EE100Su08 Lecture #7 (July 9t 2008)

e Qutline
— Questions?

— Finish Chapter #7
« RC circuit: total response to a step input
* RL circuit: total response to a step input

« Application of Thevenin’s Theorem to RC/RL
circuits
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Summary

Capacitor
i=C ﬂ;w Loy
dt 2

Vv cannot change instantaneously
| can change instantaneously
Do not short-circuit a charged

capacitor (-> infinite current!)
1yl
C — C

eq = i

n cap.’s in series:

ncap.’s in parallel: C,, = Zci
i=1

In steady state (not time-varying),
a capacitor behaves like an open

circuit.
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Inductor
V= Lﬂ;W=lLi2
dt 2

| cannot change instantaneously
v can change instantaneously

Do not open-circuit an inductor with
current (-> infinite voltage!)

n
n ind.’s in series: |_eq - Z L.
i=1

| LN |
nind.’s in parallel: L—eq: .Z—llf.

In steady state, an inductor
behaves like a short circuit.
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First-Order Circuits

A circuit that contains only sources, resistors
and an inductor is called an RL circuit.

A circuit that contains only sources, resistors
and a capacitor Is called an RC circulit.

 RL and RC circuits are called first-order circuits
because their voltages and currents are
described by first-order differential equations.

- t Thevenin,
r R 5 W) R
A e —h

vs( F L ' Ve <j> C——
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Response of a Circuit

 Transient response of an RL or RC circuit is

— Behavior when voltage or current source are suddenly
applied to or removed from the circuit due to switching.

— Temporary behavior

o Steady-state response (aka. forced response)
— Response that persists long after transient has decayed

 Natural response of an RL or RC circuit Is

— Behavior (i.e., current and voltage) when stored energy
In the inductor or capacitor is released to the resistive
part of the network (containing no independent
sources).
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Natural Response Summary

RL Circuit RC Circult
| — +
L R C-— VR
 |Inductor current e Capacitor voltage
cannot change cannot change
Instantaneously Instantaneously
* |In steady state, an e |n steady state, a
iInductor behaves like capacitor behaves like
a short circuit. an open circuit
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First Order Circuits

0 i[“l
v (t) :T Ve(D) it <> R L2 v ()
KVL around the loop: KCL at the node:
Vi(t) + ve(t) = v(t) V(t) _[V(X)dx =1 (1)
dv_(t)
RC — t)=v_(1
&V =V, (0) II; dlat(t) O

EE100 Summer 2008 Slide 7 Bharathwaj Muthuswamy




) ’
e D | s hee & \tc] s T

EE100 Summer 2008 Slide 8 Bharathwaj Muthuswamy




S°\Vk°'\ 9& RC M('

(t ' —
LA (0 | g D= ttcég'_ewﬂ\u@:

Y - =39 v'\n‘.\\‘e&,
_|_
vy(t) = V(1) LX, ’VG"() 2 qoun e
f So\ux‘\oc\" Su}}oﬁ \15 l'b:o
/
X)
\Q\ Noc %Qi‘;& - ’\,(,
@4— { t
= - /RC K‘\‘ (O):Vo
¢ ’\\«O Vc®: VOQ’ ‘ i
- e
2 .éYL'- \l,eerC ~l z -_!?_C
dt e AL

EE100 Summer 2008 Slide 9 Bharathwaj Muthuswamy




S°\Vk°'\ 9& RC M('

v

W

R

i®) | g

D RCdve &\ b| W O:
av Viakdl

:—'— Vc(t)

@ (o\&l&b, Q}m\lc

EE100 Summer 2008

O st
\Ido\“:

Y
\IQL\D: A+t Be i@

Q,:g, T f, R el

St—ksj‘a ‘\M\\& (ol\éuk%o

\iakd s A8 J(

0

= f

Slide 10 Bharathwaj Muthuswamy




S\’\vk"'\ 9&

RC gl
v, (t ﬁ =
Ve 1.(1) \'5 (b: RC é—v—e + \ (,® N, 9):
Y - =3 v'\n‘.\\‘e&,
n
. V(1) —';t/)v
NV bz At Be —O

EE100 Summer 2008

G D Mk i (Specihed]
N b9 2 (opectn horyo o*e

‘\o \lOL &“\""‘Q

B .
A L R OR RS T

) i &

Slide 11 Bharathwaj Muthuswamy




So\uko,\ 9& P\Q C.\( &(,

? ~—
1.(1) \'S (b:, ‘LC é_\’_‘: A \ (,® \, (0)-
1 — av Viakdl
_I_

— 'AQ) :(/,v
\IQL\D: A Al G e —

Liad Y13° NEEh

EE100 Summer 2008 Slide 12 Bharathwaj Muthuswamy




’va(/) \’@(‘J) = Af&: \‘(w;\\a&

\‘é&t pf—('g ¢
o T~ \(E2) = A =Npe
M_—— (
|+ Bz M- A
@
_¢ = - \ro

—

EE100 Summer 2008

| YR
4 '“C®: \IDC-\' QM{HJ ’\LDJQ

(
RC,é;’_c_ 4V, < \IS <Npe (,*7/9
dk

Slide 13 Bharathwaj Muthuswamy




\zCé:g +VY, < VD(J

N c.dD ~ \lDL&Q\n:\\\J 22}3

d&k
2 [ to0e 1) i
oL
_ \ S
— \fh: RC} J i (>0
| L{L\JC@, Vo, 4 Minkd - Voo ) € vl




