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= | Recall

= How to analyze 15t/2"d order circuit in time domain?

5/7/21

o Write the circuit equation according to KVL/KCL

o Solve the differential equation

Step 1a: Find the particular integral solution v, ()
Step 1b: substitute v, (t) to the equation to solve the unknown
Step 2a: find the homogeneous equation

Step 2b: find the complementary solution v.(t) to the
homogeneous equation

Step 3a: find the initial voltage/current values

Step 3b: substitute the initials to the full solution to solve the
unknown
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lI Recall: Particular integral solution to step forcing func.

A vs(t)

== v(t) >t

d’v(t) Rdv(t) 1 Vs
acz Y1 a TetW e

= Circuit equations according to KVL/KCL

= Particular integral solution v, (t) = Vs
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" | Outlines

= Response to different forcing function
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= | More forcing functions

A v ()

Step function

Assume x,(t) = K

5/7/21

A vs(t)

Py

Ramp function

Milin Zhang, Dept of EE, Tsinghua University
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" | Example 1: ramp forcing function

QUESTION: Assume there is no charge on the capacitor C at t = —oo. Find the voltage
response to the ramping forcing function.

=
+
vs(t) = v(t) = According to KVL
C _
irR + v(t) = vg(t)
d 1 1
vs(t) 2> —v(t)+—v(t) =—kt

dt RC RC
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" | Example 1: ramp forcing function

QUESTION: Assume there is no charge on the capacitor C at t = —oo. Find the voltage
response to the ramping forcing function.

i(t) p
= - d O+ 1 0 = L.
s ac ' TRV TR
vs(t) — ‘U(t)
C _ = Step la: find the particular integral solution v, (%)
Assume v, (t) = pt + q
vs(t)

A = Step 1b: substitute v, (t) to the equation
/\ kt Jptra_ 1o
> t P RC  RC

-> pt + (RCp + q) = kt

> p=k,q=—-RCk
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" | Example 1: ramp forcing function

QUESTION: Assume there is no charge on the capacitor C at t = —oo. Find the voltage

response to the ramping

forcing function.

i(t)
— RSML d 1 1
N Ev(t) +Ev(t) :R—th
(1) —— v(t)
C _ = Step 1: find the particular integral solution v,, ()
v,(t) = kt — RCq
vs(t)

= Step 2: find the complementary solution v, (t)

1

kt v.(t) = Kye~ %t where a; = oC

5/7/21
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" | Example 1: ramp forcing function

QUESTION: Assume there is no charge on the capacitor C at t = —oo. Find the voltage
response to the ramping forcing function.

i(t) R
— WA d O+ 1 0 = 1 ”
s ac ' TRV TR
vs(¢) == v(t)
C _ = Full solution

1

v(t) = kt — RCk + K,e %1t where a; = RC
vs(t)

= Step 3a: find the value of v(t) at one instant of time

A
/\kt v(0)=0
>t

= Step 3b: substitute v(0) = 0 to v(t)
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" | Example 1: ramp forcing function

QUESTION: Assume there is no charge on the capacitor C at t = —oo. Find the voltage
response to the ramping forcing function.

i(t) p
M- d O+ 1 &) = L.
s dt Y TR TR
vs(¢) = v(t) 1
C _ Solution v(t) = kt — RCk + RCke RC
A vs(t)
vs(t)
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" | Example 1: ramp forcing function

QUESTION: Assume there is no charge on the capacitor C at t = —oo. Find the voltage
response to the ramping forcing function.

@ &
W= What if v(0) = 0 ?

