Chapter 7

Capacitors and Inductors

7.1 The Capacitors

7.2 The Inductors

7.3 Inductance and Capacitance Combination
7.4 Consequences of Linearity

7.5 Simple Op Amp Circuits with Capacitors
7.6 Duality
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7.1 The Capacitors

- Ideal Capacitor Model

active element: an element that is capable of furnishing an average power greater
than zero to some external device
ideal source, op amp

passive: an element that cannot supply an average power that is greater than zero over
an infinite time interval

resistor, capacitor, inductor
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7.1 The CapaC|tors

Example 7.1 Determine the current i flowmg through the capacitor ( C=2 F)
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, dv dv .

@ i=Cr 2=V _ o capacitor:
=5i=0 ' dt  dt open circuit to DC
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7.1 The Capaotors

. Integral Voltage Current Relationships

t

d 1 1
i = (;d_: = dv = Ei(t)dt = v(t) = C j i(t"Hdt" +v(ty) or v(t)= jldt + k
to
1 = _da dq = Cd
. / = _— = — - =
to > —0,v(—) =0 = v(t) = C fldt ' dt dt C[ v
oo = q(t) = Cv(t)
Example 7.2 Determine the voltage across the capacitor ( C=2 uF)
v(1) (V)
A
i(7) (mA)
A —> 81—
20
I I - | I | I [
) o1 2 3 4 '™
v(t) = f‘dt l j‘dt T f ldt ] v(t) = 4000t,0 < t < 2ms,
_ _3 v(t) =8,t>2ms
_—5x10_6j20>< 1073dt’ 4 v(0)
0
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7.1 The Capacitors

- Energy Storag

d dv 1
Power . p=vi = de—Z E = fpdt’ =C fvﬁdt’ =C f v'dv' = EC[vz(t) — v2(ty)]
tO tO v(tO)
0
1 o2 2 1. 5
we(t) —welky) = - Clva(6) — v (&)] we(t) =7 Cva(t)

Example 7.3 Find maximum energy stored in capacitor.

_ o v?  100%(sin 2mt)? . ,
i l i iIR llC Pp = f = 106 =10 (Sln 27Tt)
- 0.5 0.5
100 sin 27t V C’l) v gl MQ T 20 uF => wg = j Pr dt = j 1()_2 Sin2 2mtdt = 2.5 m]
0 0
— ! we(f) = 0.1 sin? 2art (J)
A
1 1 0.10
we(t) = ECUZ = EZO X 1076 x 1002 (sin 2mt)? 0.08
= 0.1sin? 2mt | 0.06
0.04
: 1 0.02
— maximu att = 7 = W¢ max = 100mJ :

0
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7.1 The Capacitors

0.015 —
— v — -6 . ; = 0.10
g =5 = 1 X107 x 100 sin 2mt ool =N
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0.005 _
< - <
dv PR "\ o006 £
ic = CE =20 X 107® x 2007 cos 27t : 5
S _ S
= 0.004m cos 2nt = 0.01257 cos 2wt ~0.005 |~ ~/is 004
-0.010 — 0.02
is = —(ir +ic)
0,015 N A I N N N N R 0
_ . 0 005 01 015 02 025 03 035 04 045 05
Important Characteristics of an Ideal Capacitor (6)

1. There is no current through a capacitor if the voltage across it is not changing with
time. A capacitor is therefore an open circuit to dc.

2. A finite amount of energy can be stored in a capacitor even if the current through
the capacitor is zero, such as when the voltage across it is constant.

3. It is impossible to change the voltage across a capacitor by a finite amount in zero
time, for this requires an infinite current through the capacitor. (A capacitor resists
an abrupt change in the voltage across it in a manner analogous to the way a
spring resists an abrupt change in its displacement.)

