CAPACITANCE AND INDUCTANCE

Introduces two passive, energy storing devices: Capacitors and Inductors

LEARNING GOALS

CAPACITORS
Store energy in their electric field (electrostatic energy)
Model as circuit element

INDUCTORS
Store energy in their magnetic field
Model as circuit element

CAPACITOR AND INDUCTOR COMBINATIONS
Series/parallel combinations of elements

RC OP-AMP CIRCUITS
Integration and differentiation circuits
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CAPACITORS

o

First of the energy storage devices to be discussed

Typical Capacitors

o

Basic parallel-plates capacitor

+

v (1) gty /= C

. _dq

Dielectric

i

-+

CIRCUIT REPRESENTATION A 55-F, 500

NOTICE USE OF PASSIVE SIGN CONVENTION | ' capacitor and a 10-in ruler

<] [> for combparison. GEAUX >




O CcC=""
<y
d
|
Dielectric A 55-F, 5004
0 capacitor and a 10-in ruler
e Dielectric constant of material in gap for comparison.

PLATE SIZE FOR EQUIVALENT AIR-GAP CAPACITOR

 8.85x107'° 4

= olex10 = A=6.3141x10"m"
- X

S55F

Normal values of capacitance are small.
Microfarads is common.

For integrated circuits nano or pico farads
are not unusual
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Basic capacitance law O = f (V) dt
O -
Linear capacitors obey Coulomb’s law Q =C VC T
C is called the CAPACITANCE of the device and has +
units of Cha rge H(I) q(f) pr—— C
voltage - l
One Farad(F)is the capacitance of a device that can J O
store one Coulomb of charge at one Volt. i i . i
Linear capacitor circuit representation
Coulomb
Farad =
Volt

EXAMPLE Voltage across a capacitor of 2 micro
Farads holding 10mC of charge

] ]
V = — =
¢ CQ 2%107°

Capacitance in Farads, charge in Coulombs
result in voltage in Volts

10*¥107° =5000 v

Capacitors can be dangerous!!!

KIgL=

GEAUX »




Capacitors only store and release
ELECTROSTATIC energy. They do not “create”

The capacitor is a passive element

LEARNING BY DOING

. and follows the passive sign convention Write the i-v
f i?r} relationship for the
following capacitors.
. ol '
bl v (f) == C p
: ( t
—o—= ) i(t) = —C ZE )
T : o
o(1) 4 == € (a)
O L
Linear capacitor circuit representation - I'{I}
Loy o . du(t)
l(t)_CE(t) v (f) —— i(t) = —-C it
+
O
(b)
<1 (GraT: >




QC — CVC Capacitance Law

If the voltage varies the charge varies and there
is a displacement current

One can also express the voltage across ... Or one can express the current through
in terms of the current in terms of the voltage across
1 1. d dv,
Vc(f)=EQ =— jlc(x)dx i :—Q:C <
o dt dt
Integral form of Capacitance law Differential form of Capacitance law
The mathematical Implications of differential form??
implication of the integral
form s ... V.=Const=i.=0
Ve(t—) =V (t+); Vi DC or steady state behavior
Voltage across a capacitor A capacitor in steady state acts as an
MUST be continuous OPEN CIRCUIT
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| CAPACITOR AS CIRCUIT ELEMENT LEARNING EXAMPLE

. A
NN DETERMINE THE CURRENT
™ Ve
o Y
_ e i()=C (1
dv
i=Cc%er -1, \\ \Foomz
g R 0 6 8 (ms)
I ns
1. v. = Ri = 2 [¥
Vc(t):E flc(X)dx R R i=5x107°[F]x—— {—}zZOmA
—co Ohm'’s Law 6x10 S
t L t i(1)=0 elsewhere
J=1+]

i(f) (mA) &

20

ve(t)=— [ic(x)dx+ é:jic (x)dx

—0o 'C’\ A
ve(t) = vc<ro>+% ﬂfmdx
fod

-60
an integral has important implications... [ [ @)

