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Preface

This booklet is intended to be a light intfroduction o some basic ideas in
controls. The objectives are to

o Promote student interest in control engineering and systems science
o Educate beginners and non-specialists
o Entertain specialists and geeks

Typically, ECE students who have taken a Junior level (3™ year) Signals &
Systems course, and EE/ME/AE/ChE students taking a Senior level Controls
course, should find it easily understandable. I hope to do additional parts
(state-space methods, optimal control, nonlinear systems ...etc) in the future.

This material was originally prepared as a live presentation, therefore some
narrative explanations are missing. I have been too lazy to add them, and T hope
the reader can interpolate as necessary.

Finally, this is only a light intfroduction; if you are seriously interested in
controls, please take a course or get a real textbook- there are many good ones.

Author Info

S. M. Joshi, received his bachelor's and master's degrees from India (Banaras
and ITIT-Kanpur), and his PhD from Rensselaer Polytechnic Institute (Troy, NY),
all in Electrical Engineering. He is Fellow of the IEEE, ATAA, and ASME, and the
author/coauthor of over 200 serious publications- including 3 books- in control
theory and aerospace applications, his research area for many years. He also
taught several controls courses at three universities and advised graduate
dissertations. He was the originator and contributor of the "Out of Control”
cartoons in the IEEE Control Systems Magazine (1985- 1994). He is a recipient
of a humber of prestigious technical awards from IEEE, ASME, AACC (American
Automatic Control Council), and NASA.
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Disclaimer

The contents, views, and opinions in this booklet are solely those of the author and
not of any organization. Any similarities to real-life persons or situations (except

for historical references) are purely coincidental.
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DYWAMICS

A’/’Q_/@'fyj can Mmove /n&fa/v]‘aneaus//\ /

t fl/?n)’oqr/)’)/hd cannot wander 7/ AT %f» ﬁ/
JIOPLJ ?/ ﬁ/@vﬁf/
._l,—
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@f?//e lpl fnow 7@ a g Fgne foow

redje]” O’/Mm}c Betavior %}7}/;.
Ahd //f,,,) One'a’ayf....

Feasop wh.
. Y
I gomes g

ﬁ;/'/' Zé’ 1 %fr‘r‘/

... S/R IJAAC /i/f/t/fo/v Q//'JcaVﬂm/ %’

/oWJ 07/ /olion ave  Calculus .

( 7 ot really( over aperiod of severq/ yeers()
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And so The science of DynAMIC MATH- MODEL/NG

was born in The 7% century.

Newioni laws are only approximar,
as Sthown 4y Linsfeins 7%(*‘07/ ot fa?/af/'r/’t‘/

But 73(’7 dre good €/70u}4 7 J/Mo/7

masl Common elynamie Sy s7ems.,
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759 arl 0/ W"ﬂé’Z/'ﬁ] /057/5/'03/ f)/ﬁ‘em,r

Using Their maff models came infa being
in The (7% and [874 cenfaries.

#In hothing

buta mased

SPRING @ )
+000d /¢

JSRICTIoN

F = [arce [;//f ar /i/ewfa,,;)

K = Spring constant, B-= (rietionoaramdty
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ELECTRICAL SYSTEMS
Obey similar laws.

-, I = cdv
Vb%: o

V= l/g//aje (volls)
= (Capacitance ( farads)

C
I = Curent (Amperes)

5 y= LdI
O[T =
L b L=

Zhducte '
Inductor huctance (//éﬁner}

g ) (5200
only Capacilor weef ohm/, o
—tWM—1-o V= RI

R e
L o R = Resistince ((Obms)

ResisTor
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¢ 8 o o
Y ALUD SYSTEMS f—?-ff%—dg @

ACIV@ Svmilar Jaws _/

\S; do 7;{6}’ ma/ f)'/fff’my,
and many 07%9/’5‘.

£ 76{017‘ ions of mol7on 0/ a O/)//mm/'c component
Ustally copnect” Two Types of varia b les.

0. "Across” variable - J"Omemihj Thats c/efinea’
yelalive To a reference /70/‘/7[‘ :
€9, Ve/acil‘y , volla ge, pressure, /ém/aera/w»e.

ke

T o )

/ O/VOWonJer (éa ; @
\ She wor’t slart / ~_..»

2). "Through” variable - e dlher” Variable :
€9, cumrent, flowrak, Fforce, €k .
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A SysTEM

/S ][0/’”760/ b Y COhhec I"/hy yarious (ompanm/_‘;
7‘05767%6/» /n a certain manner-

=, p—>-x_l_. M, X; ==K, %K, (=)
My % ==K, Gp=xi) t

% == Thput = f (force)
qupul‘: Xy
T aman \ [ #% %, 52dx |
dte
low-pass Og, R~C helwork.
R dve —
+ t C=F =4
LN T v dt

o B Input=Vp Oulpoul = U
A Compex SysTEM  consists of Many
digferent  Component's.

E 6(6/7 Com/oonenz‘ Oée/r a d/ﬁﬂe’rc’nz‘ /'a/
or an a/yeém/c €7aaf/'oh.
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What o we jt’f when we Comneds [ofs of
ditferent component's ¢

We jef a Comp/ex system represenfed b hy

a bunch of Coupled DIFFERENTIAL. 4 ALrsrarc

ORDINARy. differential egquations only.

/7% a/dify. g5 are pea/— and j
S S s ol o

A SYSTEM Is usually represenfed by

o//acé (ora bax ) which Aﬁf(}fﬁgfmi;%fg

CoNTRa wivp  FRICTION | DisTuRgAncE
\l/ Ve ur
4 >

Vect
Vecty ﬂ?c’r/hg Postrron ecror ]{z‘ )
d 13\ VeLtoeiTy
S Brws W G e
il (@@=

= )= §Cure) dw)
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SYSTEMS Can be Connected wilh Olber

Syslems 7o ﬁrm a new System.

J %
: —
4525 (%)
& VERNED)
SERIES C v _
Cahfm/ folks use onnecton iz S
c/;g,“f,/gn?,;j;w/y = [ J This i callbd a
VECToR S/9n4 Stnmi oinl”
S == A

I Sy e +==>47
L S, | Ys J=[3‘,[u,)+5;(a)+53m{]

{ " “w u e .
1T0r = ndicafes if The
S/9nal is added or Sublracskd,

PARALLEL Conneclion

S j/——> J= Si[u-89)]

Genarq/ messy block o//'ajram.
5. ©1990S. M. Joshi



MATH Mosrimné 675 real /ﬂﬁys/’cq/}’)/:/em;
(nvalving  different Types of Componen’s and
Coordinafe 7ran5forma Tions /s prety Complicated .

