFFERENTAL EAS
g +I’j = ‘F(f) "F‘—-'ﬂ};k* lj ’-Ow"rlﬁr

(1) Take TRANSFORM ©F Bomt SIDES




L Gerdfy] = 2]
s Y(s) - 3(0) + r Y(s) = F(s) MQTEECZT,'S I AN ALGERIC

(2) SovE For N($) —THE LAPUKE TRINSFORM QF 0UTPUT

Ys) = FS)+Ye) = F&) . y0)

S$4r S4+r S+r

-
(3) TAKE o 6F &AcH PARTIAL FRACTION

~Norn D - (a) ..,rr
L@ yt) |, LTLEL - gy e
-1 "t T
L [5/’;[:) = fa € FlE-T)dc PG48 THBLE | ForrviA 9
-rt & _rt
I R O R R A 7V
(%4
FREE RESFONSE LORCED  RESIDNSE
SUMMARY
o GHEN j;," 4‘j'-+37=0 Wi j(0)=3, j(")=/ {It N DELENDENT

Vﬁﬂ/l-}BLE)
o USE (APLACE TRANSFORM TO FIND Y (3)

(szY-- S3 -1)+ 4(5‘\’-3) + 3Y;o
Y (s%+4s+3) = 35 +13

Y = 35413
| S344s+3

o TAKE RHS AND WRITE AS TPARTIAL FRACTION EXpavsion (sce Arperipix
, 8.3)
.35"“’3 = A + B

S™Us+3 S+3 S+

4 sowvg For A ¢ B (/—\::—Z ) B=S’)

Y(S‘.) = 1_2:_ + 5



e TAKE INVBRSE LAPLACE TRANSFORM

y(t) = -2 J-fsﬁf + sof"f{S_:T} _ -a?e‘-3t+5‘e,

° ASBDE ~ NEED TO koW FARTIAL FrACrion Exrir’Sion

CorPLETELY
g+ . A , B IF DENors VEACTORABLE
s2i hg+ 3 $+3 S+ d FACTORS NOT SAME
St o gL A + B FACTORS SAME
S% s+ 4 (s+2)* (s+2)*  (5+2)
N NOT FACTOLABLE
St+5 = 14 - B.S’f c DENDH “
(s+ ’)(5'2*¢S+$') St/ (3% 45+ %)
e o - or o LESSon # /I

TRANSFER. AN

o TRANSFER FupcrioN OF A SISTEM 1S CoNCERNED WiTH FORED REIFplSE

OF SySTEM UNDER ZERo NITIRL CoNpiTion S

FoR  THE EQN 7”1@ r y = ﬂf) WE FOUND
Y(s) = F(s) . j('o)
Str Tvr
FoR THE TRANSFER FNS | TAKE  Y(0) =0 Thus

Y& - T TRANSFER /7]
F (S) S+r

TS THE Systeny TRANSFER FA 7(5) 18 THE RATIO OF THE
OUTPUT TO0 THE MWAVT AFTER LAALACE TRANSFORTAT/oN]

T() = TRNSFOLHED ouIPvT
TRANSFORIMED AT

NoTe TRAT 7(s) HAS THE CHARACTER/STIC. FPoLyalossAL. RS /1S
- DENorI NATRO



o TS WITH THE TPANSFER FN oWy WE CAN DETERM/NE SIBBILITY P
TIME ConSTANGS
© For 2% ORDER SySTEN | THE TRANSFER FA GIWES US, DAMANG
RATIO 4 DAMPED { UDAMPED NATURAL FREQUENCIES AtS0,

© PR A SYSTEM WITH MULTIPLE /NSUTS | SET Ale WPUTS, ExeErT

)
THE ONE Tv BE STUPIED, EQUAL TO 28K0 , AND Fiud 7HE THANSEER

A AS BEFoRE

o W GENERAL  (APPEWsre B.3)

IF GIVEN A LINEAR ObE  WiTH CoNST., COEFF

i =1
Ry d’% 4 a4, X s ra,dl s 4 x = f(¢)
At d¢”” d¢

THEN USE  LAPLACE TRANSFORM TO GET

(a,,g"+ A,., S" v +Qs cq, ) Xz) = I(s) + F(5)

CHARACTERISTIC FPoLynom ,,ﬂ_/ = Fs)

Lo I(S) S A AN TOIALLY DEPENDENT ON THE /HITIAL CondiroNs 4 THE

/
COEFFS  Ap, dyry, ... &, 4o

- — o ot
o F(8) 5 A FN  DEPeNDENT OF THE FoRerh RESPNSE )= / e” At
' o

. R6) s e ovreur X6) = [T tx@at

Y WE AN wRITE

1 X(s) = L6) . £B)
) P(s)

DV R/ g . B "/f@

; K puE To FOLCED
‘ DVE T0 RESPoNLE

TTIAL CondiTons



THUS THE TRMSEER FN DUE To FoRCED ReSPowse W/ 28@0 INTIAL
CoNDITIONS /3

T(S - X_(i) = ___/_.
) F(s) F)
MORE GEA/é,?ALLy WE wie wave P(s) XG) =WGs) )

AaNp  WE) 1s A AN THAT AFPEAR 16 INPUTS INCLUDE DERIVATIVES

— 77 = X{S) = Mi) e A/,___(S_)
= 7(5) 5 s) 50

o F) 4 WE)  HAVE SomE Common Facrors | THEN  T(5) = A/Z))
EXAIPLE  Thoblesm 4,23 P9 240
X +8xr2x= 2  wf X(°)z0 x(o)=/
oip{x ffxf/Zx} oZ[Zf
s°X - $ xlo) - X(o) + J’[sX-x(o)] 12X =
[S+¢?S+/2fx e [+ 2

3
P X = I + F
X = / . + 2_______,'_ = - * 4 -
' S%88+/s2 S($%F5+/2) (s+2)(s#¢) S(s+2)(s+6)
o FREE RESAWSE IS Gven By  LE) = L
Ps)  (r2)(s+e)
—t - A 4 B A= L S5*2 (sr2)dB
(S+2)(s+t)  Se2 S+ | s»-2 (S+29)(e) )

= /

= +

B= b (544)1(5) A L

§>-4 Fe) s> 72

P
—

I 4 "{ s

: -6t FREE PESAONSE

~L
4

THUS X (t) {
4 e

| x(t) =



0 FOREED RESPNSE 1S GIVEN 8y F[S)/P(s) = 5_(;217(_5 )
—% ___ : A4+ B 4+
S (s+2) (5+b) 3 St2 $r6
A= {1»&1 s-FB) - 2 - 1 - 83:-./15-;, Ge2) ) . 2 . -1
Sro TPy /’ 6 S-p-2 Pc) ~2:4 %
C = Jom ($+)FE) = 2 = +/.-Z’;
$=2-6 76) b=k
LN LT S Bow S
s) 8 Sr2 3$+¢
~2¢ -4t _
x(¢) = -é- - ;,L € 4 /_ZL € FoRCED RESRNSE

SowroN 1S THE  FORCED + FREFE RESIONSE

¢ To RECoVER THE NFFELENFFAL EaN’ GIVEN TRANSFER FAJ

7¢s) = X8) . NEs)
FG) D)

. DOXE) = NEFEG) 4 oL "{ DEOXE) | =L ‘;/A/(k)FKS) /

FOR  Z2ERPo  Nei7AL  Copriions

. n, -
Nore  Twar  S7 XE) = 08/5?;“{

_— X(s)
Empg  Gel S wpor j X&) ety 4 108) = S

7)) - S = NG) + Fwp THE Govsrays Gan
(zs+ )(53+1) (s)
§ ¥ ‘08522'7 = (10524 75+1) X =&Y
0S5 [$+4 ]

/DX + 7% + X = y



- © WHEN THE NUMERATER OF THE TRANSFER. AW 7S NOT Con STANT
WE Cavvor /QEL)/ o/wy ON THE QHARACTELISTIC IOLYNDMIAL TO FREPICT

THE  SysTény RESFONSE only
®  MoRE oN TS Tofre  LATER

© KO 0w PIRTIAL Fescion’S  # TRewiRER NS (APR B<3 pp i)

® MoST TRANSFopmS OCCUR AS  RATio OF FOLya0MALS
m - 7
° Gven  7(8) = M(s) = Amss # b, W~ S “-n 7‘5 Stb,

Xs) $T% &y, S b £, S 4,

©  OR Rep 575‘7‘8’2-7§ m=n

o SOLVE For Roo7iS OF DENOMMATR POLAON 1L

) Roors iMV BE i REALL DiSTine 7 , REFEPTED  OR lorPLEX ConTHGATES
* IF Rooys ARE REAL 4 Dsmawer
T) = NS e by G s
(+17) (547, ) - (s+7;,) St Seny s;w
. e -yt
C’t’ = /sz (S+f4'}/ (S) 4 Of{"/j Z f é b
S—=-ry =1
o RR RFEAEs Aoprs e P re/m«/;é:e/ { n-p redd 4 & Stenct
7’@) - A/(S)
[S’+f”)P(S‘A r (syg) o (S+ /’)
< < C D D /
= e Sttt e o 22 4 23 4 .D”z‘:
) (s+1;)F (5’;/*)/’ / (Svl-/‘) 13 Ser; St ,71_/,
Vi { (8)(s+r,
’ s——sﬂ (4'“’)' ds# [ g ) } P
v b TG) (641 22,3 ... N~
DJPS__;_rj T()(f{;) J243) P



P Pt E et
- -1 -~ t nt P
of{/(s)j'-* 2 ¢ e' + e “epe T+...+D €
i o] n-p
(F—”")o
EXAMPLE 7(3) = s
i ) (s+1 )s¢2)?
T(S) = 4 At B + & /9,_2
St/ S+2 (s¢2)*
Az lm  (s+0)7G)= :“S; = =/ -/
$>-; s+2)*l.. ., /2
d [T(s+2) ) 4 /8 ). X-s 4L
! A3 =
- f:ﬂiz (g_,)/dS‘“’ J 77 dS s+/) s+1)° Sv;/zfl
- _2_ -+ ——I—. =
e En T
/I 5 - -2
l - G[/(S)(Sfl)]} S = == 2
»S-s- 2 {0 /)/ S o/ /S':—Z /
. - iy /
o TG) S4/ C s (5+2)

° WHAT 1 Roa7s Are  ComPLEX COMJUGAHTES

e T(s)=NE. F) wiere  QUS) 15 (s+pidg )(stp-ig)
D6) Q) SRA

:(S‘-J-F)zur—%_z
PS) contams THE REST 0FTHE
TRANS 2Ry
7G) = Ns) o A, B, 4 CseD
D)  S+n St s +as+1>
(3 S C\ G Py
._Ci’fl?_ - els+ Vo | +D - ¢/ / J HERE =g ,%:fé,ﬁz
$% as+b (§+%) +(b- 44) 2/ 4



. | -at e e, y-ab
oz’"{ e g €S E g, fhoayy wfpel2 JE s
s5%a8+b V-4 4 cos @ .

. 2
7 a-4b5 <0

Q) = skas+b . § T)As) = PB)

© HERE
e Aso  NE) = Ps5) o NE)Y ., L = L
Dis) Q) Dis) Pe) Q)
EXNmiE  4.05e po2l
T(S) > 4 _ = NG) . P(b) =4 @(5) = Sz.p/og+/gz,
S(s%/ost00) PGB) ’ 3 —
P:- _2& =5 ‘?1://00““25'

5% 405+ /00 _
Al st 100) + (BstD)s = 4

A+B=0 ¢ /0A+D =0

775) = A 4 Bs+d
3 S~vo

B=-lg D=-3%

also
-/ e ' et
S BseD ). -1 e 3?,;,]'7? + [~2/_,;+5§_(5)}e 5},,4755
saerof | 2SHE]
-7
SOEE
: -/ A7 - _ ._L, -5[: .o ) , »—_S\t :
t KT =4 -2 ¢ shsvie - Le cos 5T
o ————— o — (£350N #/2

—)

—

Bpacx To TRANSFER FWS 4
GIVES RELATION BETWEEN WPeF & ovTFUT

Bioek DiAGRAMA

e

o 7(3)
Tts) = AT = XG6) e KE)= TEYE)
IN PUT Y(‘s)

* BLOCK DIAGRAHS  &GIVE GRAPHICAL  CAVSE /EF//I‘(:‘cT RELATIONSHIFP

BT | X6)




‘o

2
gxampe  frmdX o> FG) e mS KE)

dt? _ ) REMEHMBER

e IF X 1% In,:u,‘t 4 f 1% oudTu,‘t };(_g_) = m3S ::’T(b) TE) 13 Fon.
X(8) Z&?P.Z INITIAL

ConDITIONS

X(5) = __g ©)

1F -F [ mru‘f d X 1 Ow‘rw‘t ._X;(':) = ;’_V-)LS 3-T(,5)

i

Fts) '

® Loox AT P 187 Fievre 4.1. ARRDWS INDICATE DIRECTION OF CAUSE/EFFC—‘CT’
¢ BLock DIAGRAMS DEAL WiTH TRANSFORMS

GAIN OR MULTIPLIER

| Y ()

K@) = Kylk) o XG) = KYGE) Y——s—] K [—
SUHM‘ER REPRESENTS ADDITION RE) ,

X() = M8+ §H) or  K6) =REYE) —;‘(fj)__gfs)

+
Y(s)

Cor PARATOR REFPRESENTS SUYBTRACT e

)= (- 4(l) o KE)-RE)w Vo) 6

Re)*
- % Y(s)

TAKE OFF PoNT ~ UED To CoWNECT DIFFERENT FARTS OF D)AGRAr uya CHANGNG VALY

ylo) = vt)=xtt)  or Y() = V(s) = X(5)

\V/(s) X(s)
P
J6)

NOTE THAT TRANSFER AN 1S LIKE GAIN OR MULTIFLIER Block DinGRA
N PRAWNG Broek Dipé&RAMS
« FEEDBACK LooPS pLiow THE SAHE VARIABLE To BE BoiH /WPUT 4 OTAUS

o FOR SUMMERS OR ComPARATORS ) “mésv@zu (+ or =) SHovD APPEAR



CLOCRwWISE  FRom THE VARIARLES ARRow yEAD

e . - o ¢
cBLOock DipoRAMS DISPLAY SySTEmS  STRWTURE ,  WE AD> THE FREE RESPoNSE

AT THE ClorllivsSion oF /}A//*L/S;s == ASCUME INITIRL CoudiTlons 70

BE 26RO FoR Bloek DipAGMRAMNS

Buoex DIAGRAM PLGEBRA

® LACADE

) eVl X6) VEs) = . RE) = 6,6
), G ) 68— Y -6,6); V?si)) - 6,)