(1) —— v(t)
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= | More forcing functions

A v ()

Step function

Assume x,(t) = K

5/7/21

A vs(t)

Py

Ramp function

Assume x,(t) = pt + ¢

Milin Zhang, Dept of EE, Tsinghua University

Sinusoidal function
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" | Example 2: Sinusoidal forcing function

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to the sinusoidal forcing function.

i(t) g
q A
W = According to KVL
+
v () é v(t) i(OR + v, (t) = vg(t)
L _
d
2>  i(HR+ Lai(t) = vs(t)
vs(t) d R 1
A > —i®)+—i(t) =—vs(t)

dt L L

AN,
V'V

vs(t) = Vs sin(wt)
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" | Example 2: Sinusoidal forcing function

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to the sinusoidal forcing function.

i(t) p
VY o+ Rio < Lo
. qr O+ HO = 7vs(0)
vs(t) % v(t)
L _ = Step la: find the particular integral solution i, (t)
Assume i,,(t) = K; cos(wt) + K, sin(wt)
Avs(t)

= Step 1b: substitute i,,(£) to the equation

/\ /\ Vs sin(wt) = K4 R cos(wt) + K, R sin(wt)

\/ \/ >t +LwK, cos(wt) — LwK; sin(wt)
—wlL
9 VS = KzR - L(l)Kl 9 Kl = Vsm
27 SR2 + w22
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" | Example 2: Sinusoidal forcing function

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to the sinusoidal forcing function.

i(t) p
— S
W— d R 1
—i(t) +—i(t) = —vs(t
ORI GRG0
vs(t) % v(t)
L _ = Step 1: find the particular integral solution i, (t)
i,(t) = K; cos(wt) + K, sin(wt)
vs(6) K. =V. _ToL
17 SR 4 022
where o
/\ /\ o= Vs pr oo
>t = Step 2: find the complementary solution i, (t)
VALY,
lc(t) == ng L

vs(t) = Vs sin(wt)
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" | Example 2: Sinusoidal forcing function

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to the sinusoidal forcing function.

i(t) p
M- o+ Rio < Lo
. qr O+ HO = 7vs(0)
vs(t) V(t)
Lé _ = Full solution
R,
i(t) = K; cos(wt) + K, sin(wt) + Kze L
vs(t) i ) . :
A = Step 3a: find the value of i(t) at one instant of time

/\ /\ i(0)=0
>t
\/ \/ = Step 3b: substitute i(0) = 0 to i(t)

K. — (l)LVS
> R%Z + w?l?

9

vs(t) = Vs sin(wt)
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" | Example 2: Sinusoidal forcing function

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to the sinusoidal forcing function.

i) p
é S
WWA— d R 1
—i(t) +—i(t) = —vs(t)
+ dt L L
vs(t) % ‘U(t) . _Bt
L _ Solution i(t) = K; cos(wt) + K, sin(wt) + Kze L
where
( —wlL
AvS(t) Ky =Vs R2 + w2]2
R
\ 2= Vs rar
wL
> ; kK3 Vs RZ + w2]2

AN,
V'V

vs(t) = Vs sin(wt)
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= | More forcing functions

A v () A vs(t) A vs ()

Step function Ramp function Sinusoidal function

Assume x,(t) = K Assume x,(t) = pt + ¢ Assume x, (t) = K; sin(wt)
+K, cos(wt)
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" | Outlines

= Response to different forcing function
o Ramping forcing function

o Sinusoidal forcing function

= Complex forcing function

5/7/21 Milin Zhang, Dept of EE, Tsinghua University

19



" | Resistors with a sin. forcing func.

With v¢(t) = Vs cos(wt)

i
W = According to KVL
' R RV.
vs(t) ‘U(t) — = o)
R N v(t) = mvsl(t) "R+ R cos(wt)
With Vg (t) = ]VS Sin(wt)
vs(t)
A
/\ /\ /\ = According to KVL
R _ RVs
\/ \/ > V() = pigs v (O = g sin(@o)

vs(t) = Vs cos(wt)
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" | Resistors with a sin. forcing func.

i(t) R
— WW— What if v¢(t) = Vg cos(wt) + jV¢ sin(wt) ?

vs(£) v(t) = According to KVL

v(t) = v (t)

R + R

R . .
= R+Rs (Vs cos(wt) + jVs sin(wt))

5/7/21 Milin Zhang, Dept of EE, Tsinghua University
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" | Resistors with a sin. forcing func.

i(t) g,
— WW— What if v¢(t) = Vg cos(wt) + jV¢ sin(wt) ?
+
vy(8) ; v(_t) Solution: v(t) = RTR (Vs cos(wt) + jVs sin(wt))
—i>(t) Rs L Rg
W VY

< + +
= O I G £ v

vg,(t) = Vs cos(wt) R vg, (t) = jVssin(wt) R

RV RV
t) =
R+R, cos(wt) v(t) = R+ R

sin(wt)

v(t) =

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 22



" | Recall: Euler’s eq. & Complex num.