%]/ 7er NewTon, 7he f/'e/o/ of mechanics Saw
Significant advancements in The (87A & /974

cenruries.

JEAN LE Rowd DALEMBERT ([117-1783)
dlisco vered A/'; famaw /ar/nc‘//'b/e.

JOHN BERNOUL LI (1667~ [748)
L EONHARD FULER (IToT~[783)

ComTE Louls DE LAGRANGE (IT36-18/3)

/aid e ﬁundal‘ jons 9/ modern

mechanics.
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[ AGRANGIAN FORMULAT/oN — bdecame a
STandord merhod 7[0/’ malh —/ﬂoc/eé'ny ?(

Cam/gA’ca/ea/ mechanical J}/J/ems_

/4 ‘57'ﬁhn’arc/ fé’){f oh math /ﬁac/é’/'n] S5

C Vossical Mechanics / H- GoldsTein
(Addison - Westey, /9_5“3 ).

What we Finally get /s a bunch of coupted
c//ﬁfermf/a/ and a//oeém/c egualiors.

7076/ are cmm// NONLINEAR |

Mine faa
ﬂey),(_ Veiy
dy/ﬁ;/a Very nonlineay
are
ot /qan/;’/)é’m!
*
szca/hz"
[I]3w+wx(1cu) ™
3
/Homenf af dnjbl/ar Q,éé//ed
Jhertia maliix  Velecity 7orgue

-i= © 1990 S. M. Joshi



/MATH MODELS

1o U
xX/t) = K .
/¢ 2O UB= U 9/ yﬁ,[i))
; : /
h - i m )J ‘z [f)
JUNCTIoN

)
C’sz@ = X0 = ][(Xﬁ‘{ 4, t)
’ J /NP/;I‘
JO= 9xlgute)y STATE

Veclr vedoy ﬂ)a/}
EXAMPLE me, falks

ARPLANE DywpMICS

ke

() F— g tryale de e/evat
Xz |p Orientation (= | & il "
Y e /d Cl.{/ 4 en%
W /00512‘/'1% JR Fltddey
T 7Arust
(€achis 3xl )

Lf Te flxibilily of The airplane 15 SKpiican
Lhe wifl S adbitional STafe variables .

—/L—
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MMEARﬂZIM@ £HS5. OF MoTion
(Or “"ABCD% of controll)

Nonlinear €9s:

X(¢) = F (x(t) ule)

“STATE  vector S YNPUT e sy
(nx1) (mx1)

Vgu,;;ﬁ‘xlfy/f/ = g(xct), uct))

We  consider STEADY-STATE  motion.
€9, consiant —Speea/, S?‘ra/j/vf /@ﬁ[ aof ah air,b/a/;e_

STEADY
as S’Aejoes_l

Sffad/—sfa# :

Jet  x(t)=
Then, To FIRST-ORDER:

3=o0= £(% Q)
X+ Sxct) . Utz & +duct)
W)= G +3y)

ng = g{‘[ Jx—l—af Su

]

&y —@/ C{X+_a,? Su

© 1990 S. M. Joshi



For simplicity, lets depate "gc" by "' et

J

Linearized egs. of Iolion dre of he form:
st)= A X&)+ Bult

yie) = C x() + D ul)

X : Nx| Slae veclor . U mx/ /'/}wf:/edéy

/XI 0(,(7‘/(,11‘ veclor

[6d8% LIVEARI2ING @.

A litte
farder |

A’nfan’z/‘n /s SUch
a Aaf /'a/éh./

i

h/ﬁf’h ”/4 ”, Kﬁh) T, D" are  Sfixed (/'-e., hHot
SFunctrons of Lime), we get a LINEAR, T/ME-
TNMVARIANT (L 77) Jysfem.
e ﬁwﬂ‘/a(/wu/m— Kind o/ f/rfemj'

/|-
— 4 © 1990 S. M. Joshi L



STATE SFACE MODEL

S/aze ‘=
Vec/érmx JA x +§ “

Sys7em matyix Input matis

y: Cx+ D

7 /
dujpeut veclor Output matrix  Direct 7ransmission matse

Glven The Slale X(%) al Zipe 1,
and gl Ut for b<tely,

We can uniyueé, defermine x(*,

: g/mm--fl‘ Know m
resent stafe, e, speed
position , or/enfmi/é;.../
SV 7 Should be fope

M 2:2 minuks/

_/5_.
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ANCIENT ORIGINS OF STAFE FQUATION

CSM-|6
12./86

“Nice artwork , Kiddo| T %ve yoz" a juf fee//ry
7%al a  greal many are going To /make
a living off That Third line Someday]”
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LTI SYSTEMS ¢

EXAMPLE : J}};y/y/e /76/70/(/1/6//77

©

mAL 6 +m 195in8t) = 0

Let 6,6, 6-6.

. 91 _ 73 _

% = [9}] [..gs/he,] = f(xu)
yl

(but u=a)
y = 9, = [, d] X

Linearize abou? 9=6:=0

h

I

(6 small = Sing~ o)

. o | 0
= X=|g4 O]x T [o]u
//Aﬂ”?? 7 Q’"\'/:g:
C'Q "D
Y="[1 o]x +[o]u

Sup/:»ofe 7he Juy Aas a jerpack a#a(/edﬁ’/ﬂ_/_//d

produces AHorce UlZ) Cg}i ?{&Yﬁlﬁ)

© 1990 S. M. Joshi



Bas /'(q//7 an LTI Syskem ma y Copsist of a
humber 0/ LT T o /'/§Cer€n 7rg/ eyaaf/a/u and
algebmic equarirs.  for exampre, Consicer

N, )
A A

ﬁf/’he : d‘{ =% )(./z)(Z-) XZ:)_%
ZC’/? Wwe AMM‘?-‘ X 0o | o % o
2[5 =lo o 1|7t 0]“
X -3 5 2% 7
g = [/ oo ] X

\TO we AaVc Conyeried Ohe , JAitel - ordes C/i'ﬁ’e/‘e/mﬂa/
equation [Nty 3, first-order coupled " egs .-

/L/efe /n we will J/olo’/ S /hy/h//}ﬂb(/j J/'/’)j//?—oufﬁﬂf
(5150) Systems, and in particalar, how lo tnake Yem
befave The way WE worl (4e, CONTROL fren),

Vg == ;
Eﬁg ~/é- © 1990 S. M. Joshi



LA PLACE TRANSFORM
/5 a fundamen?‘a/ 790! in Congro/ Sysems

Ofna&;/; and de.f_/'yh .