?;_;%)) = 6,(5)G6)

X
e ‘ Gl(s)Gz&)Ms)
S |

- 4+ c ¢= aG-b
“‘“““/_;C‘l__ﬂ_*f >"—> =(a-b45)6
b

—

! + le—b

© Loop REpUETION

RE) py e GG) » X(9)

Y(s)

. H(s)
) R®)-Y)=els) 3) X&)= ek)G6(s)
5 YG) = HOXE)




S (
R(3) )T() ﬁw_Xs)

Gs) = XEG) 1S TRE FoRWARD Leopp TRANSFER <N

e(s)

Hs) = YB)  ss THE FepBACK LooP TRANSFER FN
XG)

Tts) = X(‘s) FRom (',) (2) { (3) Kes) = //{S)X(S) = X(S)
J (?(S)

Rs)
R(s) = X(s) / /-/(S)G(s)+/] = Tls) = -2 ¢)

CLOSED LooP TAANSFEZ FN

Tls) 1S THE
i?(s') G(s) X()
I+ H(s) G(3) ™
OPEN Loop TrRANSFER FN %)
Re)¢ e | & R(
O] <t g z6) ) els)=Res)
OPEN LooP 06) 2) () = e(s‘)é(s)
HERE 1 ﬂ‘ m ' 3) Q(s) = X(s) HE)
FRom (1) (2), (3) RS - His) XE) = ) =6() » BE) - HG)6()
> x05) 2(s) Res) ' RE)
. RE) + 7 P v X(5) S(s) = !
EXAMPLE = ) s 7
) TS+ TS+
H(s) =
. |
Te)= _G6) . TS+ | = ClLsED Loof
1+ HE)GES) T Ts+2 TRANSFER N
TSr\
! OPgN LopP

(;2(5) c G($) H(S) — i =
REG) St TS TRANSFER FN/



S

o Foun THE CudSED LlooP TRmkEe Fal: T(8) = %1 i

S+ &
AND  THE RooT oF THE CHARKTERISTIC 'Faf..,na,,,m‘gg,/ IS ss-z
v RBR THE  OFeW leof TRANSFEE AN i Tps) = oL o — L
S« Y
THE  Roor  oF TWE CHARBLTER(TIC ;70,7,\/0 wIAL s . %F
* [rort ovB  PREVIOVS  LWoRK
‘F Im (33
¥
ELTF OLTF

cFPoh A GIEN INPUT , THE OFEN LlooP TRANSFER N mPuEs  TpT
THE d?:’;r’eﬁe':sf’oﬂb//\i G DIFFERENTIAL E’a/\[ HAS A HIGHER Tiri ol STANT
THAN  THE  CokREsAnNBING  DipfERGNTIAL EaN  FoR THE CloSEp LooP

TRANSFGR.  FN.,

e 1) = X&) . > X
| Ys) T(S*/z‘)

21N

X = «-{:J

. » - t/
ﬁbmajaw-wg Q&i’n X + %’ X =0 bas  Solutrom x=Ae t
whow T=7T xis 37% O,f A TiMEg ConsST = T
Ts) = &) - _t ) => >2+§x~\%j
Yis) T (st¥) ‘
. - 24
"'OMO?QM&&%S edzry\ has golition x =Ae
whea t=T X is 149, o;A TIMG tonsT = T

¢ THUS BY ADDING A CLosed looP (F‘Eipg/qg,() | TME Systemb STORILTY

1$ IMPROVED CAUSHJC; THE MoOST POM//J/-)»/\/T RooT or THE 5757-5,7 Jo

]
MOVE FARTHER Hu)/’ry FRom THE — TMAGINARY S Ax1S . THUS FEEDPBACK

IMPRovVES LINEAR 17 & INCREASES smmmy THROUG U 1MPACOVED  foBUSTAESS 6"4‘" /)



S . . bk 1 .

popory
6o
o
TS
20
v
v
wsn
v}
P el
ey
T
E2
e
B
e
rarven §
w3

P
e

L ars

ornac

5 ‘%4__'.ffc,t:_DBﬁC~#’ ReDucE ParAm1ER Stus.a‘fcy.sTw o S4SEm.

‘ {%uM- m4 - ' CEMLE S Y32 f__ FEED BAeK

L é's Sonv #/3

A 4

Re) " ' s l Ces)

"ISQP/)o;E , uE .Ta PA@»#H& VARIATIoN . G(s). IS Cuavaehp To G<S>+/'.3<'5(s)_

‘6‘55 l“ P86 | Fer  poevr eptv Loop SYSTem

CCs) + AC(S) [ém +A6(5)] Kes)y

o'. -ACcs) = A6(s> Res)

.'How CLeSE THE Lo,bf W/ vaITY  FEEd BAcCk

ZZRG)‘P S : Cts)

P4

1+ G(s) + AGes)

Lt Gs) ‘ ‘

B , é

jﬁﬂS/T/U/TY To pﬁ/zﬂmtrc,e. l/zve/ﬂrst /.c REQUCES BY A factop,
af }/ /+ 6(5)

/+ G +46 = (/.;-C,f)[/./, ﬁg_
- ' %6

it

NEXT ! ‘
R A X Y- T +6 [ 1+ _AG

"'-/"‘: {I_'...ég.. $oann }

P4

'—"i?“"" ) ——]—-> - g

S - Now Cisy+ B Ces) = | Ges)+AGls) "~ Kes)

R L TP DRL




niy

e
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i ¥

':1"{5

EmL - '43/1' Freo Bfu,
hfb FACk" 1mpRoFS L/«/an'rr e o

Prun ~ cu. 4

on- Loo P X- Foe Fcrrd Cv(;)

CLoSED ~Loo)o X- fCR F<f~ : - G(s)"
| | + Gcs)

LT 6 (s) =. < A 5

T()

s Vv i~

~Ba
o

B =

~
= -
L4

& OLTF‘,‘; S E o | *

CeLTF

(6T y ~outpil X inear fo 5 y=Kx = V=KX = Tt

A ‘
+in ﬁrsf c¢se, -1[0 wirrin 8 Ye o,f o cnstant

| ..__‘5/0 O; A eonstart
Sccond case /
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Pmm — ¢H.4 | EML Y3lz reep&m

v car T A by e e e

,'F'ffbeac_(c Auows — DISTURBANCE RereTon

hY _ _
R LOOK AT SYSTEM SUBJECTED To DISTURBANCE
| le (brsTurBANCE )
k) 69— 645) | e C1®)
. Hes)
NoTE:  pMNow WOt A SINELE :.u,u'rr/SMquf DUT])UT SYSTEM
wa;m SYSTEM  TREaT  CAcH SEP&ZATEU/ l )
; Asvmg  Resy= o AND Fnip 7s) TRANSFER Fa) DUETO b/s(u/erswca~
b.}{é . .
: : . . CN(S) ' ‘ 61(5)
7;(5) ] Nes) )+ Gu(s) Gots) Hes) -
2 N Assume  Nesy=o  ano emwp To(s) TRANSFER Fyl BVE 70 INPUT
_ — .._. Cpls) G, (57 G, (s) }
/RC‘%) - K = . ! = !
| B(s)y |+ GG Ho) | _ .
N6TE ¢ SAmE “DEnom wators [ |
| Ces) = Cyis) + (o (s)  smee LwEAR
: C(S.) = 62(5) [ G,(s‘) R(;) + N(;)]
|t GGl Hes)
F ., / G,(SJ_ ”(s),/ >0 Nawo G G Her | >21
Te Swl o G20) o vy
' Ncs) )Gy Gues) Hesy : ,(s) H(s,
?'!_ < NG) . 15 X’E_.]fa,é/)  SINCE  OUTPUT Dug To Alcs) -0
3”*) on '7715",%&}/4\)9 As /6(3)6(&‘)//(5)/ >71 4 took AT (S)
&/ ’ T(s) C,t(s) - G,(S)GZ(S) o . .,ql . Poe uwr*f /Ics)
R(s) | : 7
h_’.’L_G',(.”.GZ‘””‘) B PR (’(3)",(’(5)
o - /‘l',l-;fr. o - )

.',m; :?ﬁ'ﬁmc w/ u,{)} fv FEEM Racl F&UAUZE

T é ooruur
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o REDVCTION ©OF Bloex DiAégearMS
° WE wWaNT JO REPUCE DISGRAMS TV THE PoyNT~ WEHERE INPUT
MPD  OUTPUT  ARE RELATED SimPLY BY
K(s) ] X(s)
—er ——
® WE CaN Do TS  VSING RULES ©OF Biocx DiAGCEAM BLEESRA
*  RULES REQUIRES  THAT  ALEGRRAIC RELATIONS ARE MAINTAMNED
¢ Two PiAGRAMS BHRE MRUWVALENT 1 THE ALGEBRAIC RELATIONS
BeTWEEN INPUT 4 OuTrPur ARE THE SAME
R — N » e ; T
EXAMPLE l ':szw mogcn e
) 4, O- G2 G5 SR
HI
Move G-H, NsdE  H, FEEDRACK LooP
cnee (@) g1emnaL
L(R"C) + l-lﬂb]G, - an = QG
[ (R-¢) « H,b *-,izﬁ]@. =Q
G,
" o T ' "
; ._’i?:_ 5
| ]
!
I -
! fesy + a b @ ‘
J — L '£7/ T 62 63 - '.; C(S)
| - ]* »
I ' H: “”




REDUCE INNER - MoST Loop : G, Gy
v ’ - Glaz”

G3

Lo0K AT DinGRAMS oN P& 190 For  RELOCATION OF

TAKE ©EF FoinT< , SUMMERE ETC

| DESIGN CRITERIA  ~ CLASSICAL SENSE

L« HUST ANSWER THE FOLiowE RUESTIONS

/. /S Sysrer)  SrABLE " Royrst HRW/ITZ
2. DOES [THAVE ACCEPTABIE Aceurpey v STEADYSTATE ERReéS

3. IS TRANSIENT RESFOMSE ACcEPTRELE ...  PEAK OVERSHoOT
| SETTUA, DELAY | R/SE | PEAK TIHES

© FDR ALCEPTRBLE TRANSIENT RESRWSE : WANT  OVERsWoor, ¢, 4. ¢ i

To BE SMALL

o ALWRAY :  STEADY STATE ERROR IS DIFFERENCE BEmwSEN DESIRED OUIFer

MWD ACTUAL OUTPUT AFTER ALL TRANSIENTS HAVE AIED ouT,



EXAN - LESSon ¥ /4
LESsoN # /S

DESIGN CRITERIA  ~ CLASSICAL SIFNSE

® MUST ANSWER THE FOLtowi s RuESTIONS
Rovury +1Ru7Z
STEADY STATE EQRpas
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- for  uniT NPT (R(s) = L) THen e (t) = i_/;i: s€z)= 1
AND ess(l:) = r(t) ~ e, lt) =0 ¢ Mo ofET udDER UNIT INPUTS

> BoweveR BECAVSE Z“ﬁ ORPER IT (S P05 BLE  FoR OSCiLL/HDQY BREHAVIOR

ro gxsts (Ts%s4K() = T(s% Lot Ki)o waz[K BYRG Se y



* FoR NoN osciuaTory BEHAVioR S>> K| is SMALL + HOWEVER  RESPONSE
WouLd B SWEGISH & THE TimE  CeNStanr foL SySiEx  Would BE LARGE
¢« FoR SLIGHT DAMPING K IS IARCE =) 08CiLiATDRy BEHAVIOR.

¢ IMPROVED SS  BEWMOR AT TXPENSE OF TRANSIENT FERFORMANCE

PROPORTIONAL + INTEGRAL CoNTROL

* FEATURES  VARIABILITY 7O SATISEY  STEADY STATE d TRANSIENT SFECS
) = Ky (14 L) EG) = [Kp+ Ko ) B
M(s) = Kp ( 7_{3) ) = [ s)

¢ INTESeaL  ACTIW PROVIDES PN Ao MATIC RESET OF THE ConNTRoLULER WHEN

. o DISTURBED
T - REser 7me = KF/KI
F1rsT ORDER S YstEM
) E(s) | T Clk
S TSt _ ‘ .
=l [ g e
| R(s) 'T£z+(/<F+/)si/<£
Kptl o 23w, @n=[K 4 Y= _2fp
T o 2[/TK;
s Time CowsT = 3_—-’~ - 2T Pick Ko o ACHIEVE  TIHE ConSTANT
)

vy

* Mow Piek Ky To case T >

DISHPVANTAGES -  PRoDULES A CoNTROL SIGNAL EVEN AFTER ERROE HAS

vawishep s Cg =4 8 =0 R T STEP WFUT
o - * /( - V
Bur 7”33 = (Kot =§£ )qs Ky

= INTRODYEES HibHER OVERSHOOTS DJE TO NUMERATOR DYN#s-11LS

FROPORTIO WAL + DERIVATIVE Lon/7TEoL.

- METHOD 6’7 WHICH CONTRDLLER 1S MADE MURLE GCrRLoR —> D
~ DES) A CoNTRo LUER T2 REACT 70 DERIVATIVE ©OF 64802
- USED 7O DarP our Oseilesivon

Mis) = Kp(1+Ts) ES) = (Kp + Ko3) ELS)



Look Ar DERIVATIVE CewjHol 18 9 FIRST OFDER Syrérs

/8[5)4 Cls ,
--I Kp+ Kbs; ey f &) ) . KprAeS
/ Rs) S(ff‘@)v}(ffék)
« FoR Uwir wPur deg = Aduw s CB) = <. Ketkol L1 - _Kp
’ S50 S (v ip )4 (14 4p) 5 1+ Ao

- e, = r(t)-

S

b

- _/?i = / J ERCORE  SAME AS
/-t /</'> Ve /;b TRoppR7700 L.

