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Introduct !
© Models of clectric components
@ rulations for physical  principles
® Analysis  Methods
® Design principles/ examples

charge , current vol4ogt, power, energy, flux
q: Coulombs ()

charge /sec . Charge +ronsferred per second is current

(). d9(1) ¥ QUi+A) - Q(+) _ Coulomb

d + A Second s
~__ Currend cirection showsS the direction of moving
" AA » (+) chorges Csign  and clic ection )
w
" “ian B
++] )
Unid g - Volioge 4+ A — oA
ich 5V = -5V
_ B o B
VA = Vg +5 VA= Vg - (-5)
energy s Joule's
W= q-AV Power : Rode of energy changes  (in  wO+4s)
' PC4) = dWwi4)
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CompOhints hove moathematical models

& L + ViCt)= R - iu(4) or () ¢ dVir)
VA o+

Electtical  ComponentsS
Resistance -

Nocle , branch | Networl

&/ Y

A
C
o)
rResistance Capacitor (ncluctor
RC) CCR) Le)
() Tt L)
- i t -
R ve () & .(‘ . Vet L Vi (1)
vel4) = R-ig(4) i)z C SVed) VL) 2 L din4)
d+t e
P'3

Pagcsive  sign  Convend ion:

Lumped  Components , Lumped  Circuits

Hi@h gequgn@ trcuits ,wires can  att oS inducters
Ae € 1L (Circuit St2es) much Smaller (X)

wove\en8+h

Mot e Componm-ls/‘

@5 g} (ndependent
Vs(+)  Independend voltage source 1s(4) curreat  source

|
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Dependent currént  Source

Circwit i g Current contolled current  Source
LEQ
kix
if ix= 1A bLix= k1= Lk A
.+!
U VS V¥ Dependient Currend  Source
—i vooge  Ctontrollec currest Source

\y@\ux ";i \ s

ccvsS VIEVES

Taminols, Branches

A
| branch
= p4trminals — A por+ Circuids
)
I 12
! % 2 bronches
B -VQ = 4 seaminals T 2pord  circuids
muport Cirtuis
S ‘B
I P .
. 3 branches
be = adwminale 7 port Ciwits
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girchof{'s Laws

L) Eirthof{'s  Current Law C(kCL)

printiple - conservation Of charge
ol g \
Z i[ = Z if_
r=1 L=\
. — \ 4
Endering

Leaving chatge per sec
charge per sec

= All en-ie_n“ng currents sum 10 2ero

Siilarly  summation of all lQowhg currents =0

2.) kirchof{'s voltage Llaw

( eVL)
pr inciple @ Conservation

of energy

WA= A = qAaVItqAV2 tGAV3 =0

> number 0f the bonthes in 4he loop
o 3
LN 2 AVe:=0

LobranCh ingex

in +he 100p
¥ volHoge drops  auross o toop is equol fo 2er0
T *\/x Vx= 2
AV _ -
- 7 | #Vx =0 4heén Vg=-1 W
\
|
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- I ézv \dealized  Circur+  Models  do nOt  cover +hi§
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{
wenlizad mooels
AA 1)2A

do not apply
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Passive  and  Active  (OmpON@n-<
— Active  (OmDON2N+S (voitage Sourees, Currend Sourcu\
Compon@nis  procedure  net  entrgy
_ Passive  components  d0 not prowcue  net energy Lresistor)
Vi) = R .i(4)
PC4) = V) i) %

+
w4) = jpc ) dt
-

pe) = (i) e
{or resistor

so ptyyo v+ (if gyo0)

WY - = +§ Pelz)dT HO s We H)-Enargj ahsorbed bg a re;u-ror;
S § s always  positive
pOSHIve funciion (250)
Then e (t) 50 Nt e if Omponeat s pogsive

Copaci4ors howe prt) which can be poSiHive or megaﬂve
Pe (1) = Vet) ic (4)

fe 1)

&
~l— TG

//// i/ \ >

/ %_«,__——— PC1YCO  Copoody ole,.liv-Lr& enugy outside the werl

PC)S0
Copacitor s absorbing pOwer \ike a  registor v=ve (1)
We 4) = +ch(Z‘)dt - Yo VD gondat - Sc.u..clUL

- ke arc

V:V(('OO)
2 U=ve () . 2 :
=Y = ‘i‘ Cv) YOy Terefore; copacior s
u:v{[—w) pagsive  ¢omponén+t

.(bg ioking  VetD-0 o4 m(‘:‘nH}))



Oraph  Theoratical  Methods  {or Cirtuit  Analysic

e C conalitions :
A W
Y A= Al Ohm's law  equodions, Hhot 15 Aerminad
Sv
W Zan bk equations for resistor, 4o be sairsfied
o fx
b i ‘L
- 2 Vx=ix-R

- 4 equodionS for cegistors

1. ECL (36 many of +hem
Lequation  for ~votage source

=nodes)
3. kVL (LOOpS — 3)

Incidence Matrix -

Groph =)
A C Ag = As|4 + 0 © o
2o =\ 4 A (&)
Mesh 5 c2*lo o o -t |
Loop ! ‘ D3)-! O =\ o -1
. D
Directea graph branches = + 2 3 % 5
Mesh  Modrix
X 2 3 4
Mo = My --\ { \ o (6}
M2 | o o) -1 4 1 Mg
M| A o A1
Mesh  Equoation  in Matrix  form
Let Vi Vo ... Vs he branth onagcs
¥id= 7 Va
iq > ’
To sotisfy ZVL./
Ma X |vi| =0
* v
L i5 vy
7 - e va
Vg
Then =\ A I o © \Vf«
0 s S Y2
LA vy | =0 M= | —4 A A 5 O
=\ A g U oA \ )
g 4
VS O O "‘ A 4

Reduced mesh mortri X
(Only wride equotions for  fnner meshes )



S4eps for mesh analysis;
I-Wride  reduced mesh motrix ond  form gyl constrants -

M Nz D) V=1 J = Ji
Vo jl
3
V3 Ja
Va Js
Vs
bronch vOH&gt branth currend vecHor
vl (tor
2. ntroduce  meSh currends  Ciaci2, . .. Yand express bpranch currents
via mesh currend g
e Ja
Js M
Ja
d&;”l\
Jas= 1 N 7
J3: lq-il .
Ja= '2 J= M7
Jg = 12 [_—( 0 \'4
A o V2
( ~1
0 i
L o
3. Write  “4ermina | eqummns
Vs R-J +Ve Vi= 5 V
N2 = Jg - |
\/3 £ dg -2
V4§ - JA'
VS = J5'2
V=0 © o 0 o [|¥ Fos
0 A O O Q||
0 O 2 O o (|da | + |0
0 O O [ O Ja 0
o o0 O o 25! L 0]
R esistonce matri x vol'rage SOUr@ vector
V- MVv=0
2. JeuT i
8- V= R4 s

-nq_



In mesh analysic, mesh wCurrents (1) aré  unkNOWNS
combine 2 and 3 and et
Ve RMTE 4 Vs

Then  muldiply  from  lef+ by M

0= Mv = (MaMD I + pyvs 5 (meMTi= —bys
T i lo o]
!\_)\_g'\:\ = \ ! ! O (@] T O :{ 3 -
0 0 =4 1 1 3 =9 -9 g
o |
| O 2
B\LS:K—S} (MQmT') i«l;~Mvs$ ;[3 ,1‘}[;1]:{5]
0 2 2 s5{linl lo

= A {5 2H5] __[ 2514
{(1] g 2 9 0 10/11

\
mesh Currends (unknowns)
J= MT 3 Ve RJ+ Vs
KIONCH  currents bronch vo\—rages
EX " \22 VS
(B
Ry l La ki X
- M= [—‘ A A 0o 0
0 0 k| A 1
2.d=MT i mosh current  unkhown S
A 0 o} 9 0O J1 0
3~ i Ridd Vg=leix =v Ji Volo r2 © 0 o J3a 0
i (W] (v} Ly 0 o6 e
Vi=1242 o, 0 0 ouv jjz 83
Vi = R3Js 3 0O O 0 o Js D
\Naq = Vs _?: 2 Vg



Node Analg&is

s AN AN )
I :
¥ 7 2.0
§ ] 2 source tranS{formation " (- 3.4 M
5
, | |
(same  example usecl for mesh analysis) Solve +his using node analysis

2. Wride ¥cL's for every node

Al W] = 04+t v 2 x0T 2T
| da - o o 0 -t 1 ||d 0

&)3 A -4 -y 0 -\ dJ3 0
Ja InAclLNee moArix j"
Js 5

| AP
Voo O] . '{O]
Ja

pecducod incidence motr) x 3;

3. Introcduce Node voltoge ¢ Cov's)
CAssumg G s o+ OV level.
G s ground assigh  ea, g VOIS wrd ground +o each node

V) =1  @Q €Al = | =2La
vzl = V= Ale =) 1 o0 LJ ea
V3 ) { 0 ¢ A
V4 (S en-28
Vs 0 1 ep

fode 6V s

N :[o o o o o J[w] 4+[s
Ja o ‘tha o0 0 0 V2 0
Ja o 0 tan 0 O V3 0
Ja 0 o 0O ‘a0 Vi 0
| ds } Lo o 0 O Yaa | | vg &)

AJ =0 letl) _s \i‘-éT% ——-B;J“@Y'*J_S
Ly e 'node voltages
= =
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= AGV +
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i v=ATe
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(e}
f
-
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C.
w

J s wWe get node

vOHages

Duah‘w »(Dual componen-s, dual variables, dual circwits)
Dual Variables ()