Phasor representation: A cos(wt + 60) = |z|426
Euler’s equation: e/®! = cos(wt) + j sin(wt)
= Real part Re[e/“t] = cos(wt)

= imaginary part Sm[ej“)t] = sin(wt)

Complex numbers

= Rectangular coordinates z=x+]jy
= Polar coordinates z = |z|el?
|z| = x?% +y?
Where
0 = tan™! (3—])
X

5/7/21 Milin Zhang, Dept of EE, Tsinghua University
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" | Complex forcing function

= |f a complex function is applied to the capacitor

i(t)
—
+ vs(t) = Vsel®*
v,(t) —— v(t)
C _
= According to the i — v relationship of capacitor
dv(t)
(t)=2C
i(t) 7t
d .
== CE(VSe]wt)
:j(,()CVSejwt
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" | Complex forcing function

= |f a complex function is applied to the inductor

+ is(t) = Ise/®"

i () L% v(t)

=  According to the i — v relationship of inductor

di(t)
dt

v(t) =L

d, .
=L (Ise/®?)

= j(l)LISejwt
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= | Complex forcing func. on passive dev.

i(® .
= v(t) = Vgel®t

I v(t)

vs(®) (F v(t) N

S L ©

4
— jwt

vs(t)Cf) ::vz-t) U(t) Vse v(t) = 1

“ - i(t) = jwCVsel®t i(t)  jwC
; i(t) = Ise/* v(t)

o ® = o _ —— = jwL

Ly - v(t) = jwLlge/®t i(t)
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" | Impedance

Impedance, Z,
is defined as the ratio of the phasor voltage to the phasor current

[-v relation i=- i(t)y=cC dv(t) i(t) =i(ty) + 1jtv(x)dx
R dt L),
1t -
v-i relation v =R v(t) = v(te) + = | ilx)dx v(t) =L dit)
¢, dt
Imped R L
mpedance ot jol
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5/7/21

0

+

Zl v1(0)

+ 1

Z2 Vo (t)

+ 1

Z3 w3t

" | Series connection

According to KVL
v(t) = vy (t) + v2(t) + v3(t)
According i-v relationship
v(t) =i(t)Z, +i(t)Z, +i(t)Z;
=i(t)Z,+Z,+ Z3)
For the equivalent circuit
v(t) = i(t)Zeq

» 7., ,=Z2,+7Z,+127;

Milin Zhang, Dept of EE, Tsinghua University
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" | Parallel connection

According i-v relationship

i(t) . . ,
i v(t) = i1()Z1 = i,(t)Z, = i3(t)Z3
+ Jr I1 \l~ iz \l l3
(t) .
o 7, T2 T 2 v(t) = i(t)Zeq
o
According to KVL
9 D(t) = Zog (i (6) + 15(0) + i5(D)
i(t) B v(t) wv(t) v(t)
+—> | _Zeq<Z1+Zz+Zg
v(t) 1 1 1 1
- Zeq =—+——+
Ol . Zeq Zl ZZ Z3

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 29



" | Capacitive & Inductive

QUESTION: Find the value of the equivalent impedance, Z,,

. —
— i(1) L R

T—w—

Ve C

Zeq

1 1
Zog =R+ jol+— =R+j(wl——
q J@ jwC R+](wL wC)

" if wL-— _C > 0 thereactance is inductive
w

1
" if wL— — < 0 thereactance is capacitive
w

5/7/21 Milin Zhang, Dept of EE, Tsinghua University
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" | Example 4: mesh-current with imp.

QUESTION: Find the output current of the voltage source

o~
N\
N\
=
|
=
—,

=  According to KVL

~ 1
~Ve+ IR+ U, —I,)——==0
S a1l (a b)ja)

1
< (Ib - Ia)ja)_C + IbRZ + (Ib - IC)R4- =0

(I, — I,)R, + jwLl, = 0

-

5/7/21 Milin Zhang, Dept of EE, Tsinghua University
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" | Example 4: mesh-current with imp.