©omi)= b SHE) = b s (Kp+ K, ) £65)

£~ra ~>2

= /(/; é(f)a{r S /(p é(t) ;__E = &
/#/</‘»

N

¢ PD Contol imprroves TRANSIENT RESANSE BuT  Aliows Fak A
Non- 2620 DEVIATION W 7HE ERROR

e HOWEVER 7 /S PiIFFICAT TD CodsTRucT A DIFFERENTIATIAG DEV/ICE

‘V‘PféoPokno/\r;_xL + [MTEGRAL + DIFFERENTIAL  ConTROL

Ailows For HMORE FLexiBitiry » TRANSIENT RESFONSE 1M ROVED ; U2 ©
M@) = (KDS'F # kf)E[s) ‘
SUMMP:P\j
NOTE - 90% oF awreeucns pae PL  TYPE
WHY 7 Good  FoR  HEAVILY PAMPED SYSTEM (FIRST oRpER W/ PT
LEABS To A 27 oRDER SYSTEM W] NVMERATOR DyuaArIes )
« LEADS 7O LARGER QVERSHOOTS BuUi FASTER RiSE TIMES

/

F O HRS 2ERo Sicapy STATE ERROR DR STGP INPUTS

PRORLEMS - PR SECOND ORDFR SySTimMS . REQUIRES MHIGH Kp IF DA
e ]

IS LiauT o Retyn S’n%u.rry . SYSTiM UNSTABLE 1P No D PING



®

PROPoRTIONAL CONTROL w| BAMP INPUTS PG, 342 3yy
¢ VERY Goob ResponsE FoR FIRST OPDER S5Te
©  FoR SEonp ORDER SysTiM — OFFSET GRRoR  cAN NEVER MADE 28RO

SLILUT DAMANG LEADS TO OSCILLATORY BEHAVIOR

o FEED FORWARD CoMPENSATION - MPy BE USED TD Fool THE CoWrROLLER TO
PRODUCE  ZERo STCADY STATE DEFSET ERROR  Fok  SPEP WPUT
AND To REDPUCE ERRoR  FoR RAMP mPITS
o THIS 1S DoNG By PLAUNG AN INPUT ELEMENT 70 CHANGE

THE  Compapid INPUT  PRIOR 0 ARRIVAL AT THE ERROR DETECTOR

VEs) l"'—‘“ RE) ~ ELS) ‘”‘“""" M(S)E‘_] m,

FEED FORWARD 'P PI, 7D, PID N,rOATonS
NSATION
LorPenSATIO ELEMENTS

1

* NECE THiNG AROUT PID =~ LIRE PL  FfoR SECond ORDER SYSTEM
REQUIRES HIGH K,,KD IF DAMPING 1S ue,/,tr} BUT SinCE

Ky 18 FRESENT = /f NEED NOT- BE HIGH

o WHitH (Law 70 USE ~ pePENDS onN SPECS AND  ExPrrienoE

a ]

Exampe 6,25 P4 379

K Ke v C 7 ¢
® ? 1 < [ | To+ 1| l L ’
Aoul 8
C(S) KI N
. E 3 4 ; =0
RGY KoK+ S(LS“) tHAR EQ 18 TS+ ¢+ KpK
(A
":.> KXK = Wn AND ZSUJ": .%
T

‘ i
TS K = 2‘—11’:‘:2‘1“( For  OWILLATORY BEHAVIOL §<| = ”CKIK>‘4’



IF WE ADD DERATING AcTion  ( PERIVATIVE ConTROL CAN NEVER BE USED AL”"'[)
(Kr+ Kr + Kp$ )( K

..——><'\ 7—"" i) i d ¢ T NTsed
. I LTS+ |} RE) .
( ) ’CSH)
o (S K [ Kp+Kps?] KKz t KpKs?
=’ = " D => T pKs
RE=) s(es+ (g + Kps?) K (T+Kip)st+ §+ KK
tooK AT CHAR., EGQN- (’C+ KKp) s+ s+ Krk =0
=> wy};_ili .4 25wn:__l__ = ;z_l_'__:,' )
T+ KKy T+ KKKp 2 JK'IK T+ KpK
THYS  F Ky >O $  WILL BE SMAWLER MARING SysTer moRe osc/LiAToRy
ExameLe 6,28 P 350 E )
.___.p( )-—-a.L N g NI ‘5"‘a~b <6
e 15+c '
GIVEN I=100 ) C=./ F=/
3 e FNp G So THAT fok r(H)z wwr SEp 4 dit)=0 e 1S M
DoMmANT TIME CowST <. ¢ SEC § $=1
TE) - C'(S)), = G (5+3)
R(s)  (Ts+c)+ G(s)(std)
SINCE  WE pMuST Have A §  => CHAR E® MUST BE 29 oppcr
o P aerion oniy  PRopuors  ewar Ea 15T okopr smeE G(s) = Ky
Gs) = Ko+ Kx  Gures
s

«  PL perion
KpSt+ (Kpd + K)S + IGa

Tts) = C6) -
(Kp+I) s+ (iparky+C)s + K

R(s)
, .
& = Krd@ and 2wy = 1PIHEETE Ly Ta e 206*D)
RptI Rptl 7 Kot Ko
teans 7o Kp= 12-22

ANp ;:l = —LJM « SoeuTion BF THESE Two
Td kpa
= - 9:?782

KP =




b)

S
———

For  Fl(t) = vmir srep J2(8) = <

Cls) = Tts)-Z { g (t)= b SCB)= zj% 7(s=0)

§-Ho §>o
Gy = K2d o f $ € = Cyu-l=1-120 v

Krd

Note  For  PI 2y =0 Fok () = STEP INAUT  1RéssPecriys

OF W/MGRATOR FOR [FIRST ORDER SysiErs §  EVEN JF PiANT /S SECoup

OLPER

IF WE vsep I Alriod omy G(s)=Ar
. 3

R(2) s (rsve)+ Ky (std) T2 (co &y )+ K 3
e §=1 Sw, = w, BurT T = J’, =/ = Swy =w,=/0
W,
=> Krd =y/0 => /(I= fooo
A
BUT  C4Kr _ 2w, R C+Xr . & .. ctawver SATISFy
I 2w, T REQTY <meE
' ONLY HmVE Kz T°
SATISFYy 2 ROM .
STEP  RESPISE  R(s) = £ |
) i
s
o - f 1o Lstees ]
) S (Kp+I)S24 (KparKp+C)S+ /od
(Kp+I)s*+ (Kpd+Kptc)s+ Ked
« A 708+, /
s 22 $%4 D.4u2S + (2,22
'SL + ﬁ#, .t "_§__ A= §i8.8¢
(s+10) S+(0 B= -§1.947

- ~to? - w,t
Ct) = 1+ 815 54le mt-_ §1.947 e °° 1+(At+B)e “

overshool (ie Wit dc/dt“’) occuns Lhen €= El - %:.2&0



@

. 2 Sec OVtrshord = [(’, (f.:,Zsec‘) - -r(t}] X/M?a ::/;2. 97 ~/ 'x/oo? = /20779
rit) g

v i
15 Ao NumgRATOR Dyapsncs  GE) = s

T6) = _G6) - Kpse kg
Isret G6) Is2 (/<},-+c)s+ Ky

ORDER  OF NUMERATOR /S ONE LESs 4 OVERSHeoT STiLL FRESeNT BUT

2
SMALLER . T WOTE  FoR S={( 2fw,=2w, =z Kptl 4w, .:ﬁ

@

c)

o

4)

r L
S/ﬂ,dE f‘i - —z’ = . / ;> “",: /(9 :s> /(} :/00() ¢ k’f: ZC’.Z""C’.I /.93;9
W,y

s C8)= T(s)L = éi Kp S+ Kr = A /93.98 ¢ /000
: =

Is*+ (Kptc)st Ky S 10 5% 2ug ¢ 10c]
= L 200vS) AL, B, ¢
05 ($+/0)% S (s#0)* si5

Az Lo 8C) =1  qlo B=4%95 ¢ ==/

I )
: o t - ot - &
elt) = 1999t L1 e = ypfptan) e
max m/,slwzot O Q/ f::";,' $2C. = _,_/_ __é
W g

25eC  orershod - [c(f:,aef,) -lt)] xe0D = L ’/33”,(,‘,07,0:/3?3 yA
H(t) '

WHAT 1s  eg IF r(t) is vt rAmP E(s‘):.'_s!?_

S G = T(S) awd o = bia SC) AL £7(s)

S0 S»o
aud e = fb_‘,;a s [ R6)- ¢(s)] = s[ L - g'_2‘(‘(33] =4 [ [ - T(S’)]

Is*4es e )

- v
e ey

(4T )%, (KB+I+C)S+ Ty Ky d (z22) 1

=

i
S

FiND STEADY STATE DeviaTioN IF d({'):’uSu)



6)30 £
5 @l,’ 4 l—‘;O:-» = (<)
L . _—— @ _..—L__ @

AT sigiaL 15 -C(s) ; AT @ sienwaL s 4(—’,Cf~D; AT(®  SieNAL 15
GGC«D)Q/,: ¢ s GD= ¢[6G4/]

_d.-lﬁ) = §.£_ = f‘é,(s+4) , = "sz—",s,’,,; .
»(s) GGp 1 STstc) ¢ (kpsiKp)(s+a) CZ+/<>)SZ* (K2 ¢ Kt )5

ka

%
.

" D(S) = :S_/ (c/[f): W s,z-z:p)

C(s) = — (5'4-4) )
(T+Kp)s*+ (Kpa +Kyptc) S+ Kra

€y = Laww sC(s) = O STEADY STATE DEVIATION
-2

THUS A UMIT STEP  DISTURBONCE  FRopUCES WO STEADY STATE OVIFUT

53 P  a—orme—

DUE MARCH 29 : .21, 628 6.26

SVGGEST Yovu READ VP oN P, PL PP, I, PLP econrRoL AWS

—=  SUGGEST You READ g 6.8~ 61l TO SEE How THESE conTROL: -

v
LAWS  ARE TMPLEMENTED € LECTRONICALLY | PNE;MAT?MLL7 , HYDRAULI cAL

= fl WORD ABOUT NUMERATOR. DYNAMicS & DoriNpnT Rooi AFFRox .,
arF = T(s) = MS)

——

D(s)

° Roors oF Ds) (Fe. vAWES oF § RR wHicH D(s) ::o) ARE Chelep

Ciosep Loor 26R0S OF THE SYsTE"S

° N sgveRAL

© CLOSED (ooP ZiRoS TEND T2 MAKE  SYSem  MORE  RESPONSIVE



o Roors ©F D(S)  BRE rowe IMPORTANT WHEN CLOSER To THE
IMAGINARY  AXIS (DorminpnT RooT EFFECT )
v FURTHER FROM (aRbiNary AKIS | THEYMAY BE NEGIECTED W AN
AFPROX IMATION
. WE  HRVE Scen  THAT NUHERATDE DYNAnMICS Can AFFecT ﬂbvm:my
THE SoLdTion AND HENGE THE RESPonsSE OF The SySTEM
* NUMERATOR  PYNBricS WILL APPeAaR /PR ConNTROLLER V3G
PP, PI ok PID ACTION EVEN WHEN THE PLANT HAS NoNE oF
TS ouwn
©  NUMGRATOR Dierncld AN EXIST  WHEN INPUT INVOLVES  DERvATIVE
EXA1PLE ,
o mx +ex +kx = R(t)+ /475(5’)"' Bé({) 7506 tnput ; x (¢ sutput
o VIRRATION ARSORRBER  FROBLEM |
» Series RLE  cReuir 4o
LBPUCE TRANSFRy OF THe Above /s (MSTtes+k)K = B (+As+ BSz)

THUS  T(s) = X o 1+AseB8s®
> mseestk

]

= Even F mswcsek =0 HAs DEcAYNG Sorvrions ( Sresue SysTem)
NVMERATOR  DYnNfArics CAN CAUSE Sy STem /MS’M.‘S;L/Iy OR OSC/LLATORY
| BE HAWIOR.
Lesson # 19
: ZIEGLER ~ NICHOLS  RVLES

iN SomE CASES IT IS DIFFICULT TO 0RTAIN TRANSFER FN. MODELS

T EMPIRICAL Foruyiys  HAVE BEEN USED  DEVELOPED By <2“N)'

*  TWO SEPARATE  METHODS

* ONE METHOD REQUIRES OPEN LooP STEP RESANSE (PROESS Ridcr)
© SECoND METHOD USES EXPERMENTHL RESULTS AFTER CoNTROLLER

1 (AstALED  (WrmaTs ¢jece)

r
/¥

RULES USE THE QUARTER - Pi&‘cﬂy QR TERION — 2™ ovepsHooT = o.8.

<)~



* PRocess REALTION METHOD

AND

s
L

Ta

W =

=27
1)

<— DETERMINE OFEN [ooR RESFONSE
w— FIND LINE TANGENT To STECPEST
PART of CURVE ~ R
~t fl—L e AERE ]
=== DETERM/INE WHERE LINE CKoSSES
TimE AXIS = L
e For T conrRroL Kl’ = 1/)21_
PT Conrros. KF = 9.9/RL K, = . 273/R.
PLD Kp = 1.2/RL Kr = +6/R Ky = 2.4/R
> NOTE : TS METHOL CANNOT BE USED FoR /5T 4 277 oRrOER Systenrss
ONLY FoR 37 ar  HiIGHER oW / SURFICIENT PRmMPING .
) ¢ ULTIMATE  CYCLE METHOD
¢ RESTRIGTIONS = TUELN OFF ALL é){ééPi’ FPROFORTIONAL ConTRo L d INCREASE
GAIN  ONTIL SUSTAMED O0SCILLATIONS PRE ATTANED (SYSTEM
IS ON  MARGIN OF STABILITY = TW@ LoMPLEx ConNvGATE RooiX
ON MAGINARY AXIS 4 REST /N LEFT HALF ©F  S~PLANE)
THIS VALVE oF GmN 18 CALeD Kpy , THE PeRIOD oF
THESE OSCILLATIONS 18 CALLED 7,
. FoRr P onrroL K}: = 0.5 Kpy
PI cowrror Kp = 0,45 Kpy  Kp= 89214/ Ty
PID Koz 0.6 Ky  Kp=li2KufTu  Ky= 4.8 Kpu [Tu
EXAMPLE: For A 37 peper SYSTEM a333+ @ZSZ+ 79 +do4/(/>= 0 CHAR EQN
) BY RESTRICTIONS (S+$3)(sz+wz): O caeEan Ao 34, G 4 4+K D0
N Rovrn CRIT

r=y (L?y/fk'/,)/as: $3wz AND d’%t}:wz AND a%jzgs

Ge -4y - 4, = D4, -4,

L
a3 43 43

% X




| ¢ Fer THIRD AND FoulTH oRDER SysTer /T 18 E/f)$7' 0 Finp /(/;M /9/\//}:‘«777(’,9[1,7'
¢ For HquEKORDEKS HUCH HORPER = WE J8F faecvr Lecys FeR THAT TO EIND
Reors o IMAGINARY  AXIS HENCE KPu 4 Tw

o MoREZ ON RooT ([pegs LATER

NedLINEARITIES  AND PERFORMANCE
¢ Non LINEARITIES rMiy HAVE SIGNIFICANT EFFECT 0N STSTCM PERFORMAN CE

/
START - 2P oF ConTROLLERr. 17 L.C.5 DIiFreRen7s THAN CoMD/TI0A S

L

_ FER LiNEAR ZHTIoN
. EAEH P/-/?’S’i@,cn ELE"’EN’T THAT PROVIDES Con7#0 L pDESA/‘;' FPROVIDE MWEIArTL

INERGYY  Bur HAS A MAXIMUM LEVEL - SATURATION Afom,wmff’/fy
*  WHEN 'CLVM]%;’OLLE;Q REQURES ELEMENT TC Do SOmEIIIING 177 CAN 7
THE ELEMENT 15 OVERPRIVEN
° éé;\/r/eoz,g,gﬁ w/ INTESRAL RETton  ACTING ON OVERDRIVEN  ELzrENT
' WiLL jor RESPOND MM EBATELY BV SENDE A ARG ESKBNAL LATER
LR THiS oA RESULT IN tANGE OVERSHOw 71X |
SELECT  &MNS  $o THAT THIS DOBIN 7 HAPPEN @ EXAMPLE P 40F - %05