F(

—_— 7TRANSFORM
0O (Functionof @mplex vuriabhs)

—

( Function of 2
7ime)

Marguis Prerre

Simande L[APLACE (1749 - [§27)

Some BACKGROUMD:
Cgm/y/ex Var/'aé/e

and an  imaginary P £ wl
sz T /Y ?;5 s

=) (G=+1) Jd i

EXAMPLE : ?0 [’i@ K,j /sfhe Solufion of : o A/

(onz‘m/é’/y/ﬁé’eff§ ) X+t =0

2’/ ) (J=1" does not exist- 7%art wh,

Ifs multpple is called He "/)my/,,q 7"/"’7.

Q. Why do we use somefhing Frat
doesyrt even exist {

A 75? (aﬂr¢/‘ makes Gmaéxs/k fa/)f/'ﬂ‘en/qcmf/,

CARL FRIEDR)cH GAUSS (1777 ~1855) Showed Thar all

voats of a palypomial can be expressed as Copylex numbers,

( Maihematicians use "L" 7o denofe 1 ; electricaengineers
Use ;" 7o awvord C‘a/)fq.f/}?j wWiTA ”(0/)'/"(’/72‘/{)

vt ﬁﬂf a _)fg‘/ﬁﬂl’f a

19" © 1990 S. M. Joshi



A complex rumser can also be exoressed

n Terms of (7s MAGNITUDE apnd PHASE ANGLE |

Sz 0+ Jjw
= [s|A
where
majm‘;‘ude of S = JOFrawr
Fhase of s = /5 =d@= 72h-'(56_(—/}

A FUNCT o0/ o/ a (om//ex Var/aé/e /m}&; et/er)/

Cam/a/ex numéber inle another Com/j/ex numéber.
S+

€.q. -
3, G6G):= m

77)7e Vol es a/ 's" forn/ﬁicA GG) zo oare
called 'ZERO's of &

The valaes 0/ s For which G(s) becomes
Infinite are called "PoLES" of &.

For 73{) above G, Zero /s al : s=-—|
/Dd/c?f are al: S=-2 andS=-3
]7( &(s) =S50 Zero isal S= /o,

25%+ as+b) fookes af S= -9 :tJﬂ )
(Can be real or Complex), =

Ro- © 1990 S. M. Joshi



Zeros are denofed by "o, |
ore 7 Just like in
and /0_0/65 5)/ ”X ” o % Lie-tac-foe ¢, %

X 0 )

bed
€.9., . 7 l
- —]4/ 1 A
1(5)= S=1 X
(5+1)(s*2592) 7 x o
[77ie nice 1hing abou! @mplex poles - 1 Ae
or Zerns /s 7Aa) They always ocedr in 5 \
] conjagate pirs-) 411
_@M back 75 Za/oé((e im@
P ,
o)

—QSJ: Zﬁ/&/d(€ f/’dﬂ!/a//m a/ f/fj

[ [FO]% FO jf/ﬁe ot

‘A.‘ ey
[ R
0 Ustt &5
S S

Forexample, if
7//1‘) = U /f) (Le., Un/lsf/fbmc//an)

@o[[;[/ﬂ] = ﬁ.eS[a/f = '51—

/;/So



57'/771/4)69, a( [ fj
(Note: all our /anc//am are ZERO for hegalive lime (£<a),
Laplate Transtum is a LineAaR operalor
ﬁ@ (Zaphe Fransfm iz a tiweaR perain])

e, o [;é, F)+4, )=k 1k ES

Also
[C/f/] = 5/-‘(:) S f/o}—'S f(a;

deh -y
( "F ¥ dendtes J%/dt4)
A. W/{y do Conirel engineers Just
LOVE Laplace Transform ?
A PRecause.. .
I? Ae/,vr 7hem analyze LTI 5}’&2‘6/)7} easily.
Example:  R-C Network an f.7
%‘% :["R’é‘]"fa + [ﬁlz]vin ()
Sfﬂfe;sl“ﬂld[e (f)? - [AJX + [5](«(
e
e Y=vz = [ 1] + [0]Vn

(Y = Cx +Du)

P/’O,é/é’/)’): 5@/30.(6 V(o) = 3volfs, and Vg, = unit ngé.
Find Velt) Sor T >0

TEE © 1990 S. M. Joshi



Take Laplace Fransform of both sides of (D:

NAOE V(o) = —R—%VC_G) +R—'EV/‘A‘(5)

~

Szl s = ~ Re \|VinGrg | Uz (o)
'>X? ket ((s-r I/Rc s+ YRC

7his 7%)‘@ "//3
The box is Called T
"Transfer function”

C?/ %e 5'7’.5'7‘6/)’),

Jott depole it by GO,

Then, with ZERO initial Condifions (V.Co)=0)

Yoy = GG UM J

y /'n/Dul‘ fun(f/dn uce), If we Knows

FUNCTION GCS); WE ap

55, ‘gl'ven AN

The S/J‘femﬁc TRANMSFER
determine The oupul’s Laplace Fransform Y(.

We can Then btain y(£) by INVERSE-LAPLACE-
TRANSFORMING " Y(S):

" © 1990 S. M. Joshi




IWVERSE LAPLACE TRANSFORM recovers
The Time ﬂmci‘/ﬂn y(f/ fmm /s ﬁan,rform Y(s).