 J—

i

)‘\
\
A
—_— N
A
q —y ¢ = _(‘lu*
A
g —n 4
bual  Componends : \._;siemens,mho
~
Resistor (R ) Resictor (2 U , _‘? )
ie. 2 0 - Ao o
. A A
V=R — \ = O R
Copoacitor s \nductors
(c rarao) (¢ tHenry)
Incluctor Capocitor
( L Henry) (L farads)
Other  Dual wvaiiables

n0cke —3 mish

outtr mesh — reference node / ground node
cutset s loop

Dual  Circuits o

+ Va2 _ _
Ra

V+ '3 AL i A

A [

- VS — /s o 5008(24) A

| ) /

a=5_0 Ry — 24
Ra = A0 L

4
P2 5 R
Vs — T

Ji = QA
-10~-

Vs = §cosfad) v
l_(.\ V‘Az 3\/ -H'\Q,n



—s outtr mesh dots

Duad -Graph

¥ Drow 4he cicui4
And replace  every branch of the
PD°  clockwise rotation o find dual graph cdirections
in bedween 2 clods (tw0 meshes)

dual  Ceut width o duad comn ponen-

Rvery branth s
pind a dual branth for every broneh

Vsm? 2, IS
BT

=

vsld) = 2¢e0st = ton n(13)
c= \0 ,AF Bi e 18500
13 0-Ye 24 R(4) = 2 +cost
Duod  Ciccuiy
-w‘&nh(Vz)
Ll " 7 Roresistance
: — 1V
2w0st A 40/"") \ é:& onauctance
' U, siemens; mh o

CGustotr BaC) =(2 veast )

—AA —



Classificotion 0 Cicuits
¥ Qosistive (uemoryless) / Dynamics
Linear /Non _linea
Time  invariond /+ime -varying
Possive sActive |
Generaliztd  Rranch -
ror Giroph theoratical

Mode/Mesh analysis ,we may need 10 form generalied
brancheg -

M I [ T.+71,
L C17

Sole A4his u&t‘Qg noge ana@rr_g

Jole “his usxhg AN cmalysis
A

B
A=b Let's  appl ocle o ¢ +0 A
s apply n atyss .
c
5V \
. A =0
la 4+ o o o fu ] =0
Ja
0 -\ \ A 0
J3
Jds |
Jr= 6V +Js
Jy = vall Ji «@n be an\y scolor-
Ji = Va/2
\)Q:V%I{

ds = Vs /4



Greneralized  branch
Node Analysis

!

Vs
Vs

Q. branch generali2ecl branth
W we ue gentialtwd  branch; +hen giaph  hecomes |

{ | \ OIJQ :‘o
S 6 o -1 1)l 0

1 Ja
Js
" J ] » 0 o ollw] [ -857 sinte Jdi= -5
A0
J3 = o U2 0 (0] V3 +
Je o 0 A O] Ve 0
| d§ | o O o 1]lvs 0

Megh Anwams

—— A relotion  beqween  Ji and Vi
JA
Is A
Jy
T +
S Nd-Ts Wiz RE Jy=T5) = B -0 Is
I¢ TR VA equart ion qxpreggt‘ng Vi in H4trms 0 J4

T Qllagen‘s Theorem

- termd .#0o{ branches
Groph

—13-



Form 2

\ 4
3
5
crent o circwit 2
\?\g, y .5,,' broanth variableg
Hbroncnes #branche s
Vede = 2 Vede:=O Note : Graphs 04 crtuids are iden-ical
bed s
Circut L Crewit 2
AJ):=0 Ad -0 Nod2 anauysis
V= ATe J=AT e for 2 chits
ftoranche T A
ZVLJ\L:VTjr(ATQ)J: QT(E\J).—;D
k=t [ s . Bl
l 0
) n
[vi va vy..vwd[dr] = 2 wde
Ja Lt
o3
JN
1- J(bronth (urrents) are in  +he  nulspoce of A
A X=0
of AT

V s +he

3. range Space
of column space

A_[CCi €2 ... cnJ
vectors are fn orthogonad  spaces of A matti X

3. S J ond v
Applicalion CAlso reladed +he concept of rec.i’pfou‘*fﬂ)

Tellegen 's +heptem

12
i : _—
4\(\, i 7T + Ciccui+ L C‘nlrtu1+ Z
4 R=Va Q=40 -9
- Vi=4\V 'GA = 6V
A
FeSisHOrs gb{yfn\q Ohm's Louw =14 A = 1,2 A
A
\A)_ = 4A



N A A A
- _\!TQ:O ——— !?-.VKJ&JEZO Q—YT'gzo__; ZVK—‘JZ:’;O

N A A A N A
N -3\+V1'Jz + 2 Vede =0 Widt +Vade + 2 Vede =0
4V =\2A WV _:;2_ €=3 AV LA e 3
Ra
A A
A 4 (-1.2) + V2 b4 ZReJede=0
A N-2 2 2

- - 6("3*\’1\2»l + 2 Redede =0

Linear T;me»vaflg Resistante  Cveuits

\ '3 -

Some speciod caseS have impoftant consequences

1) Linearity LR E = yid)

X4(+) @34(*) L % Xz(ﬂ'g =Ya(4)
RGO I Yald) Y2 ()

2) L EORXILﬁ)?S:dH((H Lineor jas-mm

Question L§O§ should be 0O (Since LEX«(’%)—X\C-&)i:\9‘(—1)'\94(1).&0

ResistorS . + \g If Vv=R1{ (Ohm's Law)
V 2R Vi
3 R
1
5
+ ND /

Diode ! noninelr  componen

-\ &=



9 _ Time Invarwmounce

L pesistance value is not (OnRStan+
T2 + IS 4l varying

Q(‘D te
Ve (4) = 2(4) Te t4)

LTI Resis4or V)= L iC4) Y+ 2 : constan+

Combinationa | Sources ond Reswsdors ( Circuld Simplc{'rca-non)

Series «Ombinadion of resistors

N I fis proport
\ it 4,22
; b‘l" : _lezbz T a0 Wi
+ V. -

|

T kg

V=Va4Vz by pvi
= IQA‘HQZ Vv
= 10 Ru4R2)

\IO\'HIQQ Sources

Va ”(-t ¥ VUx=VitVa w & K

Vi

Parallel  (ombinodions
V&

a i - WM AVA'S

|

\

|

1

’ ‘
©) V X ® i
+hen VK= iy (_l__+_k_\

Current  Sources (pacallel)

R4 ¥ +
= 514152
T Is2 . N Y , V%

oy e

~




Source  Trang formnation

o ae T
VS
for 457 cirewid 3 -VUx +Rix 4Vs = 0 vl
v = Vx-Vs = l’i —_\Q
R k. R

equality
gor 2™ Cireuis

ixs V¥JR -Vs R

% j_fcu) + fet)= € gver)
at
T ve ()
i ()
t cﬂ}z \
\ \(-ﬂ/')_ icl4) = 1) . ¢ Ve L4)
V() T_ “ o t

V=)
____J | JR

N = 3¢ Vet

d+ v+) ]"2C
Ex: (Source <ronsjorma-ion)

|

| R3 ‘ ‘.\‘P.q

b w (@ | W) R 2+

', B D A L ? )

\ t ! —

. | wy ¥s 4s) aA//ﬂz//Es)

| \ . i gy =

. Vs[ey ey Spa \DJIs

|

RA . | R
\

=G =
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Nodes— Mech Analysis
Node Ana\:,}s.'s

RE

%OWH

S4eps * . Seleed a  Dotum ( Ground) node

¥ wecL o+ A - — Ts¢+ A 4 ta-2g -0
R Ra
KCL ot eg: te-ta , LB , 28-0C _Q
Ra k3 Rallks
KeL a+% &Z¢* Is5g # Cc-L06 =0
Ra/IR 5
e+ 2 /R %) A <.
“.lﬂl '/22f1/23+l/’24+l/25 —4/24-1’0_5 e ge==: @)
Q —re-t[R s R4 +1/ps le =g,
Nocle Analys s with Voltoge Sourcef
Vs A s "
Ra R3 Rs
VAN Ra e Is
KL @ ea @ &A 4 QA-VS 4 eA-C8 - O can pind ea and ep
R £y R3
@ e : e -0A + LB _':[5;-0
. o pcL @ ea: ta-tc | oom ea-8 _ o
0c Ui L Ps : R fe k3
B . kel (@ Qg eB-0A L @b _ Ts=0
, . ket @ ect ix+ e-2A 20
{ , 2
. 4 oquotions, 4 unknowns
Zﬁu,te\, e¢; 'lx'g Rc=Vs (=)

2. Assign node voltage varfables to +he remaining nocles

S.write eCL ot every noge and JSolve for node voltages




o s eatuse  MS2

LA
R Ix
Ra Ra 1) T
5
L @ ea: 2A _ Ts+Ix=0 2 equations
R3
2 unkndwns
@QA‘\’VS?,; QA +Vs2 & CAtVS2 _Tx=0
R2 £
% A e
o - Lo

(B3

kCL @ex; Ts+ Q% 4 @%-Vs2  ex-VS2Z o
Bs e 22

(_J_+_l_ +‘_) 2x =(VS'L + VL2 —Is}
Re Rz R3 L1 R2

VS fRu #VS2fp, ~TS

=

2 2QuUOHONS, 2 unkhown S

or — YW —&)

vsa (E e
QX

VS22

Suptrnode ;