4. A capacitor never dissipates energy, but only stores it. Although this is true for the
mathematical model, it is not true for a physical capacitor due to finite resistances
associates with the dielectric as well as packaging.
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7.2 The Inductors

- Ideal Inductor Model

iL
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di
-] — unit] henry (H
v Ldt [unit] y (H)
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Voltage is proportional to the time rate of change of the current producing the
magnetic field

v = 0 = constant current = short circuit to dc

Example 7.4 Determine the inductor voltage. (L =3 H)

i(1) (A) v(t) (V)
1 1 di di
1 v

—> 3 =LE=3a

| I > [ (S l > (S
-1 o 1 2 3 ® o 0 |1 2 |3 "
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7.2 The Inductors

v(t) (V)
A
| 30 di di

/ : U=L%=3E
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Infinite voltage spikes are required to produce the abrupt changes in the inductor
current
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7.2 The Inductors

- Integral Voltage-Current Relationships

=L i di = 1 dt
v=_L— i=7v
i(t) t . t t
f di’ =Zjv(t’)dt’ = i(t) —i(ty) =Zjv(t’)dt’ = i(t) =Zjv(t’)dt’ + i(ty)
i(to) to to to
t
1 1 .
(© =7 [vderk =7 [var tom i) =0
Example 7.6 Determine the inductor current if / (t=-1/2)=1A. (L =2 H)
t
o1 o 1(6\ . 1(6)\ .
v, = 6c0os5t V = i(t) =§J6c055t dt’ + i(ty) =7lz sm5t—§ 3 sin 5ty + i(ty)
to

51
= i(t) = 0.6sin 5t — 0.6 sin 5ty + i(ty) = 0.6 sin(5t) — 0.6 sin (— 7) +1=0.6sin5t+ 1.6

i(t) =§j6c055tdt+k = 0.6sin5t + k

U . ST . .
=>l(—§)=0.6sm(—7>+k=1 = k=14+06=16 .~i(t)=0.6sin5t+ 1.6
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7.2 The Inductors

; di 1
. _ : ﬂ _ I __ . ! — af = | S .2 _ .2
Power: p = vi = iL o E = det = Jldt’ dt j i'iv 2L[L (t) —i“(ty)]
to to i(to)
0 1
. . 1
wy (1) — wy (#g) = EL[lz(t) — i%(tp)] => w,(t) = ELiZ Assume i(ty) =0

Example 7.7 Find the maximum energy stored in the inductor

i 0.1 Q 2
’ * 1 1 mt t
wp = ELI,Z = EX 3 X (12 sin (E)) = 216sin2€
+ UVp -~ “+
. t — . — —
12 sin %A 3HSy  AL=0 wi(t=0)=0J LT
att = 3:w;(t = 3) = 2165sin > =216] maximum
. att=6:w,(t=6)=0]
6 6
, , . Tt LT
pr = iR = 0.1 X 122 sin < w = wg = | prdt = | 14.4sin gtdt =43.2]
0 0
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7.2 The Inductor

Important Characteristics of an Ideal Inductor

1. There is no voltage across an inductor if the current through it is not
changing with time. An inductor is therefore a short circuit to dc.

2. A finite amount of energy can be stored in an inductor even if the voltage
across the inductor is zero, such as when the current through it is
constant.

3. It is impossible to change the current through in inductor by a finite
amount in zero time, for this requires an infinite voltage across the
inductor. (An inductor resists an abrupt change in the current across it in a
manner analogous to the way a mass resists an abrupt change in its
velocity.)

4. The inductor never dissipates energy, but only stores it. Although this is
true for the mathematical model, it is not true for a physical inductor
due to series resistances.
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7.3 Inductance and Capacitance Combination

Inductors in Series

i L,
4115
+= — + N
Vs Leq Leq = ZL"
n=1
di di
v —U1+vZ+ +vN_L1d_+L2d_+ +LNd —(L1+L2+ +LN) eqa

. Inductors in Parallel

T ' . I_:> N
I LA (A ; Loyl
Leq Ly,
. : ) =1
isCTD v Ly Ly Ly s v Leg " 1
= L,, =
o1 1.1
— I Ly
N N 1 t N 1 t 1 t
=Zin z —fvdt vl =1) = Jvdt +zln(to) = — | vdt' +iy(ty)
L L, Leg ,

n=1 n=1 n=1 £ £
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7.3 Inductance and Capacitance Combination

—— |{ |L s
I\ A 1 > - = _
+ 1 - + - Ce 2 Cn
+ q n=1
+ P
vy (_) UN CN v, C) p— ch N C _ 1
- eq 1 1 1
— [
N N 1 t N 1 t N 1 t
Vg = Z vy, = Z o j idt' + v, (ty) | = Z o fidt’ + Z v, (L) = - idt' + v (ty)
n=1 n=1 n tO n=1 n tO n=1 eq tO