QUESTION: Find the output current of the voltage source

o~
)
(N
|
|
s
—,

=  According to KVL 3 equations in 3 unknowns

-

I<R+1) I 1—V
alja)C bjw—s

1 1
9 —Iajw—C+Ib(jw—C+R2+R4)—ICR4:O

L —IbR4_ + IC(R4 +](1)L) =0

5/7/21 Milin Zhang, Dept of EE, Tsinghua University



" | Example 5: Superposition with imp.

QUESTION: Find the voltage on the capacitor C

L
W

p _jwC jw C)VSZ

+ + a —

PTG i+
D <

: 1 1
| ] (a)L B R) Vs1 +]a)C Vs
. ‘wLR + R + L
= According to KVL J jwC * C
1
_V51+R1a+ja)_c(la_1b):0 LV R )
< 1 1 C 's1 iwC ' S2
Iy = 1) + joLl, = Vez = 0 ¥ V=g a1 = I
L Jw J JWLR + ——+ ~
jwC " C
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" | Example 5: Superposition with imp.

= According to voltage division

T joLll g ]wc
VWA T Ve = Vs1
+ s R +]a)L||]wC
Vi \y v L
‘ B CR L Vsl
JwLR +]a)C C
+ Vg - T
R L
v ~ R”]a)C
+ . VC"’ _ VSZ
Fvw  Qu jol + Rl 7
B R
- - ](UC}'Q I Vs2
JwLR +]a)C + = T

5/7/21 Milin Zhang, Dept of EE, Tsinghua University



" | Example 5: Superposition with imp.

QUESTION: Find the voltage on the capacitor C

R L
~ L)
L R

¢ Vst~ 00 Vs

A ® Vez Ve = R L

C JwLR +ja) C + C
o - o i

WO = P Oz,
— +
L i
' C ‘wC
Ve = R L Vs1 VC” == - R L Vs2
JOLR + 75+ T JoLR + =00+ T

The superposition property works for ALL LINEAR circuit

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 35



ll Example 6: Thévenin equivalency with imp.

QUESTION: Find the Thévenin equivalent circuit of the network at the terminalsa & b

L

R
" w
+ <
Vs NC 2 Vout

QRO

o

Thévenin’s theorem

LINEAR two-terminal circuit can be replaced by an equivalent
circuit composed of a voltage source and a series impedance

Norton’s theorem

LINEAR two-terminal circuit can be replaced by an equivalent
circuit composed of a current source and a parallel impedance

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 36



" | Example 6: Thévenin equivalency with imp.

QUESTION: Find the Thévenin equivalent circuit of the network at the terminalsa & b

v,‘f\, 111 L o o = According to voltage division
+ 1
+ N2 1
Us NS Vopen | — ](UC V. = v
C open S . S
.- R+ - 1 1+ jwCR
Jjw
o o II
= Step 1: remove the load Vry

= Step 2:find V,,en

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 37



" | Example 6: Thévenin equivalency with imp.

QUESTION: Find the Thévenin equivalent circuit of the network at the terminalsa & b

v,‘f\, 111) L : o = According to Ohm’s law
+ ¢ L
Vs N Ishort . vS J(;)C
¢ lopen = 1
b 1 1.
o o R+]a)C”]wL ij+]wL
= Step 1: remove the load Vg

Step 2: find V,pen

Step 3: find igport

R + jwL — w?LC

Iy
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" | Example 6: Thévenin equivalency with imp.