0pavsE ST

Supernodle CAlwayS contiun O voligge
source)




oA _Ts + LA +VS2Z + CA+VS2-NSt _ (9
23 ?7_ K.

kel @ Supernode

Ts- Vs2/R2 4+ (-Vs2 +Vsi) /R0
Yo + YRy +Y/R3

A =

withowt a Super-noQle

Ayl eAHIS 11X V5L (LA PeL @QA: on _Ts Hixsh
R3
Vs, IS .
(@ea+vsy = eATVS2-VsI _jx 4 eAWSE O
R R2
{ 2 equations , 2 unkNowNSs

Node Analgs(s
Select o ground node

Assign node vol+ages
write ecL equations o+ nodes (except 9r0und)

—_— e e e e e e e —

} eapv 00
£ %L_@,_,f: | Supernode
| AVAS /
, [
|

—_— e e e - -

Mesh Ana\\g&«‘ S
R+
A MA—

R4

Assign  mesh curreniS 0 each mesh -
Express branch currnts in 4erms ©f mesh currends . wride L around

wch mesh
Jolve dhe resulting equation  set  por mesh  currents

A+ Ra-ia+230ia-Tg)+ Ri (Ta-ic)=0

Mesh
Mesh 1g 23( I‘BfiA) +Vsg +?~7-C.Ib-—i(_\:0
Mesh ¢ & =VSy +R4(ic=1a) 4Ry Cic-18) =0

=50=



Megh analysis is only applicape to  planar

Crcuids .
Node onalysis is opplicaple 4o all

Mesh 1A 2iA-Vx+2 Lia=-ig)=0 \/X:(ic—ig)4_

Mesh gt 2(ie-1a) 42ip + 4(ig-1)= o:\
Mesh e —V3-t4(!c—i® O icz=SA
by SustrHang S5A for ic, we hve
zfA—MB +2 (ia-1p)=0
VX

Mesh  {a -

Mesh ig*t 4(ig=5) +2Cia-i4) 43ig=0

240 -2 | |in] _ |20

-9 g “5* 20
wle L |8 -a]f20] = L9 -27[4] = [312] A
18 ¥ |49 4|2 ol P | 3

Vx=8V +hen Psa =-8:-5--40 W oabsorbed , 40 W delivered
Since i+ is g Source obsorbld  power is negative

Note on Power Calculotions |,

10+
) P = VIA) T(4)
Vot ;
’ (f P S0  instantoneous power s amorbed at +ime +

((+)
3 R s always absorbing power

V) R

P(-ﬁ (0O ddlivtring énugy 4o Other tomponents g+ 4ime +

@B }

w orbed
—A5W oiﬁx)rtﬂzi l Q4‘A) s
9w absorbed




\/Q_\/WX Mesh 1A @ 12 +b1A =V2A=0
v .
U NMesh  2-fa : —Vaa + 402-ia-3vx) +2(2-ia) =0

Ex

Dequotions, Junknowns

4 12V
_\-
AR A
L //_ ‘ KVL around supermesh
Supermesh +“’ $C3ux= 2T+ 12+ bia-2(2-1A)=0
\on 1A Noﬂ:(Eqn in Mesh M) minus (Eqn in (2—(»&:0
_ esulAS: iA=4A Vx=—4V
— . Wl — —— — .
Ex | JJA ¥vL around ouder mQS'\/
5 par3) (C-ix)45 [ VX +4-—ix> +2(4=ix) =0
= 30 (T ‘
-‘. L ‘i
v %u. '3 5. —ix+5 (ix=—4+4=1x)+2(4-1x)=20
ix =83 A Ux= -8J3 V

|+

\/)(; 2(!}(-4)

This circuit  requireg
inde pendent, one dependent) then  3-2 -1 can be sufficient 4o

3 megh currents, bu+ ft+ has 2 current sourceS .

(one
solve forc mesh currents .

For no0e QnalysiS, same Ccictuit requies 3 nodes and hos no voltage

sourceS | so 3-0" = 3 node equations should be golved Hogether

o LA LCL @ ea !
eh 4 LA-4iX, Qa—l4ixtd) —

GSaix %5& 5 3 i
er @ 4ix,
4ix-CA 4iy 4 (5ix+4-2A) =0

Aix+4=21x ; \‘\x:—lr‘sl 5

a4 AN L0a+4 =0 | (L@ 4ixths
5 < 5
3 : ~(5ix+4-0A) +ix + 4ix+d-tA
: 1
2.32A + 20 -0 IQA;_go/zi/
\5 3 ,

‘22_



Fundomental  loop Medhod @ Similar to graph +heoratical mesh anolysis

(hut nOt equivalen+)

L_Pick o +ree

2_write {un-loop. qns (B V -0)

3_Express branch voldages in Aerms 0f branch cutrends (V= R +Vs )

4_ Use g:gi reladion expressing branch currend in 4ems  of fundamental

loop turrends (co-4ree  curren-s) '

Giraph S Tree 1 Set of connected branches of
‘ /?55& ‘he graph  such Aha+

i_%anches do nol fom a loop

2. Every node i< reached by a tree

3_ Tree (s connected

gL 1
Tree  branch e { 4,5,5% % Every  0-dree branch ond whole —tree
vokes o 100p (fund-loops — Union of
Co-+ret  branches %A,a.s"g 0 single tO-tree ‘branch and +ree)
i \ | ) P
Step 2 ¢ A0 o A { { \va{= [0
0 1 0 : \ l 0 Va 0
[ 3 o]
© 0 1 A 0 ‘ V¢
v et
1 E Vg
Ve |

fundomental |00P

¥ Fundomenta) loop directions are in the Same  dlireetrons with (0 —+ree

Sep 3
1 da - o | o 1‘2
d3 o 0 | K
SL3 L
Js . A 0| fudamendal toop urrents and currents
st s Y0 A1 of co-tree branches

Fundamental  Cut-sed (Similar 4o graph node analysis Cout no+ 2quivalen))
A- Draw  gra.ph
2. Select+ +ree

g A



y_wride ¢CL ot fundameddal cut-set  (§J=0)

4_write branch equetions  (J= GV t1is)
5.Use v= QTo; expressing  branch  voltages in terms of +ree brarch voltages

Fundamental cut-set

Cut -Set :partiions graph indo 2 digjomnt Se+s
1-Should bt cut-se+

o_Should inteisec+ a Single -tree branch

F,Cdf-&—(—{(OO‘F\J(.:O
J
& -1 -1 o) 0 L (@] s 0
J3 o
6 ~A 9] =] o © 1 Ja
Jds
.._.\:"'
1 | J6

¥ Noi  +ha+  4/- sign Of  cut-set S in  the - direction of reloted  Aree

bronth . Tree bronch a\w%s enters 4o + side

g [T\F]
B por the some +ree
Q = (‘FT\l‘]
R QT - [I\F]{—F - F-F=O Telggen's +heorem  for cut-set thm
N ' I
InpuLt (/v Calculations
—Vg 4 R(C=1)+V=0
& ¢ ;
V= Vg + R\
Vg v o 24
VS : ¢
o \
m ¥ what 1S +he mopping
= i)~ bedween i and Vv
\ = ¥ 2 M
' R Q2

-4 -



\ \|
Ex: A yhe® - —— 4
Co
X M-y = % Voo

Leds assume +had

Vs ind  ix in derms O VS

._%_ix >
X »
= NE pivo=(2ix-vs) U3
-7 1) oA s
2. w, .
\ ix= —5.Vs 3
3

So T an ute both inclependent uoltoge source ond independent curren-
ource  for 1=V charocderistic .
Lineartdy © Lineor tomponenis, linear  relodions — tinear systems

i) V) .
t & ey
'S
-VH) b 5 1) Xi4) ——= Y
/l *2(*5 — 32(“)

4 tincar LS X430 | =gt +Yatt)

L ? o ><|(+):§ = Ay (D

. A
Bx : i A~ ot 3 Ijyy.
A i < Lodder Networy
5 SA | X
A
A AL 10
\s

Find ix

so let's apply +he priciple of linearity of $0lIn

Assume  ix= 2 A VE= 94 §f
N

- 95 —



Circuids with  MuHiple Sources
0ANSL | QA=Y gA-VSH _ o

R R2 R3
]xx: QA—V«S‘ 6—\
R3
(.i_Jf_L. +_‘___£_>QA=_\{_~S_} AL AV
R Rz R3 R2R3 R Ra 2R 3

LA can be solved fiom these equations
Soludion by  Superposition Principle  ( Lineariy 2ule)

@ Toke wvg2=0 Vi #0

\ Y s X \
kix Yy A UM v kel _g:\__ + en—kir = €a VsI1 . O
DY R3 2 R2 R3
. 4 R .
Lix A o3 (E) vsa coludjon for vs2 =0

\
- Tx' o LA =VS)H

| g L

A Cow L] U]
reL - @Aa-Lix 2 eA-NS2 A _p
Ra2 R R3
ix" ,Q&“.
Ra

¥ Claim @ ea Lsolution  when Vst +0 Vs2 #0) can be  wrid+en ag
oA = 0A'+ A" cuperposiHion  of Awo posiHions
¥ il QA= LA+ 0A +hen  ix=ik+ix

X Superposition ¢ made eonly for independlent ources -

RA
E% * -F()r V§=0
0 R A _{,\‘S *..QA;AfO\:O
i
vi® A.'o a 2
(_}___ +.._L— ~ A \Q{\:-—IS
R2 Ra R2 2R
Tind gz | | - fhn = L3
TR P .
i
R1 Rz RiR2

-2b-



Ry

RA ;
2 by ¥Vl
Jor  is=0 NS+ 24 lo"= AT 4 B2 to
VS Afo fou: VA
ﬂq-A'f‘R'l
Rz
A N
Ex: = —AAA- A : Find Tx ?
Yix
A0 L AN
A éux.
sV 10V
A. el (4urn Off) 10 V source.
—— ¥} AM——
¥ e AR NP .
L0 Yix | ix = 10 A
L iy \
. L < duth 2
5v } o

B- kil (dum o{f) SV Source.