The fact that the voltage is defined through




| CAPACITOR AS ENERGY STORAGE DEVICE

ic + Instantaneous power
. PcO)=v )i (1) W
™ Ve
1. t
ve(t) = Jice =110
1 d
Pe Pe(t)=—54c()= C (1)
d (1 Energy is the integral of power
pc(t)= Cdt(EVC(t)j 1 d 2
wel(ty,t) = ij(x)dx Pc(t)= C dt( q. (t)j
If t1 is minus infinity we talk about If both limits are infinity then we talk
“energy stored at time t2.” about the “total energy stored.”
1 1
wc(tzaﬁ)—zc"c(tz) CvC(tl) wc(l‘z,tl)—cqc(tz) ch(tl)

KIgL=
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UVE - - - - -

LEARNING EXAMPLE

0 Energy stored in 0 - 6 msec
w(0,6) = %Cvé (6)— % Cv;.(0)
1

w(0,6) = 55 *10°[F1*(24)°[V"]

¢ (ms) Charge stored at 3msec

9:(3)=Cv()
qc(3)=5*10"[F]*12[V'] = 60uC

“total energy stored?” ....
“total charge stored?” ...

If charge is in Coulombs
and capacitance in Farads
then the energy is in ....
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C =4u F.FIND THE VOLTAGE

Current {(pA)
&

15—

5

10—

v(t)=v(0) +%;|.i(x)dx; t>0

1
(4)(107°)

o(t) = rs(1ﬂ—3)x dx = 10°2
(]

0<t<2

v(t)=v(2)+ % ;Ii(x)dx; t>2

v(2ms) = 10°(2 X 103)2 = 4 mV

u(t) = = (8)(107°) dx + (4)(107)

2<t<4ms

1 r
_(4)(10_6) J.;(10‘3)
v(t) =2t +8x107°[V]

O=t=2ms

2ms =t=<=4ms
4ms <t

| ]




C =4u F.FIND THE POWER

Current (pA)
Ak,

i) =8x107t 4 — p(t) = v(t)i(t)
) _
10— p(t)=8t, 0<¢t<2ms
;- p(t) = —(8)(107)(=2r + 8 x 107?)
e l10-6Ye < S
0 T 1 z T T ? » 16(10 )r 64(10 )
0.5 1 1.5 25 3 35 Time (ms) 2 <t < 4dms
o p(t)=0, elsewhere
0 —8 X 10°°
@) Power (nW)
Voltage (mV) A
A 60—
] 50
3.5 40 -
3 30—
2.5 _ 20
| - 10°#2 =2t + 8 X 1073 10— ) .
0 | [ | — T T T -
10 05 1 15 25 3 4 Time (3
90
_3[]_

I =

I
3 35 4 Time(ms)

(c)
<] [> [GrAT >




Energy (pl)

FIND THE ENERGY *

Power (nW)
A 30
60—
50 25
40 20
30 _. |
20 16(107%)r — 64(10™°) '
10 . 3
0 i —
-10 75 3 g4 Timef(r 5_|
~20— 0 .
0= 05 1 15 2 25 3 35 4 TmeG
r
p(t)=8t>, 0<t<2ms w(t) = Lﬁf dx =2" w(2ms) = 32p]
p(t) = —(8)(107%)(-2¢ + 8 x 107%)
— '1"6(10”6): . 64(10_9) p(t)=0, elsewhere
2<t<4ms

f

w(t) = J' [(16 X 10®)x — (64 x 107)] dx + 32 x 1072

X107

w(t) = I Jrp(.z:) dx + w(ty)

)

= (8 X 107) — (64 X 10)r + 128 X 1072
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LEARNING EXTENSION

12

A
v(t) (V)

C=2uF
DETERMINE THE CURRENT

4%107°

NP
i(0)=C" (1)

i=2x10"°F x —12 F}
S

— —
A i(f) (mA)
12
0 I
—6

Kigi=

GEAUX »




SAMPLE PROBLEM n ®

v(?)

— WHAT VARIABLES CAN BE

o COMPUTED?
v(t)=130sin (12077 ¢)

~C=2uF

A}

1 1
Energy stored at a given timet  £(f) = 5 CV?: (1) E(1/240)= 52 *10°[F]*130° sinz(%j J
Charge stored at a given time |4c (£)=Cvo (1) q-(1/120) =2 *10°[C]*sin(z)[V']=0 C

—cPe ) i(1/120)= 2510 #130*1207 cos(x) A
dt

Current through the capacitor 7.
Electric power supplied to capacitor at a given time P (¢) =v.(¢)i.(f) W