QUESTION: Find the Thévenin equivalent circuit of the network at the terminalsa & b

L Zru

(o]

R
" T

QRO

Vsl t 3’ Vout g RL
>

QT

o

= Step 1: remove the load

(o]

= Step 2:find Vppen = Uy

" Step 3:find igpore = iy

= Step 4:find Zry

, ~ vry R+ jol — w’LC
TH = 4 1+ jwCR

(o]
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= | Example 7

QUESTION: Find the value of and , which makes the two circuit equivalent to each other

a I » The equivalent impedance of the upper circuit
R Zos1 = Ry +
b 1 eql 1 j(l)Cl
(o,
Zeq1 = The equivalent admittance of the lower circuit
G . + jwC
=—+4jw
o > eq2 R, Jwi,
a
1 ( 1
. N 1 Re|Zog1| = Re [G ]
b 7 — eq2
o eql G when <
eqz ~ ~ 1
Zqu Jm[zeql]zdm G ]
L eq2
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= | Example 7

QUESTION: Find the value of R, and C,, which makes the two circuit equivalent to each

other
> 1S , R, +j—
a 1l Gout = _ wC;
Ry +-— Rf + w?Cf
JjwCy
R,
g Ry w*CY . w6
VA = RZ 212 +] 2 2,2
eql 1 + w Cl Rl + w Cl
1
. o Gegz = R_2 + jw(C,
a
— (R R? + w?C?
C, R, 2 — 2,2
O - < C C]_
Z —
ea? \ 2 R? + w2C?
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" | Example 8

QUESTION: Find the value of R,, which makes the power dissipated by R, is approximately
equivalent to the dissipated by R, when the load resistance R; is very high

(o
@ L, = According to KVL
N
Rq||Z}
Win V =V; 2
) f1 o Z,, +R|lZ,,
b L, Ry R{>»wLo A L,
© — Vo5 =V, L.+ L
Zy, tZp, 1+ Ly
o = the power dissipated by R, and R,
L, :
+ WZ Rl
\% > Pg, = > k="
mn $> ! Ry p
- k2 < Vlzn - h L
= where p =
b L, \PRZ R, p L1+ L,
(o,
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2| Example 9

QUESTION: Find the value of R,, which makes the power dissipated by R, is approximately
equivalent to the dissipated by R, when the load resistance R; is very high

(o
@ c, = According to KVL
+ -
T R{||Z¢
V; Ve, = V; 2
T L4 o e + R,
C2 R R{>» !
b 1 17 o YA C
o 0oy, e oy, L
ch + ZCZ Cl + CZ
o = the power dissipated by R, and R,
C
i __1 ( WZ R
— ) p Ry R, = 1
Wm nE $ R Rl p2
_ N R, < WZ - C]_
C2 p, =1 where p =
b R27"R C; + C;
(o, \ 2
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= | Outlines

= Response to different forcing function

o Ramping forcing function

o Sinusoidal forcing function

—- 4+ -
=" Complex forcing function T B R
v-i relation v=iR v(t) = v(ty) + %L:i(x)dx v(t) = L%
o Impedance & admittance impedance " e o

o KVL&KCL / Superposition / Equivalency
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" | Outlines

= Response to different forcing function

o Ramping forcing function

o Sinusoidal forcing function

o - -
" Complex forcing function e | =i 0t Jomws o
v-i relation v=iR v(t) = v(ty) + %ft:i(x)dx v(t) = L%
o Impedance & admittance impedance " e ot
o KVL&KCL / Superposition / Equivalency
= AC steady-state analysis
45
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2| Example 10

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to a complex forcing function Vg = Vge/®t,

10
W= METHODS 1
+
vs(t) % v(t) = According to KVL
L _
d

R 1
—i(®) + 710 = 7 vs()

The current through L must be in the form of

is(t) = Ise/(@tte)

Substitute ig(t) to the equation

%(Isej(wtﬂp)) + §Isej(wt+<p) = %Vsef‘“t
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2| Example 10

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to a complex forcing function Vg = Vge/®t,

0 &
W= . R . 1
jwlsed@WtHe) 4 — [ el(@t+p) —
+
vs(t) V(t)
L% ) wlel? + X eio =2,
Jwige I s’ " = L’S
. Vs
I e]qo - -
S R+ jwl
- I B VS
> * " VR? + w2
<
R wL
QY = an R
<
5/7/21 Milin Zhang, Dept of EE, Tsinghua University
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2| Example 10

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to a complex forcing function Vg = Vge/®t,

i(t) R
— AMA—

+

vs(t) L% v(_t)

) > VRZ ¥ w2l?
@ = —tan_lw—L
R

is(t) = Ige/ (o)