[ iy=4A +hen VJcllV
1.0 i\\}—_? 1,(: Vd = 10V
+ ly = o A if Vy=10V
1oV Vy 21

s Siy; i S0A

21
ixzixteixd o 60 - 10 A
21 E 2

. Transformers

1t) NNz i2(4) DO1S are reloted 4o how AwrnsS are
e
L* arro,ngld in clockwise , counderclotwis @
T Vati) dire c4100
i

—D_q_



Two port circwit  componen
[wm =_NL] voldoge rodio is directly proportional 4o twrn rod4i0 .

Va(+) N2
ne - o N2furrend ratio  is  inversely  proportional
fa(4) N

\

fransformer  relQ+ions

N1, N2 @ Turn ro4i0 0 +4ransformer

W) T N fi(*\+
+
A(_OS(U)'t) ; B V2 (-—\)

b ———

Power (onsumld by ldeal Trans{former

i) h (1)
\ L

47 el X + S
VAL 4) Transformes vals

Peonsumnta (4) = Val4) {«e(4) +Vo C4) fa ()

Vi l4) 1a (4) + (wm%)(-nm%) O
'y

; — J L =)

Vo (4) 2 (4)

¥ ldead  Transformer O nod  consumt any power

=%
4 S ) _
o Find input reSistance  seen {rom -the
0-b 4erminals
> an -
b o )
18 5
THest

\
|
Vtos+ i) ? Zin
|
1

o ¢

] . l?-m-—\/__*“* =52 n
[RTN JALSt = 4 ‘Ib\_. +3 - 62 Tres+ 44

QIN: Y_'LU_* _
THes+ 28-



A=Y Transformation

N3
N2
k2
VTS Re
QA ‘RQ
N\ (¥d N2
N2
N1
a N
s = QiRo + 2R3+ 2,03 2. BalC
Q2 Ra+la+ Re
Re = ReRo +R1R3+R2R3 Q4 = taRe
Ry Ra+2p vRe
Re = RaRa + ReRz +R2LR2 6s ea 08
Rs Ra+Rp+RC
\

M (R Rgke) & (RuR2,R1) Sotis{y Yhe equodions then A and
are Qqu3v&l€ﬂ+

£

Find i3 in 4ermS Of VS

5

X >|S
A R1
AVAS
2 A Ra
LR &3 L
20
AEN
2RL
Qo 04
QHA - Rz Ra QHE: 2L Q2
R2 4200404 Lo 42 R R4’

o

4 R3

0L 23

2RL R 3

D o = 123
Ra+2RL+R 3

Ra +2¢L+R4~

—9._9—'

Li+204R3

2 +9.Q|.+23‘

N networks



wwe By Ry ¢ [ Caeed) 7/ o 2y )]

\‘S: L/S_
Zin

Thevenin — Norton  Equivalen-s

o Finding Ci-Vv) chatacerictic of a cdireuit
-

, LTI 4
Linear Resisive v (seen {rom  4wO Aeminals)
_|tireuids "
Timne - Invouiont |

|
1
!
|
|
|
|
\
!

V4h - Thevenin  Vol4age
i * £+n : Thevenin  €esistance
- v Vin: Voc  open cicuit volt0ge

—~ R4h = Inpud  reSictance seen from 4wo Atrminals

equivalend Cirtui+ =+havenin equivalen 4
seon from dwo Hrminals

Nordon  Equivalent
\
Tsc :short Circuit  current

-\—
é) L R4h : 4hovenin  resistonce
Tst ‘i Ta-m J

0=

—

NO4L @ If source +ransformaton is oppliedd 4o Thevenin  Equivalent -
—_—
R4 h l Toc = V+h
Vi h .. AN 24n
— Rth

Procedure  for fintting Thevenin Equivalents

Procdure L Fint  Voc
® Tind 2+h — Turn 0LL all Independent Sources and  find

Qw  sen from two terminals
— Turn 0{{ all ndependend ‘soutces , opply  Vsest ond  measur @

T4e8+  4hen Rives Raps st
Ttes+

_30_



Procecure 2 ® Find voc

Find Isc
© Cakulote o by NOC
Tscc
R2
Ex Q
Find an equivalent circuit  for the
Is 2 of aa terminals
MM~ :d
22

Soludion . Apply gource —ransformation

——‘Uﬂ———-uk—.a» Uihs sy
é % R2 Ranz RqtR2423
1;2\

\

— A

Ra

prottdure @D @ Voc =2  (open ciuit  A4erminals)
B g @
R2

Tt
Ts VocsVa-Va' = JsRy
s R

e O

R3

Rin=Ri+R24+R2

23

'RIN}
® Ao
ke ;
l | Taesy Tapcts \Hest
R4 e Ri+R 4R 3
Liv = VASY 9 +Ro 4Ry

Proceciur e @ ® Vot=Tc¢

LHS

©® Tcc = Shor+ Citdi+ Cutrent  (4erminus out $nort —circuited)

-31_



© RB+n: VoC _ RatRotR3 -

Tsc
-
R Isc glowing from o +o o
¥ R4 Tses Te . _M(e2tR) o Ry
g (Jea) + ('/( ﬂzmg)) petlatid
Ry a'

¥ Dependent  sources are pamed Qs sOurces byt we should interpre+ dependent

Sources Os dependent (omponentS bud not gources Suth a5 independint JSources

S0 clo not apply — Sowrce rangformartion
— D0 n04  Awrn 0ff dependent sourced curihg Riv cltulations .

Rermembe H — A resistor with R4 regictonee

= 2a 1 5
2 P2

Ex:
1oV 1) 1A
205
Proceclure 2 VOL" v0c—va—vb
54 Na= 1OV 1o = 10V
10 V'l'z Tm (s+0)n a
N0 = 200 (4+y4_)A
2
J J ' 3
otz =180
3
Vo \
Tsc A0 = — N e by etL: -0 _y.e _ 2
5 A TIsc 5 20 10
L ,
wov (£ o 4L Wy SppalD)\A Vi -0
a
|
-

=Y



Tsc- l0-¢ _ e _ 20-3¢ - —-14 A
g O o |+
Rth = Vot —140/3 _ |30 0
Ise ~tajF 3
130 1R "
3 [, ig = 140/3 for any R
— 40y R (120]2)+ R

Same  Circurt = Apply  Hest voroge medhod  for R4k caleulation -
+ Vi =
(v Aila ?20.0_ 7
0 .+ N +V+e,51a
5. Ttet+ 1\ j(
Ti=0 grounol
ov I404L f Jo T2 T
L-\+ecH
by wCL L LN e-VAMY L VY L
20 2 10 5
L S IRV T LS S U
¢= b Vitst
(3
test = M4 @ = U _ Vdest - 3 yaest
2 20 20 2 130
Ren = Vtegt _ 130 n
T+esk 3

Moximumn  Power Transf{er

) Qa
I aQ R+n
I Vih
'

-3~



o %.2\. RL is moximum

Replace the equivalent crwuid  seen by RL

: MOx power tans{er gquestion : Selpet RL Suth +4ha4 power on

o}
(& ; 2
kb PaL = ToL Ru :(V_“l.\ RL
V4h S RL RiFRAN
8P _ 2 (Q+h+QL)7‘—219.—th+RLWL
‘ £ O —_ Vin [ 4— ]
a ‘SRL (Ran+ L)

(Ran + RL\": 9 ( Ran+) QL
(Rih HLL) = SR Rn tRL 0
Rinh +20=0 Re= 3 Rth -R+h-§ Rz R+h

A4 moximwm  pOwer  Atansfer  condition ;

I
Rtn Vip \ 2 \ -
Pmax = ( 3 Ran- Vin
2 R4n 4R4h

Vih (& TRy =R4n

1

Note :Power delivered  Ru ic ¢qual 40 the power dissipoded Over  @4h
S0 officiency of mox power +rons{er condition s 50 %

ey 7 -7 T = g
E®: o |\ Fin 2 such 4hat  power
| ' o0d s maximized .
2OmA 2l R oL !
! |
‘l
e | g )

) o— =

Thavenin Qquivqlm-i 0.( LHS 0(3 a—a‘

Rah = 4% 0L — for mox poOwer Atansfer
Voc = 40 V bl = R//blkSo R-12v N
Two—Por+ts
\‘4 - 2
VT +\,2 2 port circuid

—_— — \-———""

w3 4=

delvered o



Groal Represent +wo port crcuit with

Ex - U‘ IMo—— MK 2
= R % Ry < 5
A R2 V2

R poromneters

Vll = Titn f11 J [‘
V2 T2l 9 |

Ome - syltem  porameders

S e | [PETOR— |
output /untnowh consider +his Part  input
€y
‘wa— gy s
Vi= i1 + Qg (inxiz)
R%G Ngz {3 Qﬁ + Rq ( i4+\'2)
Qxi-gy Ry h

Vz

Ry Q\WQ% '2

G Onduciance  parmeters

Nt

e

Hgbr(d -1 pOrciMm LA Le S
Vil={ha huo i
{izl [hll hllI[V2l

\_/—;‘,—\_/

)