Y5y

—

Tuichl
Hixg

Y&

(y[f}:

/20

| = fF[s}eSé/_,-

c-joo  (C= }?¢ aonsiant
This ﬁrmué‘ /s Kinda fard o use/ ‘ "‘
h)

It is easier To Use a Laplace Transform- [

Na,no/

Function Picture
~Z@bué€(§§ﬂﬂ) ~——£7F:;
, ey O 4| Take a PULSE
Unit Sff,’b ( %[ﬁ) £ —= s W/?A UNIT ar;a
_ o | and SQUEEZE I
Sinwl / —5%%)1 7o get The unit
t—> /mﬁu/fe, S)
—at Tthas infinife

o [\
4

magnitude, but e

o {t—

-24 -

Ss+a aréaq Under it /s 10

© 1990 S. M. Joshi




Olher (,{Ie/u/ praperlies 7[ Za/aéz ce vansform:
L [ e f #)] =  F(s-a)
L[ Jdore] = £

( See any Conlrals Textéack (e.9., "Automalsc

Control .,gzsfem" é' B.C Kue, Frentice-Hall, 1982)
for a Complele  Transform rable)

So wha/ hagpened ,
7Aar R-C nelwork ¢ '

Since Vztt) = Uslt), V() =1

- I
7 = S’-f-j{/;c 5 T 5+ Vke
Su/b/bwe R = -i hn c = [Farad

- 1 __,_—_—-
| into () (S'—f— 2 )( Tt 5'7'2-
Reso Vefv’ cf,orﬁw 1 L2 2
"‘ 3 S'/‘?—
partie = 5‘+2_ + sM_

From e Table, a[[;'fz_ = € m/o[[i]UZt/

1*7/“’ #2687 :

e © 1990 S. M. Joshi



WHAT IS STABILITY T

Tty bounded|,

~5 24 Q0 Fan i
) [F\U/]UAV@@ @) ,Mgzge,t@ b3

()| < Uppy Ginp) = [HO) = Ty nite)
A System is said fo be STABLE If
EVERY bounded input produces a bounded oOujput.

Thals "bounded - input, bounded- oufout
g) or "BIBO - STabilily. |

(%em ore Of%er k/ndj of 67‘&15//#‘/ but /els
pot- discusshem here).

Maf are bounded S/yna/f 'Y kepdt e Sinut

N

uty | %® "
0 ¢
1 k )
U= S Sta S%*2pa)st+ (PG>

All //'m’ar Cormbinal ons 075 bounded Synaé‘
cire bounded.

Io(, W‘@—f o +0§W/lﬁ/swl<m
(Vﬁ,o(b;;(j Frnite)

e © 1990 S. M. Joshi



Mofice Tre /00/€5 of all 7%0sé" Us) Aave

NEGATIVE OF 2ZERO req/ /barz%. ‘ i previnispar)
Unbounaleo/ Syna/f Aave foales with POSITIVE rea/pa/z‘r.

How can T /(ee;b a
positive attrtude if Hhe

réal park of m/-/'/),,ow‘jr

£
Jm?r

% podles bave hbe he;ai're(
o3, fro= o ot
S-2
, (Fole at s-= 72)
4 0 Q%Z

fr= € snGy > FO= S
= pllesal 5= [tj4 and S= /%

Cie, rea/ parfs of poles are PosiTvE:)

| 5?) when You /'/;auz" a bounded a}zna/ Uule),

The Po/e_r %[ L) all have hegative Orz"erorea//a/[r,
Thersfire, Yesi= GG) Up=[CENERI- J [ﬂ“l_){‘gﬂ‘
GANSH) | Bu )by - ]
Resolve into parlial fracTions: Gﬁ)é ues) Z
>437 = 55%%4_”..252 +-ﬁ&l_+.-‘+ kah
7& "yful Sjﬁ%n

-27-
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are a// 40.

So, if real parts S Pr are Lo, The, F)
will be bounded. 7ﬂ7€m/are,

%f U js édum/ed Yeq/ ,&dlﬁ 9[ Hus

A System /s STABLE — /f and on l iof
all its /00/6-‘ Have hegalive /‘fa//barl‘: Le.,

all its poles are jnThe Jo e/t- Aqé/ a/ /2 @ﬂy/ex/é/a/)e.
1Ih}9 e

C77}/; s oA /0/'677 crude proof - but a7[ar)m/ one

Can be Found in any skindard 7ext.

Who cares |
Im gorna mgjor
00 ith 5u:/~£ss'lw




UA )/qu{ fow akout Cﬁe(k/'n/o [ es of
(o) = — 5" [ost/r
SCtas¢155% 25% 35555110

You Can't £a orize e denominator,
do not d 6')760:/)’- - 7he ROUTH -HURWITZ CFiferion is here /-

D/'ﬂerent versions 67[ JAhis were d é’Ve/a'/aea/ b'/

£ T Routh and A Hurwilz a/ur/‘ny lale [37A

Cenz‘wy 79 check The rools d/ a poéznom/q [
Syppase plsr= 25°+35 4 s+5

Form The I//?am‘A “’7""'7” as ﬁ//aw;:

7z
“Easy! Za:t,’uke

' jnart
o o dn | o (et
o ( 5 )

9. Sign Changes)
C yh/\/d- ;/ rools 07[ P in 7he F{yﬁl‘—ﬁaéﬁ/@@ﬁe

= M. Sign c/mnyef in The 15 column

/_V_JZE’ Jere are Sume Tricks 7@/ ﬁﬂ/d//h‘;z 0% in e 7{,’,#
colimn. Lok S Shem in a sjandard 7ext.

-29- © 1990 S. M. Joshi



If one or more  cvefricients of /&(5) qre <o
Then There /s ho need 1o do The Roul - Hurwits fest -
/b[sj WILL Agve af /east Ohe root in The /’/'yéz‘-/?q/f_

blane.
5 %
)
W

A word about CAUSALITY (hot ”(a.gga/ty’j/)

Gee 7hatks fav 7e/ling v
‘ ) e 7%l Iw
SN Gorng fo do Rou#f -/7’urw/ifz 7es) on i

5 )
A)= 57208 42058 00374 35€ 5 2.

A System is called ‘Causal" if It reponds

ONLy AFTER.  Freceiving an inpul= hever before|

A/l /OA/J/(a//)/ réalizable J)/erm; gre caysal.

~%0- © 1990 S. M. Joshi



FREQUENCY RESPONSE
TAhe TRANSFER FUNCTION [€ls ts calculate

The RESPONSE  For any G¥en (NPUT Func7ion. ,j

ut [Hr] J
2 ’% o Bufwi;\ 6%0;'\\9

N
2€ero
G(s) inltial condlitss

Yo = G U @%Lf

A SYsTeM’s INPUT/OUTPUT BEHAVIOR 15
COMPLETELY CHARACTER/ZED BY |ITS TRANSFER FUNCTION. .