QorPENSATION |
o SOMETIMER  jmASS18iE  TO SATISEy AL PERFORIMANLE SPECe  vSiNG PID

" SomE TIMES  HOSE AN BE ShisFien Usi§ P I PI P> or PIp

*TC STy THE REST  USE  CorlEnsA7OR
3 TyPES o SERIES | FLEDBACK , FUED FORWARD  DISTURBANCE

*

’F‘Hysmrn DEVICES [BR ComPENSAIDRS BRE LIRE THOSE ACTVATZRS § £.8-6

FEEDBALK OR PARALLEL R CASCADYE

Rt 1ig e =N L C®




N

« USED TC ACHIEVE BETTER CoNTROL OVER VARIABLES IN FORUWARD PATH OF SysTim
© USED WHEN PIANT CONNOT BE APPROXIMATED BY 2Z¥Por i*TokDeR <Sysien
¢ DISADV. ~ MeRE HARDWARE INVOLYED

Feer FORWARD DISTURBANCE

¢ NORMALLY DiSTURBANCE 1S ACCOUNTED FoR THRoUGH OUTPUT OF PLANT
BEFORE  CoATROLLER ¢AN ACT
¢ BY MEASURING DiSTURBANCE AND USING |1 TO AUVGMENT SIGNAL FRosq

CONTROLLER. T© FiuAL Coniroy EL@MEA/T/ THE ConTROLLER  RESFONSE 1S BETTER
D

| Ge
. :I:- 1 - + S" el
[ C E] : _éég

H

* THIS COMPENSATOR JMPROVES SPECD OF RESPONSE TO A DISTURBANCE

o DISADV : I IS PN OFENLooP TECHN/QUE  ( ConrBiNs NO SELF CL’/@?E’C??&H])

©  SELF CorRECTION CAN BE OBTMNED By USING PI CowrRoL ror G,

Do 7.0 77 AND TeRN IN MARGH 29

o REMEMBER FROM  ZIEGLER - NICHOLS RULES  PETERMNED /(/, u FFRory
Witie k};, KI 4 Ky o BG CBTAINED
e THiS IS SmPLE FOR 3'37' ORDER oR t/~"f‘ ORDER 57,3;’@17; PIFFICULT FOR
&% ompee 4 HiGHER
o WE DEVELOP A GRAPHICAL METHOD FoR REFRESENTIVG BISTE My

BEHAVIDR ~ Rooi™ Locus ProT

« MORE PETAIED THAN Rouri - HURWITZ ( R-ti GIVES # 0F Roows IN A
LANE

* RooT L0gJS POT - SKETears ROOT LOCATIONS OF CHARACTERISTIC EAQN

IN TERHS OF Somg PARAMETER | MOST orTEN PrRroPoRTIONAL Gin/,




EXAM 2L

K. l s;»(;ﬂ 5T Cls)

T(e) = ¢6) o K
R(S)  s(s+)+ K

o T(s) = Nwwrahoof T NE) .
Demrriratre of T DE) 7

D tomirton o T(s) = CHARACTERISTIC
(JelX
. PS) =%+ s+ K

Rovrit ReEauires K >o [=.Yrd smeu.nk/

| % 0<K<Y  REAL
Roors Se =Ly (1-4K) K>J  CoMPLEX
'K:(/q REPEATED

Re(s)

Cog o = ;ﬂ" =%
Wy

L4

T TESSon # 2o

o WE ead wWRITE  D(s) = $%S+ K=0 s 1+ K =0

(RN

S(3+1)
o K PARAMETER o BE STUDIED

Dis) = 1+ Kk ZS) 20

orren R(S) 1 same As GEAK)
P(s) Pis)
Look AT i{_{(s) T /<(g.+zl)(g+22)a-%- ($+ 29) = K _7“/ ;('f:* 2;)
P) ST Gtp )stp) o (sip) ST T (S
S=-2,-2, ... ARE  CALLED THE Z2ERoES OF /ig_ Gven By ©
Stop-p, . ARE CAUED  THE PaES

OF KZ/fp ; Gven By X

NOTS THAT zZErRoES marke KZE) .o
()

; Pouss maKe KZE) = o0

R



P
{

i

o WitL APPLY RboT Loeds To FEED BAK SysTers ¢ 70 cunencreristic Eans)

L]

€

¢ THE

R(s)+ ———— ,
. ] 6 o C(®

ﬁ?&_&—)‘ ’(SA) - ’ RES) 1+ 6(s)H(s)
| _! Hs) |

coppose Ges) = M6 pup H(s) = Nal(s)
Ps (5) Dy(s)

7(s) = _NeG) Dy(s) _, curE
Dy (s) D,y (5) 4 NNy (5)

ki

OHARACTERISTIC FAN 1S,
Dy (3) Diy(s) + Ng (s) Ny (s) =0

WE Can wWRITE
F(s) = 1+ Ns(S)Na(s) =0 s WiTH HE)=1 => 1+ G()=0
D@(§> D/J(S)
OFEN Loof TRANSFER FN 1S GenN BY
Ges) Hs) = Nels) N, (s)
Dg () Dy(s)
(B, D,) Ake Poes oF OUF

ITF

or LUk QR

* NoTe THAT THE PouES
BEROES  oF CHAR £Q&  (NgMNy) ARE ZER0EL 0F OLTE

POLES  HRE THE Roo7S OF Lide && (MyMy+D,Db,,)

CLOSED  LOOP TRANSFER Il
EeRoEs  ARE Aoors 0F N D

LOOP CHARACTERTIC PO Ly

F(s)= diosep
LooP L RARACTERISTIC. FPoLy.

orFeN

THUS

Dis) = 1+ KEE) =0 => KEZE) -] =MJ¢
P(s) 7s)

WHERE Cﬁ o % (2k41) 1o k=012, ..

v Swée

r X KZ() = +(zk+) 180°

ARD KZ‘(S')‘ = { 4
Ps)

et

Tis)



* MAGNITUDE RAM'T

) SINCE \KHS) = (KB (sigg) | o
=) GG pa - (5 pr)

= K Istzllsiz, |- 15+2,)
1S [ s+p ] [s4pel = 1S40

e |

© PUASE  RAMT
£ KZE) = 4K+ Z(5+2)+4042) .+ L(342) - 45"~ 4 (s+p)
P(s) = X (Shpy) =-- ~ A BHpg) = £ (2k+) 1807

© ¢aN BE OBTMNED FRom THE Facr AT (S +Z;) = |S+f£ I@

WHERE 492 A (s+ 2.{) ; Awse K = )KI&J ]S] ej ¢"‘

/

’
i

THUS THE PHASE RQMT CAN BE WRITTEN

) £ KEE) = e+ dud i - -ci:.n,..~ -mﬁ (ze,,)

) RS 4 hoh

ZC/{; - ZCI)P' =t (the) 180" PORRNT DEPEND ON K

© WE CAN USE THESE RaM’rs To PleT  Réer locul
FPLOTTING GUIDES

(/,) Xoor Cacusf /S Sywugm’/c RRovr Tue REAL Ax/S WH)’?

(2) 7HE WNemBgr oF leci (or BA’MGHES) EQUALS THE NUmBER OF

Porgs 0R  Z¥ROES W I1CHEVER )8 (akeerR

/
(3) EneH BrANtH OF THE Roor lecss STARIS AT A /BLE (Le. wied
) K=0) AND ENDs AT A 26Ro (K= )
N
D(s) = PBY+ KZE(S)z0 ; K=0 => PB)<0 BRANCHES SRS
AT Roors oF PP(S) — poles of D)

D) = P5) 1 Z() =0 ; Kiw => L()=0 BR&HES ENp

K K Ar OanT A Z0<) = zEomc ar I(S)



¢ fE ND. 0F PLES > No. ©F ZEROES EXCESS  FPOLES TERAINATE AT ZEROES
THRAT ARE FOUND AT /#Fnr7y

° IF  No oF oles <N oF 26R0ES EXCESS 2EROES AT W&EN/IFTY S

WHERE BRANCHES START

(4)

ALDNG THE REAL AXIS THE LoCys INELWDES ALL PonNTs To THE
LEET OF AN ODD NumberR OF REAL Poes d 2emoes ( P5 448447
H Im(s)

—d‘————M—-—————"

' A & Re(s)
AoTHING Canl /
EXBT HERE

() A Brepx iy POINT  occors  Wied XIS AT A RELATIVE
AN ARRIVAL POINT  OCCURS

RELATIVE MiNimum  WRT S

HAXIMUM  WRT S J

WHEN K 18 AT
A

(//\\\-//J\\ T Rels)
ARRIVAL BREAR AwAY
look  For AK/JS-:O
d*k >o ARRIVAL d’K <o BREAK AWAY
45 dgr .

*  EXAHPLE D) = et K =0

<
) 2 2
rop dK oo = s=-lp g 4K 47 = dD 55K
ds dg? g2 4382
BREAKAAY
© WE A wRiTe §2+S+ K =0 =>» |-+ K

s(s41)
3iINcE 2 Polgs AT $=0 S=-i => 2 Lot



FoRr InRGE K

(6) Np (ve.or Polis) > N, (ne.oF 2¢RopS) , A3 Koo
THeRe wie BE  ( Np=Ny) BRANCHES , LOWS WiLL BEOME ASpMPToTIC

Te SrRAIGHT LINES INTERSECTING THIE REAL AKIS AT  ANGLES

GIVEN By
O, - * (@) o koo
ﬂ,r-"?_z

B Ny >ng  Ten A5 ko (nz-n,) Beavcres

REHAVE AS AROVE

EXAMPLE Dis)= shsek =0 or I+ _K_ =0
THGRE ARE 2 POLES ; NO ZER0ES
B = +(2k+)I&° ; for kzo O = +30°

.WL_

Common  BEHAVIOR OF  ASym Proted

ENIVA

Np~Nyp=2 4 P

(1) THE Asymprotes  oF () INTSRSECT THE REAL AXIS AT A PouT
(cpuen THE CawtROm OF THE Koo'ﬂ’s)

6= Z <+P{) -2 (4*2;) AL6ERRAIC SumS OF THE
VALVES OF Poues 4 2ER/RNX

ﬂf,'- 4P
EXAMPLE * #[=0 4Py =~ | 2 (tpi) = - Np=Ng =2
G = -l



(3) FPoINTS WHERE ROOT LocUS CROSSES [MAGINARY AXIS ! S=J’w
i W /S THE CRoSS OVER /:/«’EQUEA/C./
NOTE : /F @W#FO ; THE VAWE oF K THAT CASES CROK OVER

/s /(/, ” N 2HEELER~NICHOLS RULE

T8 VAwe Con BF  OBTHNED B)' LouT ~MHdIRwW ) T2

Extrapii
. D<S)5 5"3-/-352425'.;}(:0 = j -+ ./( =
1 s(s% 3s+2)
[#KEE) o 1+ — L =0 * 3pogs AT 0,-1,-2
) K ($+2)€s+/)

o 3 BRANCHES Bt 2
o BREAK Auny

3s%4s+2 +9dK - o
8

dK -0 => 354654220
} ds ) . S ——— LA
or S= =63 405)k)
| Pror (4) = -/ :‘,\;_3'
~':,_¥_2§j',-/,5-é>

BRepkAUAY P AT -, 423

o« ¢G = 2 PouEs =
np

=~

-3
3

© ASYMPTOTES For LARSE K&

L0 = (2k+1) 180° ; +60°¢ 180°
np =9, ko  he=i

TO FIND (R0 OVER - /)u?L 5“:\/&9 /Nm D(s)
_J’w3_3wz+z_/'w+/<=o :—"> C K= 3w?
2w ~wdz0 w=0 wW=2{Z
=> K=o , K=6
- KPL(
6 /N MOST CASES THE FIRST E18HT RULES PARE  ENovgH TO PlroT

LDCUS; (F PoLES ARE COMPLEX You NEED THE Fowow NG



()  ANSLE oF DEPARTVRE (ARRIVAL) FRomi A lompiex Pous (of 2eR0)
My BE Fouwp VSING THE ANSLE CRITERN AND A FNT

o THE PATH /?A’B/-r/emezzy e 72 THE PoiE (| zaeo)

LET Dis) = §*hKs+1=0 => [+ KS =0
§2Zpy
THIS HAS A2:€0 ab S=0

AND Fevre FoiéSs AT s::;:/'

o K=~ (%) o - (stf)(s-])
s s

¥ ANGLE CRITERION SAYS _
LK = F(~1) + & (Sfj) 44'(57_1]') ~-48
O = t(2kii)igo’s b+ B
* ASSUME § IS So CiesE  TUAY q‘ziqés are UNCHANGED

s b= bad ok (2es)if0”
% - 90°-90" £ 1§0° o o180 ° o k=0

i
=45y =2/80° k=)

ANGLE OF DEmeTuRe 18 /¥0°

(10)  FoR A Porywor/AL
S+ 7 KAl 6?,,_2_\3“”44 inn 4 @St Gy = O
THE Surm  OF THE ReoifS  ARE
NI + 3t 40, = _.c{y,_,
(H) To DETERMM E THeE YALVE oF 24 AT /gﬁ/)J Ky

FROM I+ KZE) =0 = K= - z)
FPE) Z()




VUSiNG THe Reor LOCUS

LESSoN #2/

TO0 ComPARE PGRFOLMANCE .. GF TW( S/STTMS .