1)
7=,

Hybrid - XL parome+ers

o] I

hybn'd IT

Tromsgtr parame4irs = ABCD porama'to,rs = ChQun plaramaﬂrﬁ

&W}:{A BHVQ} S
¥ e DI [-Tg —

(ABCD)cascode = CABLD) (ABID)y

¥ ABCD porametus  of the coascode s Hhe

~15~

mottix  muMiplication  of 4wo pords

l&x



i2

) 2%
va i%?m. ‘ %44\. find  2in=?
L-Nrmino'HOr\ an@
"Wl 12 4] Ln]

ixz Vtest
3

iests i+ _ 5 ix=_5 Viest
& 4 12

Rin@ = Vest - 11

{tes+ 5,

v i 12
¥ Letls opply  Viest ond measure  THegd
Viest = /4 . 2000t | gy )5 2
I N 3 2 (

MU E I B

LY [ = Ji 42102

\/1:.2\‘4‘?4\.2
Nz= 12 (si2) = — MLy 2244 40 fy: =1k ia
5 5 )
Wi =3 A= M= e Y91
g
Rin: 19
l 8
T network
gy ya—— Yy — A~ —M-
ex Ry Vit =L C M-
—
Pz M
kA (RSN
R= [RXHZH Ry } fia=ra (T nedwork)
Q& ‘KH+Q%
21 PV

-3b—



Letls go back preavidus problem

(3]

Rin (24 15) 72 +1
Nott © T network requires o gymmetric  Rmatrix

T Ne+wor e

Bar L «
" M ;%ﬂ,\. L + g\'nl: [GH GIL][VJ\‘\
% i Gy G622 JLV2

\VZ | (Gu+(pn.)'()' (Gaz+ Go) U V2

conductanct martiix

( requires symmetric gr_ moLrix)

X l To opply Thevtnin  Equivalent ) all circuit compOnenis in

L Box |2 box 4he port Of -he circwit whose equivalent is  shought
should se  well defined, +hot s dependent soures should

\ have +heir dependent variable broneh in 4 port of
the  ciceuit where Thwenin s shoyght
Similarly the  both sichs of the -rans{ommer should be in +ht some box .

Two POr-s
4 i =3 ak . ‘
v 1 Va \Iod\‘c{f-bv cONATHONS:  Ti= 14
L S - I N——— e i
i 2 1S 1y

Min assumption ®  J h,v“\'a.vzk 4 variable S
2 out of dhese 4 vorigbles are inputs
| Cinclependlend  varieble )
The rest i determined  {rom  the  owtputs (o a function o4 rnputf)

latar mapping 0f inputs

..3:'._



T Parome-ers
0y u

V4 WA R 2 V1 { Iy l: [GH (o1 \\[V%l
\ j\ 2 Gar G2z | V2
I 6r T \_" 62T Vi = GxVy =+ 63 (Va-Va)
iy = GaVa + Oy ( V;_-—V4)

] = {6““6‘\; ‘(‘)3 .] [\/1]
Xill ~ by Gyt6r I LV2

If you want H4o fingl only 622 +hen

22 Gar\a + 22V2 l i2 = O V2
Vi=O
ey b=
l N2 -Rin= Q\y//ﬁz
. 6 (1 ': Vo i’—
\H,Oo
Lﬁf G21-= Qy+6z

for Gu | iz Guva+ Gua V?-i
Vz::D

5\‘« x‘E
AR Qx//EH
v‘ é ‘g’l] 14
\_— Gt = Gx + 6y

for Ore ; N2 By

Y
> 6y
L l‘q:‘(')d Va
a Va2 input 612;—‘ 6y
_l(

In+erconneetion 0L Two-~Poris
 — A 4 R porameters of 4he connecied 9 ports)

YN R-Ra+Rp
\/

‘\\‘\3‘ \13\

~38-



Gi- ba+68

Two-P%oris with Feedblck

{ ek A A :
Rw '
4 1 XU\M, 1A Y
Rx Ry
\/ A Rz \‘ N1
- t | =
‘) \—r‘\——ﬁ ic not validk 2-pord
\)l‘s volick 2-port

TranSformers
! ‘Lul ! AT [ ESU i
v N2 Iy
VA \\ V2 .
v.l :[ NUN2 O ] \Izl
' 0 Na/N1 ~ iy
ABLD  porameters
i '
_\_
Vo Nt
VA zlsh.
I
. . 0 —J + X
\\ | o= T 2 Port ABL , 4hree  4urmihol twp pOrt
Vl\ » Vi




() 104)

2-Por+ Paport = Vil4) it (4) +Va () ia (4)  (AbSOrbect powu)

i,
vil4) V_lH\
- by 4wo por+
=0

P of rdeal transformer s zero (LoSsless component)

QcciprocHU
1§ o 2pord dotrnot  condtin o dependent componend (Souce) ,+hen R &

gy

modrices are  guotanteed o e symmedric  ( Fiasf21, Gy = 9a0)
Undu Ahe some  cOnaiions; (no dependent  Source)
bin = —=hur CSlaw jymma'fr(ﬂ

4] l

12 \ |

| |
=iy sintt Gy,= 0y,
2. 1A 12
¥E o te
Vi
Vi=Vy Sin(t Tag =24 ‘ Vi |2 {ru f12 l {\] I
V2 21 22 12
L
3)
io(‘a

Vi=i2 (numuically ) Sintt hat=-hia

Proof of J¢ cse
Vi =ia |
A A
2Veie = X Vi it (2 por-t Lon-}a\n rQSmmS)

\/AM Ny iy o+ 2 VLiv. = un +Vzn. +23VV_IV_

k=3 ;

{or the pronche S —40-
in 2-port



° o

A / A M«
\}./HV/AZ;_ = i1 +\V2i12

:\/\('io) +(—(z)l‘0 5 \;\(:ii'
Coleulate Ry
.n.
us 0.6 is
\A = 0. 3'S
1‘ _le 1‘1
) \‘Z_: 0-2‘5
w2 DS L 0.5
" ‘ A
Vx=Vy from reciprotity (0 i = R Re= 1000 245
12
2PS I 5 10-) Wwl=[2 6][“] W\ 12
Va 6 10l + T

6 L.

Il

g

2-.{9 3\
8 10

-



ngmﬁrit Circuids
o Ry=R2 5

21 R Rz =Ré&

Rin

v

\IK& \], o \Hest | buo 40 gymme-iry W =—Nx,

wewzg S0 symmeit oxis  hos OV pokntia
oV

due 10 Symmﬁty
“\4est[2 C%‘

Bs
Rin- VALY _ 9 (2 /70,) sinee fg= - VHest
oy B R2 S 2 L1//02)
2 S \

_VHLSt 2

b A —— M W—
' AN reSistore are L

26V

[ e
<

Find \;9

Vg VA




&.n.‘_ \av \= AL j%‘&-ﬂ-

Al TRSi0IS are 4 L Fing 1=7
TN reciprociol
bk i v 1

2\ T22

SymmeAtic  exci ot ion anti-Symmeric @At IoCTion

i= iAtig (h"l;wri'ly ruw)
2 ‘=0

|
56/1)

—
Ly .
b 1 5 L
iz 24/ J’;__
|
\ f i&
o 1A Y UH?ULJL
S
(g =2/9 -
T=iatig
Diodes = Nonlingor 2esistors ﬁ 4
Current controled  comporent Ve £) o

\Nottoge  controlled  componend e L0ve) |
‘ —43-



. Current controlled: every current valut ,+here s a volage
value .
) el )
Us €4 Ve (4
2 .

3 =
Ve
MZ Both current and wvohage @ntrolled
A ‘
AVD
Neher current  nOr  vorage controlled
ip NontingoLr bt
Vo
Operation  Regions °
v
o # — (pOsiive pumber, 0) Lor ded diode
ON .
T A OFF 5 Ip=0
Vp
- ON — Vb =0
Vel
(O,nego-live r\umb(f)
OFF _» ip=0 _yi_b_l ON —3 Vp=0
providtel Hhot WSO OFF © Tup  providtd that BY0  ON §ip b
Ex: N Assume  OFF
9.0 A /
Np=-1 <O
3V AL

correct Qg ssumption

ASsume  ON/
iD ib=-3/2 <0 Wrong 0ssumnption |

_44__



Series and porallel  (orbination

J ﬂ (‘\)\,;\'\lﬁ)
V=Vr+Vz N .Fl(ﬂ
% \b = ‘(j (l\
= Vg - Ly O - -~ {ul)
n
.\. |

¢

l
graphs are  odded vertically

i T (OhS‘TtO,\‘n'I& \I:VQL‘VQ i:\'q +)‘Q
L2
o \
2
Va 2 ]
v |
- - = 12 —3 i
3 =t |
il:\?z(\h\ iq:g,(VA)
Graphs ore ooldect  horf2oatolly T=it4ie
LY _.Ww
Note : From thege 2 graphg , +his |
9_ ]
& porallel combination -V 1S . S V
2
calculate d b\y vuﬂ(ally adduyy -he grapb
X 5 ) > 3Ry
k™ = i3 Qdiode. o Vs " 1 ’é
Ry Ry
% ‘ll X A
N, \s + Nl g3 v
' Va2 2 1y [=1a3)
Diodes are idod Rs & D3
22 & D2 comb . »
VZ ﬂl 4\“
A
i_z =1 ioz) | s VA
Y |
— D ON
D2 D3 OFF
. combine al) . )