=I5 cos(wt + @) + jIs sin(wt + @)

Relig(t)] = I cos(wt + @)

= I;(cos wt cos ¢ + sin wt sin @)

= K, cos(wt) + K, sin(wt)

R

L=V
where
—wlL
K=Vsrye
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2| Example 10

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to a complex forcing function Vg = Vge/®t,

© &
W= METHODS 2
+
ve() % v(t) = Consider the impedance circuit
L _
= According to KVL
P b=
WS :RHS +]0)LI[S S = ,
Solution from the R+ jol
differential equation = The real part of I
is(t) = [l (@tte) Ve
Re|lg| = R cos(wt) + wL sin(wt
V. [ S] R2 + szz [ ( ) ( )]
I ju—
= —tan_lw—L
v R Relis(t)]
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" | Recall: Sinusoidal forcing function

QUESTION: Assume there is no charge on the inductor L at t = —oo. Find the voltage
response to the sinusoidal forcing function.

i) p
é S
WW— d R 1
—i(t) +—=1i(t) = —v(t
R OREOERNG
vs(t) % ‘U(t) . _Bt
L _ Solution i(t) = K; cos(wt) + K, sin(wt) + Kze L
where
( —wL
AvS(t) Ky VSR2+a)2L2
R
\ 2= Vs rar
wlL
)t kK3 V5R2+w2L2

AN,
V'V

vs(t) = Vs sin(wt)
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" | Circuit analysis in TIME domain

Method can be applied to ALL circuit

KVL
Problem o KCL . . Homogeneous solution .
. . Circuit Differential > Initial Full
in physical [P [ 3 ) > n | .
model equation Particular solution conditions solution
world . , .
: — v.(t !
E El(t) + Zl(t) = sz(t) i(0)=0 E
7 /// vp (t) /7
y /" KVL
i® g / KCL
— 4
WA ’
+
@ (%) Lg v(t)
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" | Circuit analysis in TIME domain

Method for ALL circuit

KVL

Problem o KCL . . Homogeneous solution .
in physical B Circuit > Differential : Initial > Full
world model equation Particular solution conditions solution
Method ONLY for LINEAR circuit - Rel]
KVL /// ERe[]IS]=$[Rcos(wt)—amsin(wt)]
Circuit KCL . 0
Impedance P Algebr_alc
model equation
__i’(t) Rs WS == RHS +](ULHS
W
+
AN v —
9 L% ® Z; = jowlL

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 52



= | Outlines

= Response to different forcing function

o Ramping forcing function
o Sinusoidal forcing function

: : o 4+ -
* Complex forcing function T T o e
1 v-i relation v=iR o(®) = v(to) + = iGodx vt:L&
o Impedance & admittance ! © <>lcf%<> =14
Impedance R T jolL

o KVL&KCL / Superposition / Equivalency

= AC steady-state analysis
o [mpedance circuit analysis for steady-state solution in

LINEAR circuit

= Complex Power analysis

5/7/21 Milin Zhang, Dept of EE, Tsinghua University 53



N | Recall: Inst./Avg. power & eff. v/i

Given the voltage v(t) = Vpcos(wt + @y)

+ v(t) -

Given the current i(t) = Ipcos(wt + @)

Device

— ()

= Average power P =

= Effective voltage

5/7/21 Milin Zhang, Dept of EE, Tsinghua University

1 1
Instantaneous power p(t) = > Vplp cos(@y — @;) + EVPIPCOS(Z(Ut + @y + @)

Ip
E@ OS(QDV I) = Vrmslrms COS(QDV - 901)

1 t0+T VP
= | vi(t)dt = —
JTft (e = =

to+T I
» Effective current s = —j i2(t)dt =
t
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= | Complex power

+ v(t) -

— (1)

EE— Device

Given v(t) = Vscos(wt + @) > Vozpy > V=1el%
Given i(t) = Iscos(wt + @;) > 2, > 1=/

1
DEFINE COMPLEX POWER S = EWH*

S = %WH* = %(Vsej‘PV)(ISe‘jQ”I) = %Vglsej(QDV_QOI)