Stppase e input

9 ” o unit /’m/ou/:e,
% / U =68t

Then Uts) = 1
an,
o Y= G-

m
L Ny EY
z u”& o ' =G
{impulse 3 u(f)‘;,é(}) ~/
Inpus Dad ]~ "L, AR O L) JO = L6674 9¢)

That Is, The TRANSFER FUNCTION

/s The LAPLACE TRANSFORM OF THE
SysTeEM’S " IMPULSE RESPONSE "/

EXAMPLES: G = 27 = g =38°°

2.
GG = T o = gLt)= Sin(Wt)

G(s) = s = 5:[1‘): r

=3- © 1990 S. M. Joshi



i Remember, folks- we are only 7§/7ch¢7; aboal

S CAUSAL" systems here — That /s, The response Fagpens anly
Gl O, \DFTER [he irpul /s gpplied) I meap 9= 0 For I<o,
» NS 00 o 7] O : J

l W/SA ZAQJC\

causal Kid and a
hon-causa/ clud/

SJarls Aurtin
befare you club mey [5:%«‘

Speakingof clubs, all physical systoms
belong o The CAUSAL cLUB.

) 9 o [08] |
bb .5 oLl é

Ny GO L, aw
A System is physically realleable (ie., you

can actually buitd it) ly if it Is CAUSAL.
55%/2016 we /out‘ n a Jine ware irpul signal.

~ Please fave mercy]
[" 09) (((CC L____a, OO | —-——->y(t) 2 regu ency /
G = We \ ¢ = {
= shred G5

Ves) = G?[s)'.._@i_ . Tt caple hown /%af)
sH a}aL

etj y/f): /6[]&.1,)/5[/‘)(5007f"'¢) —
forlage: where [ GLiah)]= agnitude o E(7%) = Reniprt) by

- Gwn) = 7 ! [Zimay. par/ of G(Ih)
and @ = phaseof &liw) = Tan //; L7 ]

5T 91990 S. M. Joshi




Siézrf/nja at zero frequency, 1f We/a/of The odlputs
mayni/ude and pﬁa.re/ /%af 700 characferizes e
System complefely. ety sin lut-)

Mayni/wdc
() G |6] Plot

/g{\ T
" (06_(1)0400)‘\? (J

5
| —-[83: Wy —>

The plets of [Gliw) and @, versus W, are
Called He "frequency response” of ‘e System.

7he fre7“€”‘)’ al which e magnifude siarfs to
“roll off " @%w 7047 %o of Themax-value) /s clfed Dandwidh".

=3 { Hine T 1's a]
7{:’_ ;;'2 _______ S€lond-order ro//aﬁ_

o N2 Bapcwiddi & rqdsec)
7ﬂ7 e pm"‘ of /}7/&012‘ 5‘/}7/)4’/ with ﬁeyaenc/e: Lty
“passes” Through lhe System.
The part of irpul Sighal with freguencies >
/S ATTEMUATED oF backed.

Example: ; S . _-/ [
X GG) =535 = IG(Jw)/w‘dﬂ I W=

a 0 i
6l rj.'\ E’if\, Blw)= tanfews.)

=1 < 2y,

-33- © 1990 S. M. Joshi



He /dea a/ bandwidty /s ,éreﬁ/ Cammon in  Signals

and Communication Theory. A Yow -pass Silter " allows
fow 7467“%(/0! and blocks A/jA Frequencies .

Zneed a

Hen, lﬁ"/‘ 00| low-pass
ii7er |
0 o/e /Ho0-pa,
ot O](’/feriz';af;d
Le evenbetr/
I S+3
st (sw) (515’ s%rasth
are all faw-pass Filtrs  As sEj)—=ao,
These /uhcf/'om——a o. el

I-o

' __S
How about Gr9)= s

This is a Hicy-pass filter,

& |-
80 is G StL. . 6] 1-0
St+Z s

° 3 2

and . (sti)Gt2)
" (s+(0)(s120)

And /Zenfﬂ'erg Qre BAND-PASS ////?r_r Y@ - (510 (5115 )
(5t2.) (stlo)

BAnp-

I
Phss = m
FILTER. 75 I

fo

fe— Phss Bavo —>

1

e

~34- © 1990 S. M. Joshi



BLOCK DIAGRAMS ﬁ: ]

7w or more Sysfems can be Connected

are linear & fime-inyariant (LTEL), €ach can be
re/ﬁrefenfea'- by /75 7;’01/75/6/' /uncf on . The resultin 19

Plock o//'d\ymm can be .mqnifﬂu/afeo/ /air/y ea.ri// For

Oll’)a//zin/( 7%( (0/77/0(/5/'/5 &.r/‘em. 7ﬂ7/'€e faf/'c 7}/@; a/ (0/7/)ec//'0n5
are:

1. SFRIES Compection
‘ R =
| e F[GO6E)|U6
L-e, Eguivalenl Transfer Sfurction is: (fo) = GOG®
(/V(//é That if G;,6 ar MATRICES insteal of scalarss,

G)_C":, .#' G'; G,_ : j,.aj ﬁe O)’CV\‘?F Waﬂﬂée /)

Z 7hink my menta!
block Should be represent
Someutere in lfere, Lool

2. BAraLLEL Connection

= Yt 7
Y b 1t 7

s = (G +6)u
U T

77
i @(s)l [y, or G = GG |

I—————

55 - © 1990 S. M. Joshi



Gee -+« Feedh
o’e/m/ou.r éeur‘/?‘(fa/rseﬁa/&/

40
3. FEFDBACK Copnection

RE) 4 ~E
—>

co1= Y=GE , Z:G¥
E=R-2Z = R-—Gz_y

Z Gc:)-‘ > vz GGR-GY)
G
= = ]
7= [ +G G

= o T | Worz: Contiol felksllke bo
: I’?erfdfﬁef stem 1o be
Confru//ec/ as /ﬁc PLANT”]

//ﬂo?%er varialon of s

R/S) CZ’) P@_) )/(S) p(‘s_) . I:D/a"nzl "
~’ ‘ Cls) : Conlroller

UNITY FEEDBACK

Res):  Reference input
(Desired behaviar)
Y& output (ackual

betavior)

EG) : Error si ignal

T get itt Pis e,
"y is my Jrades,
‘R" is Dads expectations,

5) % and 'C" /s his club! Zh a speed onlrolSystem,
\Z(; C()§ R' /s The ojbfeo/ JE?Z;OO/ﬂf }/ "5 The

acfaa/ )7&6&/ ‘D' /s The car, and C" isie

coniraller which generates The reguired Thraffle
( yaJ‘/Oea/a/j input ‘U Zp 15 case,

_ _Pc )
G = Tapc | Cubere Y(5) = GORE))

The equivalen’ fmnrferfunc/mn G /ar Sfeedpack coned'ion is
called The *Closed-logp” Transser function.