Xt R
7 [e- ()4 -

EEEEEEEEEEEEEEE

Slide 15




O v\éL‘c%w‘. ol ’A:_ Tine Lalek = TS RC

\:Liﬁg—) J L Wwe
‘ X , T wb
|Nbe Voot Ninbd =Yoo )e ™ V0

\—

(9'\2;_&_9(', t:gt

i - _5

v (K50 NGk W Yoo)e
= Npe

= § b (a'\;\fm’;, UYL.A‘( \\so M g\a«l@w\i&,

EE100 Summer 2008 Slide 16 Bharathwaj Muthuswamy




EE100 Summer 2008 Slide 17 Bharathwaj Muthuswamy




X/
.-\-
C —— \10(331\‘\\«:\‘& N\ c@ - \' \,u‘«)«c

QH""‘@)\IBL:%

Slide 18

EE100 Summer 2008

C

Bharathwaj Muthuswamy




‘ . N oW G oued
_A\ ("(“”“\M irdn e e cfraf é)w«ﬁm]

Bharathwaj Muthuswamy

EE100 Summer 2008 Slide 19




&3) ‘ CA_V/Q
o f éL/—— N¢

J ’(h(o (o‘\cva\‘\’
S C u‘«s'%e-rt C“”‘
A&M CMS

EE100 Summer 2008 Slide 20 Bharathwaj Muthuswamy




Procedure for Finding RC/RL Response

1. Identify the variable of interest
e For RL circuits, it is usually the inductor current i (t)
 For RC circuits, It is usually the capacitor voltage v(t)

2. Determine the initial value (at t =t, and t,*) of
the variable

 Recall that i, (t) and v,(t) are continuous variables:
IL(t") =1.(t;) and v (t;") = v (i)

 Assuming that the circuit reached steady state before
t,, use the fact that an inductor behaves like a short
circuit in steady state or that a capacitor behaves like
an open circuit in steady state
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Procedure (cont’d)

3. Calculate the final value of the variable

(its value as t 2 )

 Again, make use of the fact that an inductor
behaves like a short circuit in steady state (t 2> «)

or that a capacitor behaves like an open circuit in
steady state (t 2 «)

4. Calculate the time constant for the circuit

7= L/R for an RL circuit, where R is the Thévenin
equivalent resistance “seen” by the inductor

7=RC for an RC circuit where R is the Thévenin
equivalent resistance “seen” by the capacitor
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Natural Response of an RC Circuit

« Consider the following circuit, for which the switch is
closed for t < 0, and then opened at t = O:

W
v()

1

0

< + |l

Notation:
O~ is used to denote the time just prior to switching
0" is used to denote the time immediately after switching

« The voltage on the capacitor att=0"is V,
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Solving for the Voltage (t > 0)

e Fort> 0, the circuit reduces to

/\N\/i |

R +

0]
VOCD C——=v R

* Applying KCL to the RC circuit:

e Solution:

v(t) =v(0)e "
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Solving for the Current (t > 0)

/\N\/i |

R +

Vo t) C ———V R% V(t) :VOe‘t/RC

* Note that the current changes abruptly:

i(0)=0
for t> 0, i(t):l:\ie—t/RC
R R
: V
= (0=
(07) o
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Solving for Power and Energy Delivered (t > 0)

/\N\/i |

R +

VOCD o C—=v R% v(t)=V e "¢
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Natural Response of an RL Circuit

e Consider the following circuit, for which the switch is
closed for t < 0, and then opened at t = O:

et

t=0 i— +

|, C) R, L R=V

Notation:
O~ is used to denote the time just prior to switching
0" is used to denote the time immediately after switching

* <0 the entire system is at steady-state; and the inductor
IS = like short circuit

e The current flowing in the inductor att=0"is |, and V
across is 0.
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Solving for the Current (t > 0)

e Fort> 0, the circuit reduces to

D = g o=

e Applying KVL to the LR circuit:

. V(D)=i()R
. Att=0%, i=l, _
e At arbitrary t>0, |:|(t) and V(t) — d;(tt)

Solution:; I(t) = i(())e_(R/L)t = |Oe-(R/L)t
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Solving for the Voltage (t > 0)

i(t)=1.e ®/L"

D = g es

_|_

V

« Note that the voltage changes abruptly:

v(0)=0
fort >0, v(t)= IR = |ORe—(R/L)t
= v(0")=1,R

Bharathwaj Muthuswamy




Solving for Power and Energy Delivered (t > 0)
1(1) = Ioe‘(R/L)t

_|_
|, CD R, L R=V

p _ I2R _ IgRe—2(R/L)t

t t
sz p(X)dXx =j | 2Re™>("DXdx
0 0

:%ng(l—e‘z(m”t)
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Natural Response Summary

RL Circult RC Circuit
| — +
L R C—_— VR
e |Inductor current cannot e Capacitor voltage cannot
change instantaneously change instantaneously
i(07)=i(0") v(07) =v(0")
- - —t/ _
1(t)=1(0)e™"" v(t) =v(0)e™""
e time constant 7 = = « time constant 7 =RC
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Application of Thevenin’'s Theorem to RC/RL Circuits
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Digital Signals

We compute with pulses. 1

We send beautiful pulses in: g
But we receive lousy-looking T%
pulses at the output: £

\

time

|

time—

Capacitor charging effects are responsible!

Every node in a real circuit has capacitance; it’s the charging
of these capacitances that limits circuit performance (speed)
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