,/"\ ‘ — -
EXARPLE ° PLANT 6 INTEGRAL  GAm Kfs
(4 (s+ z.')
R+ - | C[S) )
— LE "(51‘/!(5;33 - T(s) 2 %5.) = K
B | ) s(s+)(st) + K
’ Y 3 a2 .
Denomnaters 13 s(s+1)(s+2)+K = S74 384+ 284 K
& [+ KEB) = 1+ _K -0
5 Fs) S(s+1)(s+2)
4, WE SOLVED THIS  AND SHOWED THAT For K=&  WE GET MARGNAL
STABILITY , THUS WE WERE RESRICTED /A K
i SUPPOSE WE Pui  SERIES ComPENSATOR — BETWEEN ConiRoLléR #
FPLANT
| = — ¢(s)
K - . .
' ' . - TZS) - aes) . ( e )

RGB) s(st1) (s+é) K[,

| -

/v Ko 2(s)
Fes)

cG = 2Rus - 22eRes =

-

Pepom s DG) = SGH)(s+2) + K{#)5)=0
/+ K (S«/-/-S‘) el THUS 3Po¢gx)72£;e¢

S(s+/)(5+2) e 3 BRANCHE

0+ (-1)+(-2) ~ (T"S). = =3418 = -, 75

p e
ASYr PTOTES O =t ( 2ker) /g0°
hp=Na
.
il
-3

3-/ 2

= T {2&4/)/&;“; 7@,{/4;’;& 9-‘3":700

3~/

BREAR AWAY PT

dD . = 35%4ls+ 2 +ﬁ(§/(3+/,s~) + K

ds
0

0 =(3s%s+2) » S(s+1)+?)
s+i5



. 3 2
THos  (541,6) (38%6542) = (s435%25) =0 er 254755 +9543=0

. SoLUTION TD oD S 1 WSE  NEWTOMN-RAPHSON TECHNIQVE

S,,, =S, - £s,) Pls)= 6s% /5549
£(s.,) =3(3s% 55+ 3)

]

SINCE  wE  ExPET /sfez;:/mwﬁy RBeTween -1 £S5a aHoosSE ,% Py

NEWroal RAPHSoN — GIVES S ,5 S¢2

© NOTE THAT COMPENSATOR MAKES 'Sysrem STABLE FoR ML K>O
o« SHIFT locus Fuor ﬂw.47 (Fors  RIGHT HBLF FLANE
o WE AN Mow Pick K FoR INTEGLAL (EonTROULLER Feh  Geob

RESFoNSE CHRRACTERISTICS

A
LETS (ook AT THE RESFMSE OF ald SYSTEN

| | o
e o T(S) = Q(_..Q = - K

T RO S(ﬂ;—)(gﬂ + K

For DENosiNATOR  Dig)= S+ 38428+ K eHaR Ean
°  look AT RooT Loes -~ WHEN PloT BREAKS AWAY

DY =0 = (s+45%)) (s+ysz)cs+‘s’z) s,

Is CoNJUEATE OF S,
o WHEN 3, 4 S, ARE comPLEX => T <\

P

o AT BREAk PonT: S,=S, & {=1 SYSTEM 1S CRITICALLY PAMPED

= CRITIeAL DAMPING iS AT §= -,%23

Dis) = I+ K26) = /+__K =0 | PUTS=-.Y23
F(s) s (s+1)(s+2) AND SoLVE PR
K =, 388

©

ALSo  SiNCE 331" 3.924—26‘ +K=0 M/ K=, 385

(s+5,)(S+ 423 )(s+.423) =0 AND S;=2./5%

(ﬂmmsm $;+5,+8, = wﬂ)

T(s) = & + Lo + G
: SH2.059 (s+.923)"  ($+.423)

&




o TIME  CoWSTANTS ARE — —t- ¢ L
“4 ‘/25 -:/0 /§¢

¢ THUS  Doruwpgar T= - =2.3( .
. 423

_ /
“ LETS LOOK AT WHAT HAPPENS FoR THE NG SYSTEr

SINCE  BREAAWAY REPRESeNTS [=1  THEN Coupre K For T=1 (S=-.542)

I+ K{(s+1.s) =0 = K=.378
S(e+1) (s+2)

b SINeE K WERE IS LESS THAN THAT OF ORIGINAL SySTEM  => [fpR K=.38$

NEW SYsTER; Will HAVE ComALEX ColVSATE Roors - WHY 2

IF Compex ComvsnTe Reos T <i why?

WUAT ARBoUTr Trrd ool 7

L

> PR NEW Sysien  WupT 1S DornadT Roor T

EXPLE (9,26) P 479

D(s) = S(S'Z'-I-ZS + Z) + K=Q == / + /_{_Z_(}) =/ 4 .__._lf____.__
_ 72(s) S (8% 2s+2)

o THIS HAS - How ANY POLES .4 How mMANY ZEROES D Mo, oF BRAMCHES]

e WHERE ARF THEY LocaTeD 7

. WHAT ARE THE ASympProjes 4 WirerRE (S THE G 7

° WHAT ARE THE ANGLES OF DEFARTURE

. WHAT (S THE SKETCH ©0F JHE (OCUS »
o DOES  THE (oCoS CRoSS THE (mAGuARY AXIS  wuERE 7

USE  KooTi /;1,0@97 70 FIND THIS

. Vo2
<3 | 2 o= -~ ] 2 -1 (K~4>
2 2 k 2
s* Z K FOR MARGINALY STRBLE K=4 =>a=9
s a VSE & Rue 70 Find B
' b b="'-lz'< s 8K _ K =4>0
£ 1€ o ey

So SINCE No Siéy  CHANGES, No Roeis i RHF



SoLN ¢ 3 PoLES , NO 2ERES =P 3 BRANCHES

LocATED AT =0 d S=-22/4 ~4(2) = -4 % '
Z

13

G = 2. ROOT 0F POLES — D Roors oF ZER0ES O+ (~1#)) +(~/~7)
. Crg)+(19) =2
Nnp ~Nz 3-~0 3

H

Asymorores B =2 (24/) 180" = £(2ke1) Wo" = 240 (k=0) | £ I80(k

P~ 3

> AMGLE OF DEFPARTURE
f£j>’.4_(£?+f¢'3n;_/<?00 | |
"A,"“ G0+ 135°= /80° ‘/}:~¢”°

USING  Rollti ARRAY => AS°+ K=O  or 28%4=20 sz /z]
CRoS3 oVER.

K=4 s KFM



Expmpe &Y

R“*?D K (s+3) "_____C_’ T
l S(s+zy | ]

2 brayhes

one Rero 2,70/&3 :

= (S+2) +S +

I

(- )L > |
Xk 43:;3

-DPAM’W 1 mGrw/

28+2 — $(s42) = O '=>

K(s+3)

($) 2 .(:Z.S) =
$(S+2) + K(s+3)

B(s)

S(s+2) +K(¢+3) =0

KG+3) 2o
S(2+2)
CG = Zpes - Tourms . (0-2)-(9)
nF“”‘e’ 2~
= A )
i

D=+ (2k+1) 180°; + (Uet1)150°
nf)"nz ZNI
=+ (§o°

O
di (s+43) + K = O

M

2 ($+1)(8+3) - £(s42)=0

-5 $+¥3 2(s%4s+3)

%_ 2/7

= 2 " L - 3703
3 8 X or 282+8’S+é~327—23 = .JSz-ﬁéS—l-é“-"o §=£ 4 J3é"#(é) =’3‘i1/§

(x+5)z+ ,10,9541:3 n - % .
/;?WM . S+3: 343 —4, 732 ~{ 2

1-108X "t bx 14 - % 2 2

8% (24K) s + 3K S+ 81838+ /5,549 ~2.728 * 4, 344p

~6 L {30-¥le)n108)

W= 3K

% (zcw)i + 1.99)
- /.3%3{,1, 438'

24K = /.9 w,
(2+K)’=(19)" 3%
&4 1//<+/<’2: 70,83 K /<Z~ CE3IK +4=0

K= 688+ [0463)~9y

2
K=.,6¥7  6./83
T= S:Z—U T Sty Foin ok, = Tw, loget
4]

K=6.185







PLEASE  READ SEcTioNS &5-8.7

NEXT L—X’/?M /2 A’Qﬂ”/ FREQ. RESMNSE PLOTS CH 4

P, PL,PLD Con/RoLS | ZIEGLER~N/CHOLS CHE,Cr 7

g RooT  (ocus cH. B

lex:  peos. &4 P 479

S2+48+43b=0 bo

LET 3b= - (s%4s)

‘ piv 8y (s%45) 3b -y or )+ 36 o
| §24 48 S24s

Er K=3bz0 = [+ _K_ -0
S(5+4)

How Ay FPOLES | 28ROBS T
o8, 8. ¢
S (2+b)s +2¢2b=0 bgO
2 "
ISOLATE b TERMS (%25 +2) + b(s+2)=0
7 0 2
= b(s+2) = - (8% 2502

DividE By —(;?A/S)

¥ ) 6 (S‘*z) ==/ or /4 .._____.__.6 («+2) =@

S 2542 - g2e2sr2

ter K=b <o THIS witL LEAD TO ComtPLMENTARY Rool” Locu
z C

READ SecTioN 85 = You ARE RESPONSIAE FOR ComPLMENTAEY Roor Laus

Look AT PG 46/ ¢ 470

3 o DIFFERENCES (N ANGLE CRITERON & MAGNITUDE CR;TERI 00/

L4

GUuInE  Ja, 48 @ , 44

el ror /*S&/MPTZJTL’S
FOR  QOMPLIMENTARY /ZaUV‘Lccug

S USE ANGLE & MAGNITUBE CRiTERIOANY T To FMD TAEE OFF AIGLES FoR




LESSonN # 22

ex: .10 Py 4o Problem (.28
3 P . .
| REY 4 T R () W/ a=1 ¢=.1 I=10
: —0—| 6] —O—| % I
S L Lses ) \ WE FouNly G, (8)=- 1878+ 12
For T=0.1 T=|
°® WhAT F ¢ VMRIES 05X ¢<0,i5 PART &)
o WHAT IF O VARIES OS54 SIS PART b)
Ge = Kp + Kif = ~q8m+ 122244
1w rouNp T()=CE) = Kps'HKpa + Kr)s+ K3
RE)  Ttyo e i o]
(Kp+T) 8%+ (Kpd + kg +C)s + K8
Q) ¢ vames a 1s Fxep AT 1, LET A=C-05 0£4<.1
 deioms (122504 (2.39248)8 4 /2.22)  er | 4 As -0
3 ./22[32 19.41S +100]
| )tw/éS at ~7.503 + 1.9740 3erves at S=0 et K =4
. e . o ) v f22
H ..Tm[g)"%
 Az0 (k=0) o Since 2 poks and One 3ero
420 (keo) Z
; 6 D(g)::,IZZ[g +18.61¢ +KS -l-lao]::O

or 2S 419,01 47‘;%((? +K =0
0

28+ 1961 - (S*+419.61s+10D) 2O o

. s
P-l0z0 = s=+/0 S=-(0 é»emt;\/»t

Mso &K=-/0 /S DovRiE Boor = S2+ 208 +4/0 = O or K=,39
A= K(r22) o A= . 0476 ot §=-10
NoTE: RR A=.i K=.8§97 AND  D(s) :,/22[5‘2«/- 20.435 + /oo] =O
S= - 813 § $=-/23  (AdB on AoT) |

THUS R VARIATION OF C  SpTer /8 STABLE



b) ¢ is FieEP AT O 4 4 VRIES , (T A= Aa-0.85 p £AK)
4

NOTSE  THAT TS Wil AFEECr  BoTe  MNumeRATOR 4 DEMOmIANATOR

SiaeE
Tesy= €6 o Kps*+(Kpd +Kps) ¢ K23
REY  (kowI) s+ (kpa + Kp +€)S + K28

/22 8% 4 (7, 38 — 9’,9‘7&4) S+ 12,204 4+ 4.0l = O
A (-96785 +12.22)

DY = peEMOM =

or / 3 = O
122 ($*460.49 s + 50)
or // K= -8.967 A THIS QIES RISE TO CorpPLinrtcarARy Rooi~ LoCuS
[+ K (s -1237) .o

S%: Lo, 49 S + 50

o Powes AT S=-.538 § -59.45 26R0 AT $=/.23]

o R.E) N 1
> To PP BREAK AWAY PTS [BREAK IN PIS £ T (s)
™) = 8+ bo.44s +60 + K(S~1-237) =0
d o K g , - N

e £ $ ser 7 o ZER0 . THEN SURSTITUTE i

R K, = Sz-jo 4§ $=/2.4F /

s o e b ’ _—O ——-
~be —4S -30 -1 5 Re ()
& COmPLIRENTARY Reor Loeds -~ PLeTTED IN SECTIONS

WHERE PRIMARY ROOT LucvS wourp NoT ExiST

PHASE ¢ LAGNITVPE RAM T
— O
© ONLY OTHER CHANGES ARE 24; , ~Z<[?> . =%n360
{ J
o m>  KI|E®| 2y
1P)|
2 ~ . -
*To FIND CROSS OVEBR PTS § +(é0,43€3+l<)$ + (80 - 1.237K) =0
g2 1 50 1,237 K
: I so-1,237K
s | bog+K 0 d= -1 =0
6o, 49+K 1 Lo, 4G+ o]

R}
3 = (604841 \(50-1,237K) =0 er
8=.T8,~5 &= Kk=-b049 4042 e RMIUL I K 1. ITTKE= O



NYQUIST DIAGRAMS

cH. 9

© FREQUENSY RESPoN

< wﬁy

¢LE THIS METHOD 4

(FSSON #23

5 PLOoR OF O.L T F.  EoutAiN MUGH (WNFO  HBouT
BEHAVIOR  OF CLOSED Loof SySTEM

¢ ”/%/z GBIV ALIVSTMENTS WHERE SERICS ComPeNSATeorR /S ﬂe@w%’@ >, THESE
PLOTS  canN HEWP  SELECT Cort FENSHTOR Pmé‘m’&?