3¢ © 1990 S. M. Joshi



Fecdback is imporlant |

[adiesand ' gentlemen--- Hhis is fhe @//&/}7 o
pour flight ags 7o Londn-..-dlye 1y q Sfﬁy

Netror Jlhe auwlopilel vah @en-fogs,.. gnd guess
whal [ Welcome f Sydlhey, /]ufz‘m/m !ﬂ

70 maintain The Correct sefpoinl we must
Continuousty SENSE The adual ouppul and Compare it
with The c_/ﬁrﬂ ﬂb{;bulf. e confrofler S or
Compensator) Then generatts The corredive action based
op The ErRoR. This is called ‘Closed-%" or
“feedback” control
Te dfher way fo do it is "qpen-togp"” contr
where we /Lm—(a/cu/afe Jhe /h/auf Uult) [as a
Function of Line] which will generate The desired
OM//‘MZ‘ “)! However, & stnafl etror in The maih fnode/
of e /O/anZ; ar o smafl unforeseen djs/yrbance  can

make Thin )74 0 Aﬂ/’W/fﬁ /

© 1990 S. M. Joshi



/Q/’ /%e C/OJ'&:/-/OC% f)lﬂ‘em: R E 7] >
. _Pc |
&= 1t Pc 1 I

is e "closed —/oo/y ”ﬁ’ﬂlﬂffer fuﬂc/idn.
(l +Pc) Is called The "relun o/iﬁ’erence'.'
It can be seen [hat E = (1+Pc) 'R

(1+Pc)”" is clendfed as "S" and is cafled The

tsensitivity”, ar The " inverse refurn difference. Alse,

5(5) +GC) = |
S0 much far Jakgen.
ﬂ’/)yu/ays, we should Jook af The 1fpsed - A,‘}b,,
behaviar rather [Pan The "O/C‘n-/aa/ " e

F st a/ all, rs Hhe feeo/éad S/;fem STABLE ¢
( The series- and parallel- connected Systems are
Stable /f individaal G and Gy are s/?réfe).

Do asy! /"”tz"% at pofes of each ZD
&

O

-

Butt feedback systems require mare aralysis
General Systems Consisting of many blocks are
even Mmoare complicated.

_38_.
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—F

Y ow' wou/d vou get The closed - /o0
g’) &{ﬁ(}‘/ﬂﬁ d/ JHis bab y { 7 ﬁﬂﬂrf&

Twould  use %cé diagram algebra-+-
N, better )’et 7 woulduse e method
del/e/oped by ST MASON in (956 é_‘ )
( ﬁ/; /may pe fﬂdnd in Slanclard Contls Texrs ) \
Under fpe Litte "Signal flow grophs”)

G
}L—OV Jhe S/mp/e /eea/éacé r/.r/‘em . B — E::T
[
G= G _ S+t G2, _i.[
+5,6, . >
! =z L+ sCst1)
_ s
T Sty s+l

W/ PoLes of G are al: +J[

ze., 7767 are /Nside 77( 0/0€/7 /e//—/aé[ /éme
[ Clben"” excludes The inaginary axrs) = STABLE .

= © 1990 S. M. Joshi



/]e same mefhed  can be used /vr more (am///kufec/

Systems. [.e,

GC L-(S D

D F/nd /—ﬂlf Céd‘a:/—é)% ﬁ’anqu’/’][[:’ﬁf/}/bh
(Use Masons formule if pecessary),

2) Chedk if all the roofs of He DENoMINATOR

palynomisl are inside e /9(1‘ /mlf ¥ he @”}&/ex/&/aﬁe.

- 7
A~ / ~ e C,.J/ -Z-ﬁ/,/)k ]m ayO”f}’)' ﬂ@/"é/e e
Q}\j‘“’ w‘/ My rools are Qoing info 7he
A 6{9\\ YAt falf-plane |
5/

%3 /
&
/BZ% ARLAL

Closed - logp sTab1/ily /s esveptial...

é/,(,f a nyfem doesn’t A’ye Oh STAHBILITY
Adlone | 7t peecs PERFORMANCE fiol

( neL" for ‘closed o)

/4 joad contro/ SYS7Em r@;&and; FAST and

WITHOUT 700 MANY WIGELES.
Pole locations indicak e halure of [he responve.

© 1990 S. M. Joshi



Syppase we put in & UNIT STEP  Command,
PEY  (L-e, increase [he reference inpu/ A) Suddenty): frap,
' o0fl)

) 7

jc/fa/é/ The response Y& Should alsole theunit .
But e actal response may loak like :

Or Or
W) Y ey

(% (22

/Q tgjoonses (1), (2) gnd(3) dre 74*am an

”OVem/am/J_ei_' L System. (e, The closed- logp fodles
dre REAL, 5o we gef somelhing like this :

)= | - o) €45 oy PE.
I/ some closad-logp pofes are COMPLEX, we
‘ﬁaVe regponses like (4 and (57 .

—

~ - © 1990 S. M. Joshi



% QM?P heggj/;v_e. 7%(’ l’ea//barf d/a /00/(3 ﬂeﬁ;/gr
/s The o/e(a/ 0/ /75 contEibulion ZZC}’[L‘j.
Thus JHe poles which are  CLOSEST 7o Ife

/ma y/nar/ axrs dominase e Transient response .