. Capacitors in Parallel

* lfl lfg lfN |:> *
z CD v =C =G = Cy fs (D v

\
/
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2
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I
1=
)

n=1
— - * — —
i3=i1+i2+"'+iN
—Cdv+cdv+ +C dv N - dv_dv dv
T lde T % de N dt lszzln:chE=Ech=cqu
n=1 n=1 n=1

C (4 Cyt ot )
- 1 2 th
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7.3 Inductance and Capacitance Combination

0.8 H 1 1 6
_—mn - =

O———rxYT N o i N 1373 2.0

'H 1~ 6 uF 6 3 6

1~ 1 uF
-~ 3 uF 2H
o . o— I ——
. %
1 = ==
cos=tioge2 14+2.0=30 == 3 uF
1.1 5
2 3 6 o
I H
— T —— 3H 3 H
o—¢ — T ® S11A .
|/ No series or  parallel
2I\F combinations of either the
5 =4 uF T 6 #F  inductors or the capacitors.
- can't be simplified.
O L
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7.4 Consequences of Llnear|ty

Example 7.9 erte approprlate nodal equat|ons for the circuit.

vV — UV d UV, — 7V
[ =Ty )
A R dt
i
vl vz dv B de
L V| R :_E-I_F Cld lS+C1§
Vs ¢ TN—+—VW— 22
Iy 1 t v v
1~ V2
O re O el it
to

t t
_l_ V1 dvl 1] 772_1]

1. Inductors and capacitors are linear elements.

2. The principle of proportionality between source and response can be extended to
the general RLC circuit, and it follows that the principle of superposition also
applies.

3. Initial inductor current and capacitor voltages must be treated as independent
sources in applying the superposition principle.

4. Thevénin and Norton's theorem can be applied to linear RLC circuits, if we wish.
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7.5 Simple Op Amp Circuits with Capacitors

£2 va N Vout va
||
— Vs — Vq d(Vg — Vout)
' R1 dt
Vs AVous
-»—=—C
R, I dt
+ 1 t
Uo_ut = Vour = —Vep = — R, j vsdt' — v, (0)
1 ’

. Differentiator

3| 20|2-1 2013123%t7| 0|2 A »



7.6 Duality

 Duality

Two circuits are “dual” if the mesh equations that characterize one of them have the
same mathematical form as the nodal equations that characterize the other.

30 i o diy di
1t 3iy,+4——4——=2cosb6t,
+ U — dt dt

AYAAY,
t
: di di 1
26vi>q 4H ket SR Rt Sl R Y o
cos 61 V{ ~ f /"—3) 5Q 4dt+4dt+8,[l2dt+vC(O)+5l2_O

0

t

' 1
—4— 4+ 44—+ — | i, dt’ i, =—1
-+ dt+8]l2dt + 50, 0

0

3v, + 4 4dv2—2 6t
(2 dtt_ cos 6t

1 .
—4W+4W+§j‘v2dt +lL(0)+5172—0
0

Ref. t

1
. —4W+4W+§j‘v2dt +5172——10
lL(O)Z 10 A 0
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7.6 Duality

Voltage — Current
Serial > Parallel
Resistor > 1/Resistor
Capacitor > Inductor
/ Ref.
30 8F
AMA— I{

2 cos 61 V «}) 4H §SQ




Practice 7.11

106 v do
10 n

+ 1007 dt
8¢~ 10T mA v D 10[Q | =<02uF -0+10i,—10i, =0
My I,
(a)

3e

_IOia +lOib +éjibdt -0 (= | = _806—10 t
ia = Ua = 86_106t

L, =0, =v, —0.1x1

g - 106 . di ~10°t ~10°¢
Uy AN Uy 8" =0.1i+02u— =8 " +0.1x80e
dt
0.1Q + . ~10%t
6 e —|+100a—100b=() =16e
8¢ 10" mv C_) 1» 0.2 uH |
P ~100, +100, +— [ 0,dt =0
s L
(b)

Homework : 7%} Exercises 59| Hjlz= 24| (64H ZX|77HX])
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