A :V),:Va = \'%

- (St broneh

@, . nch Y 2" pronch
g oo 45—



\
o .
Ex:

.
1X | n n
S | " %‘ Thovenih  bQuivalent o +re
. n
oA \ 10 20 | - 4V LHS of a-a
ST ]
|
So lets find j-v choratterisyic of RHS of a»a‘
5 N "7{!'2.0\’)
T 'y 2 " 4
2 A { v s s (15V)
v 4 !
2 .o
' -1 2V I 4V > lay 02
v
(Ja+iz)Vv
8‘ A\l \) )
% Qperai“ng poin t ((NL,\IN\_\ S ( VA, cw)
R . X
A 2
3
3
J\)L
40 iNL o
z -8 +4int +VNL=0
8\ D VAL | VUNL = - 4lNL

Bilodurad  Comnponen +
Simple LTI reststore ore bilatrod . That s
4 same -V ChOraeteristic

) ) 50 if you chenge Q= -
T .
\f’ik—‘— % vz=1R V- -V

In  other woerdf; woth

£oyou {lip the  registor syou get

i-v anotk (-1)-(-Vv) shouwd

he on e i-v
characitrisiics £or bila4rod  comporent

—4 b~



liv) Ae So; bilatral compontnis hol Symmetry 0wrosS the origin

(=y-v)

Practical  Dody
Vo
D PR js(lb T’\\

1/& t sractical qiody

VD

in E—
%L practicad oliode
VD 0.3V
D3IV

sl regist0r
0.7V

(M +\11V‘)
—> Hlvf

Another practical cliodg

—1

Ex 12 -_;; - for 2™ ana 3 Wonches
o h &
_\.
Vv Va 2N . Na /—)(illvl)
N - = Vv
l{‘d 3\‘6
V M~
A
Q .
== 2 > \3=ip
-1
Scjn*fhuis
DeSign O one port  with R's and independendt urdS ond  ideak  cliodes
suth  +hat wm hove e cusired -\ ChOJOC'fU‘tis-f res

~43-



e

{ ideal Oliodld
R 2
L& 2 are wnnected in seriel . pourtied gonmcwd

- s

® 4

]

v, ;%‘.d ] is fE i

Vv @ @

=3

tonnected  in parallel

@ 3
)
+ \,:
1200, ik
\V v
v
34
Dioow Applicotion § | . \

c
Holp - Wowe  rectifier 1 v
R vout
| Vscoswt -

-48_




Full wowe recfif i’ \ OML_Q

M T
\ | \ )

Vseosw+ ' ,’\ L

’ Vin( 1)

Ex: g = %o,os Ve | Ve %0
0 , VR<O
+ Find Thevenin equivalent angl then
W bk solve  for ig using food lines O
-\l Rin  algubraicly -

A
Thovenin equivaent ! 319

Sv
\
I ¢ |

A \gwrou‘ ¢ ne-thod

IR =
wL -5+ 139 ie +Vp =0
\2/9 0y + 139
Led's OsSsumng Ve 0
~5413)9 (0.08Ve?) +Ve =0
R = E 4 .20V, a negoivt humber ‘% ‘

ve=-4.,2) V is a sQlution
i = DO {4,923}

Load line MethOd:

—54(3)9) ie v =0 20quotions, 2 unknowns
5\1@5 ey m'tm e = % 0,03 ng , Wey,0
\ : ) 0 Ve €O
. . |

/i3 opuating point load line  fechnigue
Ve

-49-



Small -Signal  Analysis

}—\:sc:\ ® g Vih i a DC voltage

winA) v
Covan @
\

_— L e e

vs(4) 15 o Yt function

W astume  thast  Vany)Vs(A) vt
A0 +Vs ()

N m—eaoa. VA= 10V ;5 VE[4) = 0.1 500 (W)

‘;-I

As ' previout probitm ,
INL

solution (@ t=!

NN L

(SINCL Vin chOnges over 4 )

solution is surtly Tt Anis segment
approximation ©f  NL componin arouncl  BC operating point

I-Find DL optraiing point
2. Express  Toylor series expansion of NU fuacdion around- DL operating poit

oand 4qie 4he  linear At Only
3. Using +he slope in e Toylor Series expansian ,finct +he solution for al+ernat

cdrnpONeN + .

20 ¢
BE 2 Al — INL 2
é -" \‘NL(“\; NNL VNL),O = .(‘(VNL\

: o) = S £ (4o
L (1) = [ (unb >k-o T S e 1

2 :
£l < Ve = % U4 2 (=) ¢ E”-.l_ (wui=1)"  axpansion around Vo= 4
1" .

T .
44 & (uue-) + _f’rT (vuL=2)  expansion around Ve=2-
3 2%
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4_Find

6L

\_b\),_,_ .
D operoting  point ot

: v
ok gor DU operading poOIN | i

O.AsInW

av

2 - Thepn
wWwi= L
4

WL

6L INL
_\,
VN -

-2 +60INL HVNL = O \/NLz:jNL for VNL),O
NNL = 3',2 3 ’3’3} -(‘0“ VL % 0
Yhen  VUnL= V2 i3 ke Solutien

expnd  nonlinearity oround  Ve=ij2 (DL operting porM\
2
4 L (unL-12) 4 2 (=t 2)
Al 2\

2
—>N N\

_\,VN\.

Then , sl signau model |
b..fL N \
‘ y ok oL v -( (\]0\ = .Q-VOL = 4 i’
Sl /9 smal) Vo=ti2
sraal signad  condu ttion  porameter
e o - VR = g (0.Ushod)
A 1 Vs (4
. e VNL(4) = 12+ Yoy Thwt o> soludion dut 4o arena
J inpu+t
bCoperading point
Opurational  Amplifier T\/Ou'f
Ve = Esad Esbt |- —
N #
f \Nou t ~Eot/A : a2 =V
! Esot
V= Vil
—Esat
ldeal  Op-Amp ModLl A=00 .o
Vout + t
Esc\J__!’ +oiura Ho) [Q"\ =0 ; routs= 0]
a-‘)—.—‘ - Esat
~SOrtur 0 Hon In \iear region ; Vp=0, V4+=V- and  Nout|<Eswt
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Inver+ing  Amplifier
AsSume tha+ Op-Amp s in

i Ra
y line@e region. Vout= ?
R — Vou+t
Vs ig= V(-0 Veg =is B2 - R2 Vg
R g4
Vout = 0-Vea = ':%E. VS
]
Vour - _ @2 inver4ing (p2ypy =)
V§ 21

[Voutl { Fsat 22

The onolysis (Vout) is cotrect [
4

(Volictity conaition)

NON iy +ing Amplifier
ASsug thadt jdeal Op-Amp  in linLQr region

vs$ 0A
Vou Fing vout
Vs
VS - veVout o youts RiHRa oy
A R2 P
nONWEHING O plif fer
Improved  mooled
Nout
oA
_;
I Esot | _
\ Rin- 00 rg=0 A
+ . ~Fos |
A _ Y\ SNg-Va
4 Y ST
0 A
-~} — Exot

Einite gcun CAY mode |

A: open loop goun
|nvu'+h9 Amplif rer A-Assume  Op-Amp  in linear region

e

S——'S § o1
Ve 3

R4

Pl
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VS+Vd . - Vd-AVd
R R2

(RAA*R?.*P-'\V,A: —RaVs 3

Yout= AVd - — ARz Vg
R1A+EATR2
or A= o0 Nou+r — Rz
R4

Vs

Ra2Vs+R2Vd = - UiVa -1 AVd

= R

Vs =8 Vg
QaA+RI+R2

in lintour regfon

(o5 previoutly founcl)

Liner region assumption is vold .

Noust | ¢Esat —» |\I!n‘< Ra +1+MYRY  Eeat
AR
Vout
+Ent I Ux = MlAtH+R2 £cq ¢
' AR
& ! 4\Ix _SNIg
.\]x‘ i
=% Ra(A+)+R2
2. Assune  —Ecot
Vour = — Esat —
Lo ez ies O A Esat _
Val Valdiy conglition  Va ¢ —Esat  EsetA /L s
: A | Esot A
1+ Bt
Ry
R4 Assumg - Esat
- —\ou+t
v l———/
\IS’(QQ :.-’Vd
R4+ R2
Vae MOSHEsaD ¢

- So

24 (Vs + Esat)

vy <-Esat
Ra+R2 n

-Eaot region s volvd

LieR2

when  Vd (-—gﬁ_‘f_

=

AR (VS HE ) —A t21+22) Vs ¢ = (R1+R2) B0
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Wy Bsatihortal inliBiat . Vgy RUG4A) 4R Bsa+  Vout= - Espd if conaition TS Sorhisfi

AR Aty
Vout
HEsot Esat Transfer (npud -outpud) choracteristic

¥ -y B
=g
e ~Ela+

Further improvid  mode |

1#0
dypicad volues:  Rin: finidt (o finite  A:finite
TP N M Ohm (10-10040)  (0°
LineQur ug»‘on -

(o
O WVout

R - Asurye heor (Ringro; A s Qinitt) and
It ¢ Esat

24 A
] a vout
¥
V¢
L 5vd
"/\ B /A

For no 100d Condlition that at the
vout output of Op-Amp -thure s
Nothing connected
Then  Twood =0

Ra

write L ot =Va node sowve for g, Vout
at  Vout node
vout = —A +M]R2 AV *
%(wﬁ»@%)»{(ﬂ_ﬁ*muy % %"z
\In (%) as A-—séo Vout = -%__1;. NS, Vout= =i 0y A fihite V
(r0=0; Rin—-X) resutd for 1St Mooe) %—‘,‘_(\’LM” Cresul+ £or 27 pode!)
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So if Ry, R2 in Ahe invirting amplifier %thlz.z > fo
+hen {L.,alg < Rin