7ﬂ7e /bd/e [0 cal rons for cases (1), (&) =(3) /m?/
Jodk like This :

]Im 1}7) Iin
ho p I/(’ hh e p g
) slow @) fast (3) fastr
7he /bo/e Jocalims (afregmﬁa’iny fo @< (5) 7ay
Jook lrke This:
/} Im Jf\ Im
br < b x
° Re Re
pr ¥ AT
G &Y

524/0/90,@ 7he alenominatyr a/ G 6 Is:
SH 2Pws+wt  (where P<[)

i © 1990 S. M. Joshi



Le, The /&d/ff are at: S = =P +j{1-P* W
= |pl= 2 W

Ten P = —-/?;Z/:bll

”()" /s called The PAMPING RAT/O (Because i delermin
fow fast [he wiggles in The reqponse damp

“M/() = /blj/b), are Close 70 /’maj/na/y ax/s
(é«’-j-, F=o) = pore oscillafory response (like &) .

Medium P = /ess 05ci//a7?'7 regponse [ lked) ).
(eg,P=7=7")

_Lﬁ-r ge l’ —> pp-oscilla 7‘0/7 response .
ey, Pz1)

Contvls 718//u Like 75 fave P=0-707" THis i fhe

Jleal They o for ZT gives A Sfast repanse.
with very smal overshoat and wiggles. LT comepnds
7% egual real/and imaginary poarl’s of The pooles.

Tako sounds ife £
MZ
/ \

a /9951'4@# A/yﬁ// successfu/
So /adies and j?ﬁ]%’/ﬂéh— oot ﬁ)/ a o’am/b/ﬂ ratn (%:

a’l}&/o/u../
@707 .
A5 © 1990 S. M. Joshi



Tﬂv/cre is a dired re/af/bnfﬁ'}b befween

TIME-RESPONSE | FREQUENCY-RESPINSE, and FOLE-LOCATIN.

of [The system.

—- 'me Frequency /Do/el
resporse regporve Jocallans

Higy Banomivry Corresponds Lo :

<> poks farther [ of Teinagaxis
< fast [ime-response

SMALL DAMPING RATIO =>

<= Oscillalory Lime -regpopse

oo freq. yesponse with /)/';Aer /eq,é;,

6o

- - © 1990 S. M. Joshi



N YQUIST STABILITY

CRITERIOMN
- H- Myquist: /X’fyenemﬁbn ﬂear//./ 85//5’/%»/;1;
S5~ Technical Jourral, Ta
1 , n. [937. [TELEcRIPY e
" .)Q %// gqo/a/x/ LEGRAPY OF

QDon'f e xceed i

o
pﬂ":i A / E : 2 /V)/y(j/}f m/é/ . _J_— j}) %
%

U

/4
HARRy Wy@uisr (1989-1976), a Be)l Labs

researcher, Was ohe 0/ The Greats) Contribulors lo
Communicatim and Conlrdl Theory. Zn 1928 fe
discovered e Theoretical Mﬁber ///n// op The 7}0//)5/77/'“/21/;'
rafe for Telegraph pulse Transmission CAYQUIST raty),

Tn 1932, whik STudying why Some feedback

amplifiers Y ang” when e fc’ea/faoé Jaip was Jorned

Up, he discovered The NY8Y/ST_CRITERIow Sor STabikty,
O .ZdOh'f/é//‘mn/ l'i/A); 5147‘"

:r’o OO L justcan’t felp Singing
Z/?,mz_a 1000 | ¢t ¢ when K "gers bohyhs
S7ghal ¥ £ 0
Amplifier @
e @

- W

A ©1




G, = _&
[tGH

&: —( 6| —>"
=)
7o check STABILITY, we need o heck ﬁe/'aofyq{‘-
%[5): [4+Go HED [ G and H are ‘rational Functrons !
Le, 7%e7 are yalis of /ﬁo/ynamia/: /n ‘8’

St
6-5[,) G(sj_ ?‘:ST ,C7LC-

Da yor rea /// Think
my Plant has Unslatle

rool { 577(/ -
Rodfs of WG are Those yrahes o 5 of whid
VG)=0, ar G(IHOD=-1

A NYQuIST ALor /s The j/’gﬁé d/ /he

a cerfain Chied

”/Oc% Lga/n” G(3) A when S varies a/on/
coniour in 7he (om/a/ex /0/4/79, q[ particular inferess 1T Care

When §=jW and W varies from 00 70 O - Z/mag-
_ 1 Ny quist plof
€9, GO=ET | i b abn o) | 0
He = 4 GUw)HEW) Real
ZC re /thLO%—? éf _Z A arrow S EHC/I’U?:/
/s Sa/g/ Zole Emcwfgfp%/ﬁ{; /ol h?y/bn

- 8- © 1990 S. M. Joshi



My&QuisT CRITERION:

SUppose G and #H Paye
ho /Ja/e’: ih e aqpen /’5'//72‘ ﬂ/aéf-/h/;e [ Le, 7%6,/ are
Slable exapt possibly Afor fokes on Me imaginary
axis)- Then The Closed-logp System /s slakle

/‘f and 0/75, /]C The Mygquist parh aoes nol encloe

The point "1 +j0 "

K=3 =1 47 Example : o. 4

- 5(512)

Le, STABLE Hfor K={

UNSTABLE /6;, K=3

Gu=o (Actualy #4 sttt for o<k <3 )

A7 © 1990 S. M. Joshi



/l//gu/lr/‘ Criferion alsa  addresses The question :
"How stable isit ?" (ie, O’tfgree of sTabilily )

Circle with Unity Fadlus / Ty

P
-
/

, GLIDH(I)
y

s Sys7em s siabke.
We can make it unstable by either

9 Zhcreasing e Gain” by M
(S0 pu is cafled The 'GAIN MARGINV")

o 8) Reducing The fphase angle by B (L, adding
o " phase /a}" of By Lo Gf)

, (B 15 called The "PHASE MARGIN®):
/7(// ag ”/7754/1! ﬂfya//l/e /)60!6 ).

i © 1990 S. M. Joshi



7/)76 /aryer e j;a/'n - and ﬁ/mfe- margins, The more ROBUST’

/e y)/yi‘em /s 70 €rrors in The SysTems nath mode |,

Another measure 0/ robusiness (s The smallest olis7ance 7(
fhe GUWH(IW) plot: 7rom The poinl “1} de, min[1#6H]

7ol peat- butt plothing 00\5
G (I8 in The Comple plane ,
15 ho picnic / :
A

However  /f e humernsr and denominalor
of GH are in A CTORED Form , we Can calculne
[GlwHGw| and LSGtmnas  ralhe easik,
as showndy  HENORIK W. Bape ( 1995-/962),
anolher Bell labs Scien?ist (and lafer a professor
at Harvard),

