S-Domain Analysis
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Kirchhoff’'sLawsin ss-Domain

t domain sdomain

i,(t)
Kirchhoff’s current law (KCL)  i.(t) %—H 15(t)

1,(t)
1,(0) +1,(t) —15(t) +1,(t) =0 1,(8) +1,(s) —15(s) +1,(s) =0

V()= +v,(t) -
+ + +

Kirchhoff’ s voltage law (KVL) v,(t) v, () v, (t)

GO GO =0 =Vi(9) +V,(8) +Vy(s) =0



Signal Sourcesin sDomain

t domain sdomain
_i), _I(s),
Voltage Source: % 7 Voltage Source:
v(it) =ve(t) v GOv » V(9 Vs(s) V(s) =V,(S)
1(t) =depends _ _ | (S) = depends
on circuit 0 on circuit
BION

Current Source: -

1(t) =1g(t) v(t)

v(t) =depends -
on circuit ©

Current Source:

V (s) = depends

° on circuit



Time and s-Domain Element Models
| mpedance and Voltage Sour ce for Initial Conditions

Time Domain i (1) 1(3) s-Doman

ii ?I_i
Resistor: Resistor:
v =R.@ O =R » Ve =Ry (9=RI(9

_ -

L(t) 1.(8),
|nductor: —* |nductor:
_ o di (t) Ls  V (s)=Ldl, (s)-
VL(t)—L V(t) » V(S) L( ) | L( )
Li_(0) Li, (0)
Capamtor 19, Capacitor:
+

1
Ve (1) = II (T)dTV 6 ——c » Vo(9 ——j/z;s) VC(s)—&IC(s)+

(0 _ ©O=F ve(0)

07
S




| mpedance and Voltage Sourcefor Initial
Conditions

lmpedance Z(s)

_ voltagetransform

Z(S)
current transform

with all initial conditions set to zero
|mpedance of the three passive elements

Z.(9) :\I/Rg =R
Z,(s) :|VL§3 “Ls  withi (0)=0
7 (9=v®_1  ithv(0)=0




Time and s-Domain Element M odels
Admittance and Current Source for Initial Conditions

Time Doman

i2(t) (), s-Domain
FOE SO
Resistor: Resistor:
o1 ) =R » Va9 =R 1
IR(t) — EVR(t) I R(S) — EVR(S)
a— o—
HON HOR
Inductor: > I nductor
: 1 4
IL('[):IJ(')VL(T)dT v 0 | (s)— V (s)+
(0 L) L(O)
| (0 o, o
Capacitor: 31 o—— Capacitor:
. Qv (t)
RERERCIE S ol e
_ _ ]/CS/CV (0) Cv.(0)
o———H oO——




Admittance and Current Sourcefor Initial
Conditions

o Admittance Y(9)

current transform _ 1

Y(S) = =
voltagetransform Z(s)

with all initial conditions set to zero
o Admittance of the three passive elements

e _1
970 R

_h(s_ 1 e
YL(S)—VL(S) s withi, (0) =0

Y.(9) = \'/C 23 =Cs  withv(0)=0




Example: Solvefor Current Waveform i(t)

R R
A\ \\ ;

\ MIRRCACE
V,u(t) (* L —A
O ) 3 WO ) Suot

By KVL: _Va +V,(s)+V, (s) =0
S

Resistor: V,(s) = RI(S) Inductor: V, (s) = Lsl (s) —Li, (0)
—V—SA+R|(S)+LS|(S)—LiL(O):O
__Vi/L i (0)
I(S)_s(s+WL)+s+WL
_VJ/R_ VAR (0
s s+RIL s+R/L

R R
. -t -t [
Inverse Transform: 1(t) = %VEA—V—F;\e C +1,(0)e Lt|]J('[)
0

forced response  natural response



Series Equivalence and Voltage Division

,(9)
1(s), +V1(43): Vi(8) = Z,(9)1,(s) = Z,(9)1 (9)
3 . V,(9) = Z,(9)1,(9) = Z,(9)1 (9)
V(s) V,(9) l| ,(9)

o - KVL: V(s) =V,(s)+V,(s)

=(Z,(9 +Z,(9)! (5)
— Z,(S) = Z,(5) + Z,(S)

__4(9
Vi(s) = 2. (S)V(S)

_ 2,9
V(9252 SV

Leg =4+ 2,




Parallel Equivalence and Current Division

1 (s) 1,(8) =Y1(S)V (8)

—>

’ lll(s) llz(s) '2(8) =a(SV(9)
V(S)
o KCL: 1(s)=1,(s)+1,(9)

= (Y(8) +Y2(s))V(9)
109, == Yeo(S) =Yi(8) +Y;(S)
3
Y,
V(s) () :YE:((S;) (9
o YEQ :Y1+Y2 |2(S): YZ(S) |(S)

Yeq(S)



Example:
Equivalence | mpedance and Admittance

® L |nductor current = 0
—o0— ( N ’ | ° o ) at=0
+  capacitor voltage=0 }
Owl) =R ==C v Findequivalentimpedanceat A and B
_ Solvefor v,(t)
YEQl(S) _ 1 _ 1 +Cs= RCs+1
@ ZEQl(S) R R
Z_(S)=Ls+Z_..(S) =Ls+
®| Ls (9 () RCs+1
2
—— — _RLCs’+Ls+R
RCs+1
OYUE |=R =2V, >
Cs ZEQl(S)
o ° e | o V2 (S) = 7 Vl(s)
) ‘ ZEQl EQ
| R
Vi(9)