Optrational  Amplifier  Ap pheations
Atsume linear tegin for Op-Amp and foke A->eo° L0 dhe jdeal Op -Amp moddel
in the following CirtuidS . '

- Surner  Amplifier -
v R‘
A OVJ\ SVout = —f2 vy o fe v o R (a +Va)
V:\ Vy
2. Diffurunce Ay plif Ter
Ry rew at A
vout YAV . Va-Vout -0
By %3
Voute (R1422)Va-Ravs
R
= (lprRe) R4y, _ Ry, = Nout
21 R3+R 4 R
3-\nigrator  Amplifier
etd) € _—
+ fey= ¢ slvett)
vetd) at

i

ie(H)= VS/R
Ne () =-Vou+t 4 Vsl o ¢ & (-Vout)
R at
4 vour (1) = — L sty
_C

a+t
N \n4egrate  this equotion 4o find Vout

- Assume Ve(o™) =Vo 15 given

4 voul(Hd+- _ 1 +5Vs(z)d"( 5 oul4) Vou-&(o -1 S;(t)c\?
ot RC RC

ol
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+ -
Vout (1) - Jout( 07) - E% fwma @ Vout (0-) = = Veap (07) = Vo .
0

9 _ An initial condition s rgt provided  Veap (-x)=0V

+
Indegrat e Voutld) 2voyu+ <o) _ L +S Vs (A T = =1 j\'s(ﬂdf
RC zc
between (-o0) ana () 0 —x - -2
4_Differentiator
/-»\Isﬁ')

fett)= € dVeld)

- R
mﬁ_\c\ m Eaatl
- sout
ve(R) ‘?> Vou+ = —Ricl4) = = C P‘d_\’_%ﬁ__)

out (4= —RC d VeA)
ot

Node Anolysic  with  Op-Amps
lmportand  notts ¥ Never write @ Lel equation at the output 04 dhe Op-Amp
iou+(+)-,0p~Amp‘s output currdnd S an unknown . SO KCL a4 Vout con' 4+ be woritte

i«
L B LineCwr  20gidn  A—> o
L vout
B = b

2. If A is finite and re S given
LCL ot output con be wri+ten

6L 2 .
EXx : ‘ Rin; roe )A\/d ngﬂ
: vout
b 5 Find Vout.odsume in lineor region (A=
Vg 6d-¢ Ngt) Vout
60 L kel @ V- = Y8 4 -Vt -
6 92
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LeL a4 V4, L o4 V9M=0 0= VG /2 vout (t)= /3 \g&)
. 6

Ex -
VoLt
448 Voof T : & 4 e-Vout -0 e=-_23_ Vout
® f 5 R4 R3+R4
wew @ Voop I -V L . Vout -0 vout= - psR 2 (R3+2a)VH
! ke Zs [EL(R3+14\+Q325]RU

For +me Some  problem  find  input range  tin vol4s) so tho+ both Op-Amp 3
gquarontted 40 be in linear regon

Op-Amp 1 lowr . 1o} < Esat M‘(V]numbw.
Op-Amp I  Lneac  Ivout | Esat tal <X

That intusection of two indervals gies me the input range . Al Cimin (X, )

Ex: 208 , 40 |

Y l‘-—%-é-\ﬁ N0
t_\_ = Ba . L 15)40 0 othurwiSe
e —X 3 ‘ 1) 0.15 cos (6+4)
3l 950
. . :
) 3 | , e S/L, =
HLS(+ oW - -
4 \ -\-V _%,(4-“53&\) \ 6.40.225086
| I + —wst4) 31 +N =0
N v=—6.8V
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AL componend is sufgiciently small in comparison +he DC components
6  ~n30

YL
0215

| P
- TN 2, Slope = 2/3 ‘
4 UL y= a2y (x-8) ego of this I
6V VL 3 ¢ ‘ u¥
- N = {+Q[\3(VNL"8)

A
3 INL h &
ot = |+ 23 (VL -

e " ivL ,A/J n-3)

UL + _9_‘&.

022 5cosbH(E) -

3

VL 4/°\

St
—3 , NNL > 0215 cosbt
v () O + J% 3 3
82 . T I
. @g X D el £ Gen
22 5Cosh{E) \ 3V o.iisambfL slopt ot operadhg pOint

A ~ A
Dl o
_ NUNL = VUL + VL

Op-Amps with nponlintae  Components

huL s Assume  Op-Amp in +Sa+t
—ﬁ . vout= Esa+ VNL=V_~-Esat s Nl {~Esat
N i—b—ﬁvom Vay0  —V_H0 V-<O0 _5Vin<O
vin
- L Assunt  ~Egod |

Vout = —Esat UL =Vo—(-Est)y VnLYEsat

Vd <O v50 . vinH0
Assune  linea™  region |

~Esa+ <Vout ¢ Esat NNL = Vo=Vout — - Esat < VL < Esad

Va=O 5 Vo=0 Vin=0

AV/N |

= SO

_t_
R o) Fint I V& Via (inpus  charaicder s+ic)
Vip o—54— . :
T Vout b) Fnd Vout ys Vin (trongfor characHerist c)
1L _Op-Amp in +Sot 4 .
. UvL<=Esa+ Vin (0 Vout= +Esa+t

2-Op-Amp
_Tnen; Op-Amp downot enttr  into

in -%01 5 UnYEsat VinH 0 vout=—Esr
- Sart, since L con not paditive
-5% =



INL
= linar regon

5-Op-Amp In linear regon i

VL —Esat ¢ VnL £ Esat
~Esa E
l t ”*1 -Bsa4 € Vout ¢ Ecat

Op-Amp in +Sout Op~Amp In -Sot Vin =0 O¢Unt (Esat =Edfat VL £ &
only possible Diode » OFF
Unt =0 Vaut = —YnNL

+3at \ Ou+ Diods * ON

[ issm Diode - OFF ki
_/
D:0N \
f —s\in = o 8

\ind!
\\ giooe *OF F {
\vin
OFT region piode 10N
£or the diode - (o) /
(srg +8at
diogle OF F
+ UnLo_
\l Rp ‘
Ex. InL '
Vin aVout
Lineqr ' region
T\Iouf Tnu
- +Saty WNL (-Esat @ Esor Eat i
3-A Ro Lg
Viﬁ <0 ’ —> A A AAAAA \\’ _)Vl'ﬂ
3-8 & Vin @
Vout = +Esot o <F¢,W 3-%
- Q
2_-Sat; VNLDO,diock ON
Vou+ = — Esa+
wvin Y0
5. 1n linear Region
—Egat {Nwu L +ESad
A~ Vin=0 — -Eo+<Un{0 |
vourt = =L O (Vout ¢ Esot J-0 since cidde s DFEF
B - 0 Vn (ESQT ‘
- Esat(Nout <O T = \%_L diode 1 ON [from (T, un)l
D
s Cormmon Noos QUw-im otio
VoU \n linear region ;  "A" optn loop QoUih con be e 4o
= degign  lifferent por + and - dumhpds So we have A+ ano A-
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by defini+ion
ldeal Case Aown B_ 24
Practical Cose  Vouds ArV+ = A_V-

Veommon < Ve- V+ V- V= Ve +Val2
2
V —=Ve Va2
Va2 VgV

Nout = AVa+—A_V- = A+ (Ve +Va|2)-A_ (Ve-Vdi2)
s (A =AD)Ve + AytA -y ldeally Ayp=A_=a

L Q
Ac A A \ou+t= AVd

20169 CMRR £ (CMRR)dB  sihee  cupp 2 ]%i\ —sldeally CMER —>a
(=

linear seole
Op-Amps wi+h Positive Fudback
j I feedbace connection
Vd b »\Jou t
vin (&)
ANOUT Stobe  gquilibrium poMh+s 1-0p-Amp In  +Sat
liee@r  regioy (unstable equilibrium Vd?0 5 Vin CEgat
~EQ+ points)

: 3Vin Vout = + gt

; i | +esat ,
Vel = Vout - Vin

2.0p~Amp In -Sa-f/‘

Vd <0
Vowt = —EBqt
Vin 5 —Esat
Wowe forms
L-UnH-s#p punction
W ’
i W) = % L0
— > 1 (5e0) 0 +<0
2_ Ramp {unction

c(4)

re) = % o 4y0
0 4«0
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Superposition of ) and )

Ex . ) L) = Sult) =5Sul4-2)
-

T -
£01)
EX: sl ‘ L= Ault) 4 (B-A)ul+—=4) +LC-BYult-t2) = Cl+-13)
A 54
[+ f2 43
Ex > L) LY = Irba) =~ A (A=) —r(4-2) ar 4 —4)
2 - l
! ' -y
LI q 4
NOAL* ut+?) A ul=4) wl (-2 3]
A | X
—> BO WU D o SEEE_ L A,-}
>+ =R : 3 T
impulse  Function ( Generadized Function  DisAribudtion)
§(4) = Impulse  pPunction
$1) s(+-5)
%m K ,Xu\ weignt of Tmpulie
i 5% ——t—
unit weighd  impule  function  funi i pulte
Properies
0+
L S&(ﬂd-& =4
0
+
9 _ ult) = S}Lz\dz
- y
3. §lH = 3 ai)
at
O—\» O+ 0* ‘
¢ 54‘(& $(2)dT = j‘p(o\g(t)r)t =1 j‘&mdc = Lo
] o) 5
Suunm ; 1 uwi+4) * - r1)
- Faw afiez (R
e}
+ ' y b +
- B b
o purlse p unis4ep D rom P
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Definfion ©f (mpulse

o]
4e Tos 0c 4 Sgemz l 9 (1) —— &)
. €0
€ dh-9¢2 o
& - > ’wf9e;2 ()
€4
CH “59 (4)= |
g eIt