¢ SERIER L&‘Afb g LAG CoMf?EA/gﬁm&s’ Vsep UiDELy s /A/Dusrﬂ/,

- EACIER 70 &ET DATA FOR  OFPEN LooP SySteny

/ .
o EASIER [FoA HIGHER QROEAR sysrﬂvs - Do T NEECD CHARLHCTERISTIC Loo7s

o LortPENSATORS EASIER 1D DESILN Wi7es T1H 8 METHOD

o gergan  sEcrion

4.8 oV FREQUF ENC RESAONSE
e Reeat OuTE s GB)HE)
| e NVausT DiAGRAM IS A Poak Plor of | GIYHE)|  AND X GERE)
‘ AS W GoFs FRom zZERLO TO 0O
 examne s GEOHE) = L = Glw)H() = - = [T
i ) 1 ' J ) J ) Tjuwts T ¢ T4 |
: i Im(é‘”).ér .
W K Gu=¢
: ]
e pe bt o)
| Coe I
3 ¢=1GH L1 (zwy®
° & 1% o (< | ) = I ot jw) Hfw ) = ...._,__._'.»__—--.
XAmPLE s G(s) H(s) Gy G (jw) H{jw ) G
A Im (GH) GH =_=~ T - ) =
S 1+ (tw)* T w [+ (zwy]
‘ w20 Re(6H) . )
, FOR W—>0 GH»—>—T~JM
I ) For w >x GH -—>-—0—J'0
‘l W-so Llow FRER ASYymPIDTE
[ N> Ribr FREQ ASym PTOTE
: | jd) i
H: Ce €z ——=
" G oy j+ Tha®
[t w0 "l""“ )



; . .- [
Fom - A T EmL 4312 i MNwuisT STABuTY /
VY RUIST  STABIITE CRITIR Iop  — ckD  ond  OomfoRmAL  mALpLYG,
r/'" . ’
Ve RECATES open-losp FREQ. FESPwSE GH () 15 e WO, of

 2FRes Mvb  forEs OF I+ &HE) THAT UE //u THE EHP

THE nssoLuTE sABiirt of A Sqstem  (Closér LDCZ)J) ca~v BE
DETERM INED ézﬁpmmwj from THE o/oJ~Lao/o FREch 3»’»0&]5/5 0012‘/4{3,

. No WEES Te DETERmWE  Clcseh-Coop POLES. UE c"’;ﬂﬂm@sm sanl of Ciottd
LooP TRANSFER Kl

GIVEN AN 5~)0(/1~'E [ONTOUL , WHAT is‘ THE

Mappimi G PRoBLEM
CokRESPon oG  JATH I~ AnoTER Péﬂﬂffj Tup Fep FavE 7For

EXAMPLE .
: LET Fes)y= |+ Gesy Hes) Caar. Eon :
g Im Us) A Im [Ftsr]
”"““"J:.. ZI+'~40:U'
O EaAN ;
.l, . L .‘ X \ 1
@1 910 o \
i 14z Yy N .
4 . N "‘.‘.zp" ZI*ZOJ' I
S . > Rt Ei] 7 > .
e Re Cresi)
j
|

<163) H(_S):: 108

Fes)= | +los

Alowe (D ’= X 2 1< X< 2

Fs)= 1+ lo(x *2})

fer= [+ Px + 20 = (1+10x) + 20
Alons @ s= z4f; 25 PS4

‘ . ( i ) F(S): /+/D(Z+PJ')
Fs)= ) 2.’,4 /o/SJ-_ o ..




IF o You £~0(RCLE A

You EwCilkefg Twe OSrigra UNW

4

PoLe  CW N TUE S—pLavE W A ConTouR

NYOUST  STRLILTY

pAo . e T Fale 4312 N
IF THE CO'JTDUK /A; HE $- f)"q”E 1)*){__‘5‘ ~NOT f/V(/RCL-f ) A ffko/ . 7/{f
CONToUR w THE Fis) POYE  Dolsy7 ENGRCLE THE sRICHA
A | Lo
! S~ fLAp’E 4:
i | F5) Flave
3 F | e
TR I
| | ! H Fo
P X a > (— Re
| '| ,
|- 4 -- o .
G o
o G
P YU TueRCLE AT ZERe G In THE  S-pLANE | You GueikdLE
THE  ORIGN  CW. N T fls)  HLANE,
(SR FG) Jowe
: 0: s—fLArJE__
bt
VS . >
) A
.i |
; fucirilE 2 ZEROES
P A ) fes)
Do oS-t
N\ / ,
\.l 'l.
: ol
i T B A e - >
| v L/ )
! ]!
) s
f “” O\\ —/
: ‘\\— /) .

/
I THE  fey - Race :
e Tg- e




W ; F&) -~ PLANE
o 4 s PumiE
O
F(s) = : : G(s) = M) Hee) = Mo ()
(e) = 1+ G(s) M) s (<) =
Fts) = Dg(9) Dy(s) + Ny (s) Nyis) 4 Gl HE) = LB Nuls) _

Dg (s) Du(s) D5 (5) Pyts)

/\/@ (s) Dy(s)

7_(5)7: CLTF = - G_ =
) ‘ Jj+ GH De (s) Dy (s) + Ng (s)/\/,,(s)
=> F(s) = Pores oF CLTF - 2ERVES oF F(S)
FotES oF OLTF Fot&s oF £(s)
(s-2,)(5-2,) - (F-2,)
(S*/’/)(s”‘fz)""(g"/)n)
NOTE : THE POLES oF THE CLOSED LOOP TRANSER FN — CAUSE f(8) =0
=> THEY MAP TO THE oRiGiN OF F() PIANE
o REMEMBER - A STABLE SYeTEM HAS ALl THE RooTS oF THE
éH/,lA,#cré‘K/snc zan ([ 1.E. THE DEMor OF TRANSFER F~A =
FOLES oF CLTF) N LEFT HALE PLANE
o THUS 1 WE Toowx P CONTOUR IN THE RH SFLANE AP [oINP
) ANY  ENCGIRCLEHENTS OF THE oRIGiN  THEN SYSTEM /[ UNSTABLE
AN

° CoNFould wWe UVSE 1S D- CoNTIUR



.

00

[~ <
| 4
\ -
2 | \ PEFINE -
© I
| R ' Z= No of 26RES of F() 1N RH saad
\
X% o' N9 . N = No. oF CW  ENCIRCLEMENTS OF
Pe i;I ol ' Res _
A / ORIGIN  IN  I-(8) - PLANE
o ! / P = No. of PoLgs oF GE)HE) W
2
’ % ~ # RH  s-PLANE
~=00 L

“ REMEMBER Z  REPRGSENTS RooTs OF CHAR. £Q ; WE USE CW  ENCIRLLeMEM
BECAUSE THEY REFRESENT ZEROES OF F(8) (16 Roors ofF CHAR £Q =
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HELP SESSIoN  oN
PodE PLo7s

Figure 8-2-6. Bode plots of
K(jw/2 + 1)

I —_
SGw) (/10 + 1) for K = 10. B

The asymptotic Bode plots are a reasonable approximation of the exact
plots except in the vicinity of the corner frequencies of lightly damped second-
order terms. Fortunately, exact values in these regions usually are not needed
for the analysis of well-behaved systems. However, when these regions cannot
be avoided and must be considered, computer plots should be used or corrections
can be made to the asymptotic plots based on a knowledge of the appropriate
damping ratios.

8-3 BODE PLOTS AND STABILITY

The Nyquist stability criterion for a minimum phase system as developed in Sec.
7-5 states that a system is stable if the phase margin ®,, is positive; furthermore,
the larger the phase margin, the more stable the system. The approximate phase
margin can be easily obtained from the Bode plots of the KZ(jw)/P(jw) function.*
Bode plots, therefore, can be used to obtain information about both the absolute
and relative stability of a system.

* The open-loop frequency transfer function GH(jw) is customarily used.
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+60 -
+40
-
) +20 GMy, = +14 db
% ____________________________
=4 oOoFr-——~—=>———=
< ]
o L Y —40 db/dec
2 P -
. S
-40 | o ST
| ~O~
| | ~>
~60 - b —60 db/dec BN
b
! |
e -
00! 0.1 LLo1o10 100 w;y
Q‘_’C w(.‘r
ol o R wgc l
0 =SIITT Ll
—9()° e — — — .JI___E_,.._‘:.\_____: ________
S o, = +35°§' |
_1800 \
-270° -
Figure 8-2-5. Bode plots of
) ~/_—(-/ ! -4{'0
. . /7
20 §{(SH+1)($p+1)
or K,
S(s+2)(5+m0)




e

202 The Frequency Response: Bode Plots Chap. 8

+60 -

+40

+20 GMy, = +14 db

% ____________________________
o 0fp-——--————===
< |
-20 + i i \‘:40 db/dec
! | S~
-40 | | o
| RS
—eo I L =60 db/dec™ Sy
Lo
| !
- -
001 0. 11 110 100 wy
We Wep
W, |
ol o ____ —-——— %€
0 soo—- 1

...900 — —— e e e — e
[} :..] |
sl —1800 (bm =+35 '\
-270° -

Figure 8~2-5. Bode plots of
K, I
20 jo(jo/2 + D(ju/10 + 1)

fOI‘ K| = 40.

phase plots produces the total phase angle associated with the function. Notice
that increasing or decreasing the value of K moves the overall ARy, curve up
or down with respect to the 0-db line but does not affect the phase angle plot.
For the next example, let
Z(s)  Ki(s +2)
P(s)  s(s + 10)
which in the frequency domain is |
Z(jow) _ K, Jjw/2 + 1
P(jo) 5 (joy(jw/10 + 1)
If K, is set equal to 10, K is 2 and Ky, is +6 db. The corner frequency of the
real zero is 2, and that of the real pole is 10. Each ARy, curve is drawn in Fig.
8-2-6 and added to produce the overall ARy, plot. The phase angle of the zero
passes through +45° at w, = 2, reaching +90° at @ = 20. This and the other
individual phase angles are drawn and then added to obtain the overall phase
angle plot. The overall phase angle starts at — 180° at low frequencies because
of the double pole at the origin. The phase lead of the zero is felt first, since
it has a lower corner frequency than the pole. The phase lag of the pole eventually

counteracts the effect of the zero, and the phase angle returns to — 180° at higher
frequencies.

(8-2-19)

(8-2-20)
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ELEFVIEINIARNT INWIITRENIW/E 7 Ve e

COMPUTER RESULTS FOR EXAMPLE 2.8a

A B C D E
1.00000000 5 1.00139755 § 1.0013976 0.50000000 4  8.00000000 7
2.00000000 5 1.96892082 4 1.9689208 1.00000008 4 3.99999862 6
3.00000000 5 3.31832477 7 3.3183233 - 2.00000007 4 2.00000552 6
4.00000000 5 3.50505891 7 3.5050604 4.00000005 4 0.99999079 5
5.00000000 4 5.5731849 +0.2641298i | 7.99999999 2  0.50000485 2
6.00000014 4 5.5731849 —0.2641298i
6.99999993 2 7.05992816 40 7.0599281
EXERCISES

2.6-1. Using Algorithm 2.10 and a desk calculator, find the real root of
»X+2x-1=0
correct to seven significant figures. Determine the remaining roots from the reduced

polynomial, using the quadratic formula. How accurate are these solutions?

2.6-2. Write a computer program ».on.mbaimmnnw:ooﬂo».mvo_wnoim& cm mzwaomao.
based on Algorithm 2.10. >

2.6-3. Using the program developed in Exercise 2.6-2, find the real positive roots of the
following polynomials:

@x—-32+x2-1=0 @@+3x-1=0
2.6-4. The polynomial x* + 2.8x* — 0.38x% — 6.3x — 4.2 has four real zeros. Find
them, using Algorithm 2.10.
2.6-5. The polynomial

p(x) = x® — 170x® + 7,392x* — 39,712x% + 51,200

has the zeros +10, +8, +2, £ +/3. Find these roots on a computer in ascending order
of magnitude, choosing initial approximations within 10 percent of the exact solutions.
Then change the coefficient of x2 to —39,710,and solve the problem onceagain. Observe
the change in the solutions.

2.7 COMPLEX ROOTS AND MULLER’S METHOD

The methods discussed up to this point allow us to find an isolated zero ofa
function once an approximation to that zero is known. These methods are
not very satisfactory when all the zeros of a function are required or when
good initial approximations are not available. For polynomial functions
there are methods which yield an approximation to all the zeros simul-
taneously, after which the iterative methods of this chapter can be applied to
obtain more accurate solutions. Among such methods may be mentioned
the quotient-difference algorithm [2] and the method of Graeffe [5].

A method of recent vintage, expounded by Muller [6], has been used
on computers with remarkable success. This method may be used to find

Fr - Elem
i ]

>\\\\\x\\v\§\ \QQR\\‘NWLL !.ﬂ.hh\un\ m&\‘\w«\v.)
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any prescribed number of zeros, real or complex, of an arbitrary function.
The method is iterative, converges almost quadratically in the vicinity of a
root, does not require the evaluation of the derivative of the function,
and obtains both real and complex roots even when these roots are not
simple.

'Moreover, the method is global in the sense that the user need
not supply an initial approximation. In this section we describe briefly

~how the method is derived, omitting any discussion of convergence, and we

discuss its use in finding both real and complex roots. We will especially
emphasize the problem of finding complex zeros of polynomials with real
coefficients since this problem is of great concern in many branches of
engineering.

Muller’s method is an extension of the secant method. To recall, in
the secant method we determine, from the approximations x;, x;-1 to a root
of f(x) = 0, the next approximation x; ., as the zero of the linear polynomial
p(x) which goes through the two points {x,f(x)} and {x;_1,f(x;-1)}- In
Muller’s method, the next approximation, x;.,, is found as a zero of the
parabola which goes through the three points {x;,f(x)}, {x:-1,f(x:-1)}, and
X1~ 2,f(x:-2)}-

Let x;, X;_1, X; 3 be three distinct approximations to a root of f(x) = 0.
We use the abbreviations

fi=fx)  fia=f-D) fiea=S06-0)
In Chap. 4, we show that, with
FTxexi-a] = Mluhxt
@45),
SlxuX-2:%-2] = Lhes nww — mmu“n 1% -]

the function

p() = fi + flxpxi-1l(x — x) + flxxi-1.x-2)(x — x)(x = x;-1)

is the unique parabola which goes through the three points {xufi} {Xi-1,fi-1b

and {x;-s,fi-2}- In the more customary way of writing down polynomials,
we get that :

p(x) = ao + arx + azx*
with

as = fIxiX-1,%; -2}
ay = flxpxi-1] — Ca + x-1)az
ay = fi — x(flxixi-1] = X;-142)

(2.46)
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Once the numbers ag, @;, a5 have been calculated from (2.45) and (2.46), the
roots of p(x) can be determined from the quadratic formula, written

2a,
—a; * (a,® — 4aeaz)*?