H-W. Bode : “ Nework /7/74/75/; and Feedback Amplfier
Design" (book). Van Nostrand, New Jork, 1355 .
C A classic bodk, /115 STl n pr/nl‘ 7‘/@/ 4% years /)

( Bocle /s generally pronounced as “Boh-dlee". fowever,
T 0/’/51//7a/ Dufch /aranazmciaf/'m js “Boh-dah "),

"= © 1990 S. M. Joshi



BODE FLOTS

Sff/}owe
G[S)H[S): K(S-rz—f')(ﬂ-‘?'): K2 2 (/TN:SJOT/\/,})
(StPOCtPD \ppy ) (125

7
k (ofways real)
/Zl J '-D //b’ ) €7c

Crea/ or complex).
Jhen, For S= W [6H] = Ikl (el | 1evasyeftios| [1ms)

> /a/a [GOw i) = /"f’kl + /o;[/w’w,v,h IOy,lfij/,_l

— /Oj /lTij,[ ——/Oj /H-jédDL}
caly /7/; are base10)
o 5 ol i)

dnd The phase angle /Gl = /1704 /1), +jegfrjen,

Cansicder o factor = ([TWs) where N/ /5 real .

Then [t jwwv] =y I+ Ww*

Low FRER. ApRRox. © w << L D [Hjow]= ]
) o g [(7J90] = 0
= /"j//r/wn// ~ logceon)

-50- © 1990 S. M. Joshi




for The ﬁ/'//' 79(3;7” ency Wrox/mmbn,
(ogfitsom| = log(@n)

_Z/ //a/// /.S ///)C/‘eaf(a/ —’/?—ﬁ/_—d)
/0j (room) = 109007 fog (W) = | + log (0A)

L, “/oj/m/ )" increares é// unity.
on e logarifAmic State, e /'J‘/d/é’ i

/e A/jé - //(’gw @//ox//m/‘/b» s Mniz‘ébfrc/ ¢cade

/.//) /)’6‘7‘46’/"()’ C{]) 7/‘{6 A{gA "/4’(’(]- 0%/”)‘/”76//70),

M ,
rax/mn//bh[z.e./f{? o line

intersect e ow freg- B

at : laglwny=0, O w= .
If "CrEne) "I in7he Sepominaler, Jhe S/Q&Q

of The Bigh-res- B wou !

Le.

Jo be —1

fog*%, True [GH ) ey, GH= Sfo‘
I HI T N =7 ah/»/,f?_// Yprarimotion
G
I
7 //71/.57 A_/ req! aproximalion
| =~ p ) (5/0,06 :—j)
0 [o fot \ [oF [.03

W —=

(/af‘”/’ e Scale)

-51-
© 1990 S. M. Joshi



@mrnun;‘caﬁbm €hyineers //'ke 7o f’/\;ﬁf?ff mggn/ﬁa’e
n Alecibels" (denoted c/B).
Le, /c—wég 4 20 log|6H|

So 72'& '3"/0/06 ’ af K ”/ber deade becomes “20d8
per decade”.

Al 7his makes ///e easy — By converting 70494

Complex MULTIPLICATIONS  ard DIVISIONS

infs Tame  ADDITIoNS and SUBTRACTIONS/

SRS © 1990 S. M. Joshi




for examle, fel  GH= {00 (st () (St200)

2 (1)1t 200) (5+10) (Stt000)
T (113/10)(17 5000

L. Mark frequency on The X-dxis of @ ’irem//oy'y/q/{'/ye;

9. At w=o : |GH) = 2 Gives e /ow—/rey.
a/ﬁﬁmx/’/rﬂﬂ/?&'n (Aﬂ/‘/ﬂnﬁ/ /e ) al:
20092 dB.

3. As W increases, & ZERo /S encouniered al

W=l - o Slwrla line J/gb/n/ up al” Zadﬂ/a’eak/c

4. As @ increases furien 2 POLE /S enawuniered
al w=10, so decrease the previous slope A/Z_Ocléégc.
5. A 2ER0 comes pext, af W=5} ncrease The prerions
slpe (zerods/dec) by 20 dB/dec.

& A POLE Comes hext, at w= (03 so decreace The

. < 20d8 oec. .
P)’QVIO;J /U/ZAAJ?; , (F/{‘I/// Smodlh i o Comners (dushed ///)c'))‘
REAL / ’

S/O/JCZOJB/J 65/9060
() shperodBlec spe o jl/ o
slgpe o . 1LY
20by7 ]
bjBL
e 107! 10° { [0F 200 (53 /
v 0 (Z€ero) (/Ibode) (Zery) (pde) 1ot

53 © 1990 S. M. Joshi



7]6’ /0)’0(6 dure /5 éax/‘m/éf The Same 74»/' Complex

ofes fzers, efe., Wik minor Variaans.

The PHASE ANGLE plot /s Very Similar -
Jus’ add itons and Subracihmns / Bu? 1} reguires

a brt more Stoothig. NVo /Oja;’/)ﬁ/nf are reguired,
S50 ho "dB” jazz —just /a/mh ol ‘dlegrees” will o[

Bode pht can quickly givelhe info- necessary
7o dyaw a /1/)’7‘4/3‘f put. It abo gives:
AN MAREIN : Negatived MAGNifude (GH gt the Freguency

Q) where The phase becames —/80;  and
PHASE MARGIN | AS [ﬁ—‘/goo/'/ WA?/’E ¢ /3‘726

phase al 7he (///)/'_Z}'ga’/h (e, The Zero dB) pont.

AT © 1990 S. M. Joshi



BODE PLaTs are exfensively used for
SHAPING  The //’87146/?6/ response (¢ 5/ alesigning

Compensalor "Hes ’) 7o give 7he required
gain and /Oﬁafe maryirs Land of courre e Gandwdti)

Myre variafions on This basic frequency- domain

NN

Technique nclude:  Gain 7&%{& pUs, Nochil
Chart, M- cirefes, efe.

7hese " classic al" metthods Aave been successtully

used for many ears i many practical copird .
Sys7em aesigns.

~55- © 1990 S. M. Joshi



	cover_i-viiiOct15.pdf
	S. M. Joshi
	All rights reserved
	A Cartoon Tour of Control Theory
	Part I- Classical Controls
	S. M. Joshi

	Preface
	Author Info
	Disclaimer