0
o proptrty | follows the definiHion jgmcﬁ: 1
o

Sinuoidol  Functions

PO = Acos (W +9)
weraciod  {requenty Crad | sec)

Azamplitude
+:5econd ® :phose
Acos(w++¢)
. L__IQ\ /' W=anf
1 L > £:frequeney (lfsee, HE) :bumier of oscillations pr cecod
ad b T=14 e for one oscilladion .
copacitors
i) HUY = CVLA)

vet) ‘\" CtopacHanct  (Farae)
' W) voroge  oppliee o copaciHor

QUi :rohorge Sl in e copacitor
[ copocionte 1§ i vofying ; QtD: Cl4) Vit)
¥ I QMz Cul) 4 Qs D= ¢ EJd.vm
.‘
4 o) = i(4) :d (Mj\m\ + CC4) & d vm
.*

* W Q(-n:.C(ﬂ viExy ¢
- d

X PE4) = Ved) Tl wats
0o

Errgy work done by copacitor Spcop( T)dT - AE
" EaplH) ~Ewap ( ~00)

4 s =l
S\l((t) NLT) At = ¢ S\utt\avdt\: c[\lt(ﬂ\ ] :L[vhﬂ»vf_‘(«mj
~% L . =

dT 3
= AE
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EL)= L VCtt)

¥ ict4) - € d oveld)
at

1o

to
S.‘c(c\at; C [ dv@de = C [vetto) -Ve (-]
” W dr

4 .
Vel to) = L TY'((UC‘Z +\c ~7°)
c

-0 o
U i, to
Vel = L S‘Ic(t)dt A S fctdddt 4+ L 5 ()T
c | C C
- to T SR .
41 ‘ :
Vetd ) = Vel4o) +L4 S felTAT © wvelde)
C
1o .

lmportand  Nott ! Vet apacHor volHage is o onthuous {unction of +me (untoss
Ms current  contah  impulses)
To Show +4his ot +rt
Ve (++€) = ve(4) + - S feCT)dT
+

41 €

0S €0 Lin Ve (44 €) =ve(4) + L lim \S e VOYAT
€30 e
. 5 id
Vel Dz verd)  continuous . 0
+
¥ D-d 15‘—.5
a+ R
»1-
Vet =Ve (o) #+ L

Sfc(t\ciz +5+e
1o

c

iniEial conolition
Inrtiod  Condlition Models fer Capacitor

j_n'cu) i:cm
Al ch«s = C _s umpty  copacitor
T Velt) =
‘ - Vo-ult) 20 voltS at +=0
200 0gY
_ VL(O'):VO L ' _
Ve () -_\}o+__é_ Si(t\d( +50

Q
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emp
Velt)=\e (W +VO uld) = Vo +°

v(u) 'C“’ \ (%5(\10&(4)

icl4) + CVogm

Ve P 4y © w0 + L S\ P ey d T = %J‘(txaz r ¥, fg,ct\d‘c

=Vo + LS\c(t)dt ° &/v__,
c

. ¥
IC 5|‘ctt‘)dla mez +\o Jor 150
0

L
€

-

§ A
eries ond Pargllel  Connecdion

NIS3) Clond Ca1 hout Cny enggy OF +=0
-‘—
Cy

N +
V() =Vald) +Vaal+) = L S i (T 4+ L (i (OAT
V(4 : ",
vy — Ca A 0
= ‘___\ .‘_‘[_‘_--t— _L] gl’c(l\c‘f
. 1 Ce Jp
¥ 1(+) |
= v(4) {L»r—‘—] ¢
T Qt Ca
Paroie |
+ NG iD= T (4) +iea(4)
ic2 '
v (4) C:C; L = ¢ M), ( VA = (k) V)

l l d+ d+t dt

-_—

— G422

Llf

Vortage Divisioy Lo CopuciHors

£ L-*)uu\@g\l Neor(8) = Vea (0) =0

-—n——

Ve C2 thyy ort  conngettet In Series
(4 = G d_ § .CL-&)u(—t\?S = [ di® Lud)+  duld .pml
c+Cr  d+ Cit2 o+ o+

J“gg‘( 2ult)dt fi4)

-

A 0 + [(0) iggtc)dz]
= O ) -Lo +L0) -\ a
C|+C?_X' ]

+
Ve = ___g.(t)dt = L2
Clo- Ci+la

=L opens MO p)
O+C2L Yrrt Uc2
’Cl / b4 -

450



Vel ond Ve Qre proportionad - with
Ay and e
Yeu +1]ca Aler+/cy

(o) =0
Tind  +-0" colution

whod hoppenel just af4er cwitching?

ot =0 L 4 (07) = Of) = OA
Vi +
e — o
ot t-0%
SN
A) — l Vo) =vel0t)=0 [witage 1< omMinuous {f no impulses in ~he
1 g = system ]
\ ( __.\ felB*®) ¢ 3A C ducls) ‘ vC oty = 8
dt
ve (4) e V'toty=3/2

iniHol siope = 8/2
/ N
L — t
Ex- S

jjc(ﬂ Ve (0 =pV _jf_;
§( i —9F +

‘ ot 4=0" ?
O¢t<O"  Thesome resutt OF previous exom ple
ie(4)= §(4) of
Ve(ot)y = L S\'c(t)dt = 12V
Z _
| S—
A
At '(*:04—
o Y ictot) . veohy= 12 v
T AF  yeint) to™) = 1o A
L__j - ictotyo—12Aa = 2 V0T
Ve (4 A vetot) = -1 &

”"ﬁi Slope is 1 J4
—x

l
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nductor S
Flhz LN i) gimilar (§=CV)

Vel = d_d{:f_ = A %L(*\i('ﬂ%
ot d+

£lux

for LTI wduciors N = L i (1)
+

+. .
J'Sw(t)dt; L S.é_ fefld T2 L [iL(ﬂ-uL(-o&]
o) ot

LI (@) 4 L Iv(.r\dt megrod  form

veld): L diel) difpuendiol  form
ot

niticl  Condidion Moclets

+ L (4) "
velt) e~ L o) Jo s L) L eeeY & _Ll: S\IL(Z\QZ for +>D
~ = inidially thoged inclucter 0"
Q(+\
’ s
Touls) i) = To + L 5\140&2 450
¥ L
vit) L ol o2
not thorged
+ i(+)
+ VLU =VCt) 4 ToLg(1)
VL) AUY\p‘Q, i
V) - = L S[vuth Ing(z)]dZ
do L 5}(-&) )
+
- = 1 A vldr N0
o t T S ‘
o5
Wnduetors in Seried ond  Rrallel
:.‘—:‘ _LHLz connected iy Suies

L2
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Vit s I aitt) Vi (9= L, ditd) VIit) Vo (4) 4Via ) =
T S+

(L4+L7_§ ditd)

ot
paralie \
i(4) V()
1 e Yt A |
- tg LA T
V(1) = leh(ﬂ - L diz (1)
d+ dt
104 = T l4) +ial4)
+ 4
= L JV(I\C’"Z I\Q_;—‘—. S\I(C\sz \
LA Lg -
\ + 4
= fntie= [_‘__M_] Svct)dz s Sv(t\&c
LA L 5 \_q,q
-\
Haoh Leg = [ Ll ]
L L2
X D“}vLu\i = LB D IL)
+
Swmdc = Licl4)
+ +
i) = o Swmaz b ke szxac
L L
(- .
fl_(+o)
+
ful) = Tclte) + L jvut\ét ASswne  no infdial enegy pfeor L, La
L
1o _%_LIEH):E. ; EMN=D 5 =0
ey -
—l‘-
i (07)=Te A .
) ke ;J
AL W) = yLlom) 4 .‘t. \S‘\/(,C)éf

[

: %
WP . L (v ez 48 4hen
La) L
0
VLA L (¥ Jouls) vCL oY @ ; L) = iLQmP*y +) +j’0U(‘()
_\Lfg VvUTYdZ  +Te uld)

eply  tnductor 0
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L) NP ) s v 4T L g )

+
Loy vty i) = _,_JS vL(t)JrIoL&(z‘)]dZ
L

-

NLEH
To L) Q.mp*ry induttor s voMage

for 50 vu+):,§gg+5gtz\65 * J_fgvuc)df
L - Lo.

NOL ' Inductors curren+ is a contnuoud function Of fime  unlss Fhere

in the craadt of +here is a potholggital covnection -

fL(.‘Tn = e tte) + %h}\ﬂ(t\dt l‘LL'\;\:iL(‘\o)

IK(07)=2A
Tind e (0% 100%), & it L
ol L
t=6
fL(O’)a SA
A+ +:=0
. | 3h i ‘ o™= 0
b \
jye W tof) = —av= L di
SA At
6L i gy
ad+x e ;
iRa (0_):9_A

Find §(0-) ond @(o*)
ie (0-) and  iea (OF)
letgn) ) tctet), v (o+)

\I((O’\:?\/
Qto~)= 2 C
e LO7)=3A
\‘C(O’\: | A

8 an mpulse



Copa cifors: Voitoge s cOntinuous
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