X =

(2.47)

The sign before the radical in (2.47) is selected so that the denominator is
Jargest in magnitude, and the corresponding root is taken as the next approxi-
mation, x;.;. The reason for writing the quadratic formula in this form, as
explained in Sec. 1.4, is to obtain maximum accuracy in the formula. The
process is then repeated, using Xx;-1, X, X141 @S the three basic approxima-
tions. If the roots obtained from (2.47) are real, the situation is pictured
graphically in Fig. 2.7. Note, however, that even if the root being sought is
real, we may encounter complex approximations because the solutions
given by (2.47) may be complex. However, in such cases the complex com-
ponent will normally be so small in magnitude that it can be neglected. In
fact, in the subroutine described later, any complex components encountered
when seeking a real root are suppressed.

For reasons of accuracy and convenience, Muller proposed a some-
what different but equivalent sequence of steps for obtaining the next ap-
proximation, x;.;. This sequence of steps is described in Algorithm
2.11

y =f{x)

Xi+1

>.( e e ——

Xi-2

t

\) y =plx)
Fig. 2.7
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Algorithm 2.11 Muller’'s method
1. Let x; X;_1, X;—o be three approximations to a zero £ of f(x).
noaﬁﬁﬁw.\w?\wlpu\wim.

2. Compute

h = X~ Xi-1
hy

A=
Xi—1 — Xi-2
3. Compute
g =+ 20— fi-) — M (fio1 — fi-9)
4. Compute
N =21 + X)
i1 =

g + [g2 — 40 + WA — fier — A(fi-1 — fi-2D)?

choosing the sign so that the denominator will always have the largest
magnitude.

5. Compute

X1 = X + BAiss
hips = F?t

6. Compute
fis1 = f(x:4y) and increase i by 1

7. Repeat steps 3 to 6 until either of the following maﬁmm is satisfied
for prescribed &y, &5:

(@ I ﬂxw_p-y_

®) fx)] < &

A complete subroutine based on this algorithm is- m?&m below. The
arguments in this subroutine have the following meanings: ¢

Am.._.

KN = number of roots previously computed, normally zero.
N = number of roots desired. , L
RTS = an array of initial estimates of all desired roots; set to
zero if no better estimates are available.
MAXIT = maximum number of iterations pér root allowed.
EP1 = relative error tolerance on X;. .
EP2 = error tolerance on f(x;).
FN = FN(Z,FZ) is a subroutine which, for given Z, return

FZ = f(Z). \u

Weonom

1]
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a0

C

FNREAL = a logical variable; if TRUE, the subroutine forces all

. LOGICAL FNREAL

ELEMENIAKT NUMERICAL ANALIdD

approximations to all the roots to be real. This makes
it possible to use this routine even if f(x) is defined only
for real x.

SUBROUTINE MULLER(KN,N,RTS,MAXIT,EP1,EP2,FN,FNREAL)
COMPLEX RTS(1)

COMPLEX RT,H,DELFPR,FRTDEF,LAMBDA,DELF,DFPRLM,NUM,
*«DEN,G,SQR,FRT,FRTPRV

INITIALIZATION
EPSI=AMAXI1(EP1,1.E—12)
EPS2=AMAXI(EP2,1.LE—20)
IBEG=KN+1
IEND=KN+N

DO 100 I = IBEG,JEND
KOUNT=0

COMPUTE FIRST THREE ESTIMATES FOR ROOT AS 2

C

RTSM)+.5, RIS —.5, RIS .
1 H=25
RT=RTS(M+H
ASSIGN 10 TO NN
_ GO TO 70

10 DELFPR = FRTDEF

RT=RTS(DH—H
ASSIGN 20 TO NN
GO TO 70

20 FRTPRV=FRTDEF

DELFPR=FRTPRV—-DELFPR
RT=RTS(M)
ASSIGN 30 TO NN
GO TO 70

30 ASSIGN 80 TO NN e
LAMBDA = —.5 )

COMPUTE NEXT ESTIMATE FOR ROOT

40 DELF = FRTDEF — FRTPRV

DFPRLM = DELFPR+*LAMBDA

NUM = —FRTDEFx(l. + LAMBDA)*2.

G = (1. + LAMBDA+2)+DELF — LAMBDA*DFPRLM
SQR = G*G + 2.+xNUM+LAMBDA#(DELF — DFPRLM)
IF (FNREAL .AND. REAL(SQR) .LT. 0.) SQR =0.
SQR = CSQRT(SQR)

DEN = G + SQR

IF (REAL(G)*REAL(SQR) + AIMAG(G)}*AIMAG(SQR) .LT. 0.)
*DEN = G — SQR

IF (CABS(DEN) .EQ. 0.) DEN = 1.

LAMBDA = NUM/DEN

THE DLWV IIWIN Wi 1NN SN v Wi 3w v

FRTPRV = FRTDEF
DELFPR = DELF
"H = H+xLAMBDA
RT=RT+ H

IF (KOUNT .GT. MAXIT) GO TO 100

C
70 KOUNT = KOUNT + 1

CALL FN(RT,FRT)

FRTDEF = FRT

IF d .LT. 2 GO TO 75

DO 71 I=2]1

DEN = RT — RTS@F —='1)

IF (CABS(DEN) .LT. EPS2) GO TO 79

71 FRTDEF = FRTDEF/DEN
75 GO TO NN, (10,20,30,80)
79 RTS(D) = RT + .001
GO TO 1
CHECK FOR CONVERGENCE
80 IF (CABS(H) .LT. EPS1+CABS(RT)) GO TO 100
IF (AMAXI1(CABS(FRT),CABS(FRTDEF)) .LT. EPS2) GO TO 100
C
CHECK FOR DIVERGENCE
IF (CABS(FRTDEF) .LT. 10.+CABS(FRTPRV)) GO TO 40

H = H/2.
LAMBDA = LAMBDA/2.
RT=RT-H .
GO TO 70
100 RTS() = RT
RETURN

END

Muller’s method, like the other algorithms described in this chapter,
finds one zero at a time. To find more than one zero it uses a procedure
known as deflation. If, for example, one zero £, has already been found, the
routine calculates the next zero by working with the function

x—§&

If r zeros &;, .

A = L& (2.48)

. . , & have already been found, the next root is obtained by

~ working with the deflated function

u \8
M=) G=8) (249)

If no estimates are given, the routine always looks for zeros in order of
increasing magnitude since this will usually minimize round-off-error growth.
Also, all zeros found using deflated functions are tested for accuracy by
substituting into the original function f(x). In applying the Muller

TN

M
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subroutine, the user can specify the number of zeros desired. Some functions,
for example, may have an infinite number of zeros, of which only the first
few may be of interest.

Example 2.9 Bessel’s function Jo(x) is given by the infinite series

x2 x* x8

J) =1 —myy *3wara ~Fars T

It is known that Jo(x) has an infinite number of real zeros. Find the first three positive
zeros, using Algorithm 2.11. The machine results given below were obtained on an
1BM 7094 using a standard library subroutine for Jo(x) based on the series given above.
The values of Jo(x) were computed to maximum accuracy.

The iterations were all started with the approximations x, = ~lLxi=1Lx=0
and were ooEmEma until either of the following error criteria was satisfied:

[xie1 — x| -
< 10-¢
@ ._NIL_

®) Vel < 10720

The converged values are correct to at least six significant figures. Note that the zeros
are obtained in ascending order of magnitude. H

All the following examples were run on a CDC 6500 computer using
Algorithm 2.11. " 4he error criteria for these examples were &; = &5 = 1078,
and all used the same starting values (0.5,—0.5,0.0) followed by deflation.
Although the results are printed to 8 significant figures, one should recall
that on a2 CDC 6500 the floating-point word length is 14 decimal digits.
The output consists of the real and imaginary (if applicable) parts of the

COMPUTER RESULTS FOR EXAMPLE 2.9

—6.0670583E—01 —1.4506122E+ 10

ROOT 1 ROOT 2 ROOT 3
—0.09999999E 01 —0.0999999SE 01 —0.09999999E 01
0.09999999E 01 0.09999999E 01 0.09999999E 01
0. 0. 0.
0.20637107E 01 0.36557332E 01 0.47983123E 01
0.23167706E 01 0.44416171E 01 0.59396663E 01
0.23970029E 01 0.50863190E 01 0.70758440E 01
0.24047983E 01 0.55024961E 01 0.88981197E 01
0.24048255E 01 0.55202182E 01 0.92976399E 01
0.24048255E 01 0.55200780E 01 0.86854592E 01
0.55200780E 01 0.86529856E 01
0.86537299E 01
0.86537278E 01

IFE DLW I IWIN Wi (Wl Sy S sasg s te s

converged approximations to the roots, and the real and imaginary parts of
the value of the function at those roots.

Example 2.10 Find all the zeros of the polynomial p(x) = x® + x — 3.

ROOT F(ROOT)
REAL IMAGINARY REAL IMAGINARY
PART " PART PART " PART
1.2134117E+00 0. —4.2632564E—14 0.
—6.0670583E~01 1.4506122E 00 2.8421709E—14 4.2632564E—14
2.8421709E—14  —2.6290081E—13

Compare these results with those obtained in Example 2.7, where we
computed the solutions on a desk calculator. Note that since p(x) has real
coefficients, the complex roots occur in complex-conjugate pairs. Note too
that no estimates of the complex roots had to be provided. Newton’s
method, although it can be used to find complex roots, must be supplied with
a good estimate of that root, an estimate that is normally very difficult to
obtain. Observe that the error in F(ROOT) is considerably smaller than
10-® as required by the error criterion. In fact, in the last iteration, the
error must have been reduced from something like 107 to 10~*%, indicating
that the method converges almost quadratically.

Example 2.1} Find all the zeros of the polynomial p(x) = x® — x — 1 considered in
Example 2.2

Note that since this example was calculated in complex arithmetic, the approxi-
mation to the one real root x = 1.3247180 has a small imaginary component.

ROOT F(ROOT) X
REAL IMAGINARY REAL IMAGINARY
PART PART PART PART

—6.6235898E~01  —5.6227951E—01 0. 3.5527137E—15

—6.6235898E—01 5.6227951E—01 0. 1.4210855E— 14

1.3247180E+00  —1.3134765E—14 1.4921397E—13  —5.6014953E—14

Example 2.12 Find all the zeros of the polynomial f(x) = x® — 3x% + 4. This
polynomial has a simple zero at x = —1 and a double zero at x = 2. Note the ex-
tremely good accuracy obtained by this method in both modes at a double zero. Most
other methods, including Newton’s, would have some difficulty producing accurate
results at multiple zeros.

REAL MODE
ROOT F(ROOT)
REAL IMAGINARY REAL IMAGINARY
PART PART PART PART
~—1.0000000E + 00 0. 2.8421709E— 14 0
2.0000000E+00 0. 0. 0.
2.0000000E + 00 0. 2.8421709E — 14 0

-~
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Lead Compensators

The eflects of the compensator in terms of time d

omain specifications (characteristic - the
roots) can be shown with the root locus plot. Consider the second-order plant with the o ot
real distinct roots s = —a, — B. The root locus for this system with proportional _ .
control is shown in Figure 9.12q. The smallest dominant time constant obtainable is m
7y, marked in the figure. With lead compensation, the root locus becomes that shown S Bﬁé:
in Figure 9.12b. The pole and zero introduced by the compensator reshape the locus em
so that a smaller dominant time constant can be obtained. This is done by choosing

the proportional gain high e
Designing a lead compe
4 that the specifications do not
they do, the design should be
gain margins are specified.

nough to place the roots close to the asymptotes.

nsator with the root locus is done as follows, We assume
include required values for the static error coeflicients, If
done with the Bode plot. The same is true if phase and

1 1. From the time domain specifications
required locations of the dominant closed-loop poles are determined.

2. From the root locus plot of the uncompensated system, determine whether or not
the desired closed-loop poles can be obtained by adjusting the open-loop gain. If
not, determine the net angle associated with the desired closed-loop pole by
drawing vectors to this pole from the open-loop poles and zeros. The difference
between this angle and — 180° is the angle deficiency.

3. Locate the pole and zero of the com
required to eliminate the deficien

(time constant, damping ratio, etc.), the

pensator so that they will contribute the angle
cy. A method for doing this is presented in

Example 9.1.
hh" Im
i
7 K !
¢ P
— N
o -8 Re -1 [ I -8 Re
7 ar |
|
¢ i,
{ (a) )
¢ sz Im
|
|
|
PR {\ >
-~ -3 -1 -1 Re
II ar T
|

{c}

FIGURE 9.12 Effects of seri

es lead and lag compensators. (a) Uncompensated system’s root
locus. (5) Root locus with lead

compensation. (c) Root locus with lag compensation,
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FIGURE 9.17 Bode plots for the uncompensated and compensated systems in Example 9.4.

Since the transient response is satisfactory, a lag compensator is indicated. Set
'K =10 to achieve the desired value of C,, and construct the Bode plots for the
uncompensated open-loop system. These are the same as those shown in Figure 9.16
and repeated in Figure 9.17. Keeping in mind the lag introduced by the compensator,
we attempt to achieve a phase margin of 40° + 5° = 45°. The uncompensated system
would have a phase margin of 45° if the gain crossover occurs at @ = 1. Thus, v, = 1.
The gain at this frequency is 18 db, so m' = 18. From (9.6-5),

a=10"1820=0.126

For step 3, we choose T to place @ = 1/aT one decade below @ = 1. Thus, 1/aT =0.1,
and T =79.4. The lag compensator that results is

105 + 1

G()=
=045 11
The open-loop transfer function of the compensated system is

K(10s+ 1)
s(s+ 1)(79.45 + 1)

G(s)G(s)H(s) =

With K = 10, C, = 10, and the Bode plots are given in Figure 9.17. The phase margin
is 42°, and the gain margin is infinite, so the specifications have been met.
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FIGURE 9.16 Bode plots for the uncompensated and compensated systems in Example 9.3,

The Bode plot of the open-loop uncompensated system is shown in Figure 9.16.
The phase margin is 17°, and the gain margin is infinite, because the phase curve never
falls below — 180°. Thus, 40° — 17° = 23° must be added to the phase curve in order to
meet the specifications, so we choose to try a lead compensator with ¢ =23°. From
(8.9-19), we have

0= 1 +sin 23 — 2983

From step 3, we compute

~20 log /a= —3.585 db

The open-loop gain -of the uncompensated system'is — 3.585 db at

approximately
@ =4 rad/sec. Take this frequency

to be w,,, and solve for T from (9.6-1).