 RCLS’+Ls+R



General Techniquesfor ss-Domain Circuit
Analysis

* Node Voltage Analysis (in s-domain)
— Use Kirchhoff’s Current Law (KCL)
— Get equations of node voltages
— Use current sources for initial conditions
— Voltage source—> current source

e Mesh Current Analysis (in s-domain)
— Use Kirchhoff’s Voltage Law (KVL)
— Get equations of currents in the mesh
— Use voltage sources for initial conditions

— Current source— voltage source
(Works only for “Planar” circuits)



Formulating Node-Voltage Equations

Step O: Transform the circuit into the s domain using current
sources to represent capacitor and inductor initial conditions

Step 1. Select areference node. Identify a node voltage at each
of the non-reference nodes and a current with every element
In the circuit

Step 2. Write KCL connection constraints in terms of the
element currents at the non-reference nodes

Step 3: Use the element admittances and the fundamental
property of node voltages to express the element currentsin
terms of the node voltages

Step 4: Substitute the device constraints from Step 3 into the
KCL connection constraints from Step 2 and arrange the
resulting equations in a standard form



Example' Formulating Node-Voltage Equations

Step 0: Transform the circuit into the s domain using

T current sources to represent capacitor and
(D ) § —Lc inductor initial conditions
Is(t) l Step 1. Identify N-1=2 node voltages and a current
with each element
domain Step 2: Apply KCL at nodes A and B:
NodeA: 14(s)- L(O) —-1,(s)-1,(s) =0

'L(SO) NodeB: Cv,(0)+ L(S)+I1(s)—l3(s):o
V() V, (s) Step 3. Express element equations in terms of node

voltages

HONRCY 1(9) =Y (Va(®) Vo (9] = L Vo(9)~Vs (9]
OFE-LI <
15(9) Cve(0) 1,(S) =Yx(S)VA(S) =GV, (s) whereG =1/R
/i 15(S) = Y. (S)Vg(S) = CsVg(9)
Reference — Sdomain

node



Formulating Node-Voltage Equations (Cont’d)

Step 2: Apply KCL at nodes A and B:
NodeA: 14(s)— L(O) 1,(s)-1,(s)=0

NodeB: Cv.(0)+ L(s ) +1,(s)=1,(s) =0
Step 3: Express element equations in terms of node voltages
1(9) =YL (SN0 Vo (9] = = Va(9) Vo (o)
1,(S) =Y (S)V,(S) =GV, (s) whereG =1/R
1,(S) = Y- (S)Vs(S) =CsV;(9)

Step 4. Substitute egns. in Step 3 into egns. in Step 2 and col lect
common terms to yield node-voltage egns.

NodeA : HS+£E/ (s) - Big/ () =14(s) - L(O)

Lsg” OLs
NodeB: - B—E/A(S) + B— + CSE/B (S) — CVC (O) + I (O)
(LsO [Ls [l S




Solving ss-Domain Circuit Equations
G+1/Ls —]/LSJ

Circuit Determinant: A(S) =

-1/Ls Cs+1/L

=(G+1/Ls)(Cs+1/Ls) - (/Ls)?
_ GLCs* +Cs+G

Ls
Depends on circuit element parameters: L, C, G=1/R,

not on driving force and initial conditions

Solve for node A using Cramer’srule:
Is(9+i (0)/s  -VLs
A,(9) _iL(0)/s+Cv(0) Cs+I/L
A(s) A(S)
_ (LCs* +D)1(s) . ~LCd, (0)+Cv.(0)
GLCs’+Cs+G  GLCs®+Cs+G
\ J Y

Y Y
Zero State Zero input
when initial condition  when input sources

sources are turned off are turned off

Vu(s) =




Solving s-Domain Circuit Egns. (Cont’d)

« Solvefor node B using Cramer’srule:
G+]/LS IS(S)_iL(O)/S
Ag(s) _| ~VLs i, (0)/s+Cv(0)

V., (S) =
s (5 A(s) A(s)
_ 19 GLi,(0)+(GLs+1)Cvc(0)
GLCs* +Cs+G GLCs* +Cs+G
N AR Y,
N ~

Zero State Zero input



Networ k Functions

Network function = Zero- state Response Transform

Input Signal Transform
« Driving-point function relates the voltage and 16
current at agiven pair of terminals called a port \’;( |
S
Z(9) _V(s)_ 1 :
1(s) Y(9)

o Transfer function relates an input and response at
different portsin the circuit

T, (s) = Voltage Transfer Function = Va(9)
Vi(s)
- o 2(5)
T (s) = Current Transfer Function =
(s ©
T, () = Transfer Admittance = 12(9) In u
Vl(S) I,

1,(8)

ut

T, (s) = Transfer Impedance = \@ gn
In [®)



Calculating Network Functions

U

EVi(s)

'®)

fo

l

* Driving-point impedance

Zeo(S) = Z,(8) +Z,(9)

Vol tage transfer function:

V,(9) = % ZIONILAN

1(5) +Z (S) []
V,() _ Z,(9
Vi()  Z,(9) +Z,(9)

T, (s) =

* Driving-point admittance

Yeo(S) =Yi(S) +Y,(9)

» Voltage transfer function:

Y,(s) U
9% B @i
T (s) = 2(S)= Y, ()
() Yi(9)+Yy(8)




| mpulse Response and Step Response

 |nput-output relationship in ss-domain Input Outout
Y(s) =T(s)X(s) X (s) Y(3)
 When input signal isanimpulse X(t) =o(t)
Y(S)=T(s)x1=T(s)
— Impulse response equals network function
— H(s) = impulse response transform
— h(t) = impulse response waveform
 Wheninput signal isastep x(t) =u(t)
— () = step response transform
— g(t) = step response waveform

t dg(t) (=) means equal almost everywhere,
g(s) = I h(t)dr, h(t)(=) J excludes those points at which g(t)
0 dt  hasadiscontinuity