1
= EI/SIS [cos(@y — ¢@;) +jsin(ey — ¢;)]
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= | Complex power

1 1
S = EVSIS cos(py — @) +j EVSIS sin(opy — ¢;)

\ J U J
Y Y

Average power P == Reactive power Q == COMPLEX POWER S

= Average power P = Re{S} = Vippslrms cos(@y — @) = I%,.R cos(py — @)
(unit: watt/W)

" Reactive power Q = 3IM{S} = Vinslrms sin(ey — @) = IinsX sin(oy — @)
(unit: Volt-Ampere Reactive/VAR)

= COMPLEXPOWER S =P+ jQ

(unit: Volt-Amp/VA)
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= | Complex power

= COMPLEXPOWER S=P+jQ

P = Re{S} = Vimslrms COS((pV - QDI)

Q = 3Im{S} = JVemslrms sin(@y — @)

= Define power factor pf =

Vrms I rms

= cos(py — ¢;)

= Define power angle tan(py, — @;) = >

5/7/21 Milin Zhang, Dept of EE, Tsinghua University
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" | Recall: Max. Power Trans. in DC Circ.

Practical voltage source

-------------------------

i J
ﬂ |:> + 2R, = Voltage of R}
- _T Vp, = Vs — IR;

= Power attheload R,

v 1v.\% 1v2
P, = | = —iR.,)i =—R <'2——S'):— | — =
L = Vg, L = (Vs — IR)i sli Rsl R (i 2R, +4Rs
1v52,1‘m5
=217 R The maximum power being absorbed by the load
S
17752,rms

u WhenRS:RL PL:PL’max:Z R
S
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" | Maximum Average Power Transfer

i
— * The current through Z; is I, = I;,26;,
Zy I = WS . VS
e YU Zo+Z, (Ry+jXo) + (R + X))
WS —— ZL
(S I VS
IL =
\/(Rs + RL)Z + (Xs + XL)Z
= Th I Z;is V, =V,
Acsume evoltageonZ;is V, =1, HvL
WS = VSLQUS WL _ WSZL — WS(RL +]XL)
Z.+7Z R.+jX.)+ (R, +jX
ZS:RS+jX5 S L (s ]s) (L ]L)

Z, =R, +jX; N Ve R? + X2

V., =
- \/(Rs + RL)Z + (Xs + XL)Z
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" | Maximum Average Power Transfer

--------------------------

» The average power at the load Z;

P, = Vimslrms COS(QvL - HiL)

Vr%ns RL

T (Rs+ R)? + (X, + X,)?

R.=R
= when S L ->
{Xs = —X|

5/7/21

Z,=17;

[, = Vs
L JR T ROZ+ (X, £ X,)2
Ve RZ + X7
VL =
\/(Rs + RL)Z + (Xs + XL)Z

Ry,

where 6, —6; =cos™! (

Vr?rns R L 1 Vr%ns

< <
(RS + RL)Z 4 RS

1V
4 R

P Lmax —

Milin Zhang, Dept of EE, Tsinghua University
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= | Outlines

= Response to different forcing function

o Ramping forcing function

o Sinusoidal forcing function
- 1F -
= Complex forcing function orsion | of | 0=c2 o= s
v-i relation v=iR v() =v(to) + %ft i(x)dx v(t) = L%
o I[mpedance & admittance N—— . 1 o
joC @

o KVL&KCL / Superposition / Equivalency

= AC steady-state analysis

o Impedance circuit analysis for steady-state solution in LINEAR circuit

= Complex Power analysis
o Definition of complex power/average power/reactive power

o Maximum average power transfer
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" | Reading tasks & learning goals

= Reading tasks

O

Basic Engineering Circuit Analysis, 10t edition
e Chapter 8.1-8.8 & 9.1-9.6

= Learning goals

5/7/21

O

O

O

Know how to solve response with ramp/sin. forcing functions
Understand the basic characteristics of sinusoidal functions
Know how to calculate impedance/admittance

Know how to perform AC steady-state analysis

Know how to calculate real power/reactive power/complex
power/power factor in AC circuits

Be able to calculate the maximum average power transfer for a
load in an AC circuit
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