1
=0.1655
4./2.283

T=

From (9.4-1), these values of a and T give a compensator with the transfer
function
1 037785+ 1
Ge(§) = 5z 2o 100

2283 0.1655s + 1
The open-loop transfer function of the compensated system is

GGHE) = K(0.3778s + 1)

—_ T (9.6-9)
2.283s(s + 1)(0.1655s + 1)
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EML. 4312
Automatic Control Systems

Homeweorhk Set #1
"Springd 1988

Due: 28 Jan 1988

Determine the modelling differential ‘equations for the
following systems in terms of the input and output specified.
State elementals compatibility (path)s, and continuity (vertex)
equations used to determine your answers.
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EML 4312
Automatic Control Systems

Homework Set #2
Summer 1986

- Due: 2 June 19864

Eroblem =1
Classify the systems described by. the fallowing differential

equations: 2

v . | "-= ds “:d ete-
(@) g 4-tzy «éj = wn(t) | J Jé/ ) jz“z )
)y o+ gy Y= 0

¢y Y . a *
ot )

td) 3’+ ag + by> = wi) -

(e) 5 +ay = w(t) ,'f t<t,
j+by=u,(‘6) Fot 2t

) J +a mag (0,4) = p B

&) Draw the - linear graph for the ideal transformer circuit
showns noting that the transformer is a four terminal element.

b) Show that an ideal transformer has zero instantanecus power flow
into it. R

-}-‘ L °* o g

® ¢ 5 T

TuRNS RATIp= N

I
o

Problem 2-3 Problem 2.13 in Palm.




“ - EML 4312
g, ‘ Automatic Control Systems

Homework Set #2
B,Pring’ 1988

Dues 8 Feb 1988

Problem 2-1 ‘ ' i

s v wta e 00 s aced  arb e e

Classify the systems described by. the following differential

equations: .y . gt
= ¢y :J ete-

H

{a) g 4~tzj -47

i
O

(b) g 4-)%}]3. -+ 1

) Y . a _@_Zy»
otz ' ox®

(d) 3‘4’ 'aj -+ 65'2-3 wl)

(e 5 +ay = w(t) :'f‘ t<t,
4 +by = w@ ot 2t

) j + a may (O,g,):p v o |

PR B~ LA - T -

@) Draw the  linear graph for the ideal transformer circuit
showns noting that the transformer is a four terminal element.

b) Show that an ideal transformer has zero instantanecus power flow
inte it%. R
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oRER ICES
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TuRNS RATIp = N

*%) Problem 2=3 Problem 2.13 in Falm.
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_ EML. 4312
Auntomatic Control Systems

Homework Set #3
' Spnng. 1988

Due: 4 Feb 1988

Frablem 3-1

Indicate which of the following first crder systems are
stable.

(a) “ i? - bx =4 g~;wﬁf,x~ou@wt

(b) m v ¢ by = F Finpokt, V- ovtput
A

() —-—a L/X___ bX, = \j, y- ;n,)\/r) )(,"/)UIL./.N}f
Lt

(d) —_a f_{‘\ - I))(_ = ’“;f\ )uf) K“OUVLIDuf
e 4 g7

(e) ex S . .

A% 67/_{ 4+ A?C j 3.. ;npu‘}} X COv f,)w’f
(f) A j_{;:( - Z)X = y, x "I.l'll)'/f/ j -—0(/?‘730’7‘

Write the system differential equaticn for the series RC

circuit with input v and ocutput 1. Sketch the response of the
system to a step change in voltage. What is the time constant
(Tt) for this system? R

WWA- J~

Froblem 3-3 Froblem 3.5 in Falm.



EML. 4312
Automatic Control Systems

Homework Set #4
Summer 1986

Dues 18 June 1986

Shown below is the time response of a particular system to a
step input. Find the delays, rise, peak, and settling times, as
well as the peak overshoot as a percent of the input and the
number of oscillations,

[=]
VT T T
o

an

R Dt it S Input

0.1
NS T NN O O OO Y Y O Ty O ot
0 5 10 15 20

t (seconds)

o s e g oy s s Goun a0 e

In judging acceptable system performance the following three
criteria are generally used:

(1) ls the system stable?

(2) Does the system have acceptable accuracy?

(3) I=s the transient response acceptable?
How are each of these criteria specified? How can a system be
tested to show that these criteria are satisfied?

Problem 4~3 Problem 3.6 in Palm.

et e i e (e e T S

Problem 4-~4 Problem 3.10 in Palm.

Problem 4-5 FProblem 3.13 in Palm.

Froblem 4~6 Problem 3.14 in Palm.

- e o T e i s o

Problem 4-7 Problem 3.21 in Falm.
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EML. 4312
Autamatic Control Systems

Momewoi-k Set #9
SPﬁng 1988 .

Due: 25 Feb" 1988

Convert the following complex numbers to polar coordinate
16
= A eJ s where 8 is in degrees).

]

form (i.€.

(a) Z =75 - 3j

(b) Z =75/ (2 + 3j)

() Z =8 (1 + 3.5 7 (1 +0.55) (1 + 1.9

() 2= (juw +2) (jw+3) 7/ ((jw + Bjw + 1) (jw+4) 5 w=2

FProblem S5-2

S e o e T S e e

Find the Inverse Laplace Transform, f(t), for the following
Laplace Transforms:

(a) Fig) = & / (s+1) (s+2) (s+4)

1o

(b) F(8) = (a2 + 85 +15) / (s+2) (s+3) (s+5)

i

(c) F(s) (Bs + 1) / & (s+l) {(s+i)

Froblem $-3

Find the Laplace Transforms X{s) for the function x(t)
governed by the following system differential equations.

.o

(a) ® o+ ¥+ 4y

5 udt) »{(Q)

]

2, x(0) = -3

weo . 2 R P
(b) » + 8x - s = 3t - ¢ #{0) Qs 5#(0) = -2y u(Q) =1




EML 4312
Auvtomatic Control Systems

Homework Set #6
Spﬂng 1988

Due: IS5 March 1988

Problem é6—1

s o i e o o vy et s

Draw the block diagram for the mechanical system
below. Assume zevo initial conditions.

Input & F(t)
Output: %, (t)
— M7 .
' T
|
‘ m, LLLLLL
; i #x
bliiJ-' . fézkx
1 | —u? )
B T <

{ Fie) o

shown



Reduce

function

Georm o e Aoy ik e e ot

the

block
C(s)/R{s) for each system.

diagrams below to
Clear

obtain

the

transfer
all fractions in the

numerator and dencminator of your final answer.

- C(S)"§
>

ISR

" R(s)
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o e i S Sy 1 s i e e

Find the differential equaticon relating the output xzét),'to
the input,

F(t)s
block diagram.

for the system represented by the following

For
stable?

what values of K are the following closed-loop

systems

G

b+ GH 55 + 54 4-1253
G 1

1 + GH 3 Z

s +8s" + s + K

- 352 + (5 - K)s + 2 + K
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. s 5"“ [ ] £ 82 retess 4

; ...5. IS "‘65 ¢ . ; =1
) s‘%o ] e ﬂv b WE{S} s*

$> L Te%es+Ky Ky
fo =00 add for =001 = K=10

sl 'ﬁf( ¢{a,,.7;_'7 rebo 2.d fcM oottt ) ,414'0 el t(f.w;m,au/-"v

v - : — 2, 3
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CHA’PTER SEVEN ¢ COnf/o/ S/sf'eM Design - ﬂddc//'ng
Considerations aud Al Fernative Contral Structares

OL) Plo 'l"h‘na"“f'h‘e response data (see be/ow), and
Conpa.n‘ns w.'*H«i Fiaure 7./) we 257‘!';1(6!)/‘& R=0.29 and

L=21. S/nce this line is esti mated "b/ eye”} Some
Vaviations in R and L Can be a;cpec‘fec‘.

4
l.00 y R
Respons e f,J
/
05 4
0.So
o.§
4
/
/
1/ \ | 1 1 A 3 1 1 1 i I i -
! z 3 Y s 6 7 +
e L —¥
From Ta—b/e 7./
)
P~ Control Kp = —K—-L-:— = 3,45
- 0.7 - = KP - 3./05--094/
PI-con'h'ol Kn = =— = 3,105 y KI X = 2 =
— P RL T, 3L
- LTI = X _ 449
PID - Control Ky = == = 4,14 K = % 2419_ 207

K, = KPTD =‘0,§L(4.I'1‘) = 2,07




2.1 Cowtinued

/_\‘/ b) Usina P’ Co»‘l‘rol) 7%6 C(osecl - Zoop '/“fdnsfw ‘Fuumc‘f‘[an [s _._(.?'_f..GC
L) Whll"(a (;;_"': KP i+6"7(:lc
0.5k
Tes) = ?

$ + 1.§s* + LSs +05 + 05K,

Lat s=iw . Then from He chovaecteristic Qﬁudf('dn: (s Exaplel: 2
- p- 315)
=3 b hsw) + (~hsws +oSw +0.5K) =0

> W, = l.22¢ y ka =32.6 Pu= 2T _ &,13 u/nutes

From Table 7.0, pg 375 :

P-Control : K/, =0¢ Kpu =175

.PI“COV:TMI} KP = 0.45 KP" = 1575 %

K, = K _ lsis - 0,370

L T 0.83P_ | {

Pz o - Control: K, = 0.6 Kou = 2.1

K. = Ko = 21 =087
T osh,
K, = K, T, = 2.1 (Duzs £) =137
ﬁ\_ﬂ‘e aa,ims Lrom the frocess'reach‘on Method are
abot L+ of Hose From HKe wltimate-cycle methed,

. [/ )
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‘3 1
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TZ\('s l‘S an <eryror O-P O.IZ -0.l T 0,02 J or 20%.
° _ §
10p-
@ Jonant ks ot i o by dorkarg o st eleat o msggieny
: = ..L T=_1_ =0,/2
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Determine
following closed-loop transfer functions.

v o o oin i e o e

Apply
transfer

¥

by

the

by inspection,

EML 4312
Automatic Control Systems

Homework Set # 8
Spmng 1988

Due: SAPﬁ' 1988

G 1 ‘

@) T3 ER° =7 2)(s * 5)

G - 1

b)) 75 G+ 2)

G 5(s + 2)

(€} 75w

(s2 +2s + 1)(s + 1)

G 1

Q) 7T T+ =1

(e)

1

Routh-Hurwitz test toc the following

functions

oo .

1+ GH (s.2 + 4)(s - 2)

B

and comment on stability. (Just

. necessary conditions)

apply

(a) 7 e ;
4s” + 9s" +3s + 15
(b) 3 E GH s+ 122 + 25
(e) 5 E GQ - -s° - 258 . ]233 - ]25? -3 - 1‘
(q) 1 E GH s - 25;5+ I + 4

i

system stability for each of the

closed-loop

the



Apply

the Routh—-Hurwitz criteriocn to the following

closed-

loop transfer functions and determine system stability. If the

system

is unstable, ‘ determine the number of roots in the

right

half-plane. (Use the Routh Aryray)

VA (2)

(b)

(c)

(d)

stable?

G 1

i

+ GH 5 3 2

s” + 3s4 + 5s” + 5s

/; V)(S LM}L'

G . 10(s + 2)

+ GH s4 + 453 + 652 +4s + 10
6 15s

+ GH 55 + 354 + 353 + 952 + 55 + 8

G 1

+‘GH s4 + 553 + 1152 + 25s + 30

For what values of K are the following closed-loop systems

= 1

@) Tt 3,0

s” - s +2s" + 352 + (5 - K)s+2+K

1

OIS

GH s3 2

+ 85 + 17s + K

o



r(t) = Au(t), step inbut
>Q calculate the following parametefs for the closed-loop system.
e (a) natural frequency, w . 163.&~d«
(b) damping ratio, z.
(c) 2% settling time, t,

0.

(d) maximum output value, Crax

(e) steady state output, C..»

(f) steady state error, E.

;\_)\e
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EML, 431E
Automatic Contrel Systems

Homework Set #9
Spﬁng“ 19886

Due: /2 April 1988

Froblem 8-—1

Sketch the "Reoot Leocus" for the systems represented by the
following copen—loop transfer Tunctions. Calculate and label all
pertinent information (i.e. break—-away points, angle of
asymptotes, number of branches, angle of departure/aryival at
compley poles/zercss etca).

K(s + 9)
(s +1)(s +5)

(a) GH(s) =

) K(s - 9
(b) GH(s) = G+ iss)(s)+ 7)(s + 10)

K
+2s + 2)(s + 10)

(c) GH(s) = 7
(s

(d) GH(S) - ;(S + ]0)

(s™ + 25 + 2)

REMEMBER WHAT WAS sAid ABovT GH 4 ITs Rewamion 70 K E(S)

Fts)
Yooy, &-2 Do 85 N PAwm . LET A =T-20 in Your CALEVLATIONS
Prog. 8-3 po &z i PALM . T 8= X .4 o) YouR cmenATIoNS N (b)
r: me———————————t

A = P..,s IN Your  CALLWATIONS N (¢)
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For each of the transfer functions given below, construct
Lhe  approximate Dode plotes (e asymptotic magnllude (db) and

phase angle vs. frequency). In additions, calculate the exact
magnitude (db) and phase angle at frequencies of w=1 rad/sec and
w=10 yad/sec. Compare  the exact vesulte with  thooe ob Eadned

using the approximate Bode plots.

(a) ai(s) = RS
e

(6) 6A(s) = e T To)

(c) GH{s) = 800(s + 6)

(s + 2)(s2 + 10s + 100)
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EML 431
Automatic Contvrel Syatems

Homework Set #1790
Spring 1988 :

Diers 19 Apﬁl 1Y88

Ereblem 10-1

@) For each of the Nyguist diagrams sketched below
the number of encirclements of the -1 point. With the
poles in the right half-plane as shown with the figure.
the stability of each system. .

b) Delrmme which are minmimue phase fng. assumwg Hare are mo 3eres in RH plane .

determine
riumbey of
describe
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Fyroblem 10-8
The open-loop  transfer functions for several feadbach
/ } contrel systems ave given below. For gach system, describe the
o open-loap mﬁability, shetch  the Nyquist diagram for peaitive

values of K, and describe the closed-loop system stability.

N

(b) GH(s) = g+ T0)(s 5)%5 ¥ 2)

(e) GH(s) = 5
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EMLL 4318
Automatic Contral Sywatoms

Homawir b Ut #1lu
Summer 19846

Dugs 11 August 19046

Freblem 10-—1

(a) Construct the approximate Bode plots for a gain constant K = 20.
(b) Determine the gein margin and phase marcin from the Bode plots.
(¢} Describe the system stability.

“(d) Find the new phase margin and gain margin if the gain constant is
increased to K = 40.

e) Discuss the relative stabiiity of the system for K'= 40 vs K = 20.
For what value of gein K dees the sys*em become unstabie? Confirm your
rusults using the Routh-Hurwitz Criteria.