Energy stored over a given time interval w(t2 tl) _ leé (tz) _ lCV?; (tl) J
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ic®=e0% t>=0

SAMPLE PROBLEM! If the current is known ... . | | . ‘

. il Current through capacitor
ZC l 0.8r
—0.5¢ 07
, e ;120
=y, O { 00<0 N
C Ve ’
C=2ulF T o
1 t qz -1 0 1 2 3 4 5
Voltage at a given time t Ve (1) = E J‘ic (x)dx Ve (0) = 0[]
e 1 4 .
Voltage at a given time t when voltage at time to<t is also known e (t) = Ve (to) T E IZC (x)dx
2 to
17 -0.5 1 o ose | 1 1 -1 6
—v.(0)+— e "dx = ——e 7 |I= l—e™ )=0.6321*10
@)=+ | 2*106[ 05, 2%10° 350=") .

0

Charge at a giventime |4c (1) = CVC (?) qdc 2)= 2*0.6321 ¢ T

' . = - -0.5x
Voltage as a function of time v, (1) = % J}‘C (x)dx ve()=0;t<0 V¢ (1) Ve (0)+ C 6[6 dx

— 6(1_ 050N, +>
Electric power supplied to capacitor | p. (1) =v (t)i.(¢) W = {10 (I-e");t20 '
0;¢<0

Energy stored in capacitor at a given time w(t)= EC‘% (r) J

113 L H H — 1 2 1 —
Total” energy stored in the capacitor Wy = 5Cvc(oo) Wy =—2%10 6 % a 06)2 —10° J

= 2 [GEATx




t

SAMPLE PROBLEM | Given current and capacitance V() _1 jic(t)dt V()
Compute voltage as a function of time C t,

ic (1) (micro Amps) At minus infinity everything is zero. Since

C=4uF current is zero for t<0 we have Ve() =020

13 0<t<Smsec= 15 10°° 4
ie(ty="2H, 310

= 5 ms3*10310 S

. Ve =0= Vel =g v [V]:th [V]:0<£<5%107s]

In particular

t=3*10"[A/s]t

W

3*10° *(5*107°)? 75
t(msec) Ve (Sms) = ( ) V]

5<1<10 ms = i.(t)=—10 [uA] 5 e

[mV]

-10

75%107° 1
+
8 4%107°

](—10*10—6)[A/s]dx

Charge stored at 5ms V. (5ms)= %5 [mV]= V()=
54107

qc(1) =CV.(2)
q(5ms) =4*10°[F]*
q(5ms)=(75/2) [nC]

75*%107°

V]

75%107° 10( _3) 3 ;
| _ _ &% 8% 10” 10
T V(1) t—5%107)[V];5*%107° <£#<10*107° 5]
1
E=—CV;
2 Before looking into a formal way to describe the current
lotal means at infinity. Hence we will look at additional questions that can be answered.
e s[25%107
E.=0.5%4*10 : [/] Now, for a formal way to represent piecewise functions....
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Formal description of a piecewise analytical signal

| 0; ¢<0
%tz; 0<t<5ms
_ [mV']
V.(?) 4E_Q( —5), 5<¢<10 [ms]
8 4
—%; t >10[ms]

Vg [mV]

12

i
6

-4
4] 2 4
time(ms)

Kigi=
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T R, o i i, .

Flux lines may extend

beyond inductor creating

stray inductance effects

Il/—Fluxlines

i
G

5
om0
-

INDUCTORS NOTICE USE OF

PASSIVE SIGN CONVENTION
— Flux lines

Circuit representation
for an inductor

s A TIME VARYING FLUX
~ CREATES A COUNTER EMF
& AND CAUSES A VOLTAGE
TO APPEAR AT THE
TERMINALS OF THE

GEAUX »




A TIME VARYING MAGNETIC FLUX

INDUCES A VOLTAGE
dg
V; =——  Induction law
dt

FOR A LINEAR INDUCTOR THE FLUX IS
PROPORTIONAL TO THE CURRENT

o=Li, = di, DIFFERENTIAL FORM
v, = L—= OF INDUCTION LAW
dt

THE PROPORTIONALITY CONSTANT, L, IS
CALLED THE INDUCTANCE OF THE COMPONENT

INDUCTANCE IS MEASURED IN UNITS OF
henry (H). DIMENSIONALLY

HENRY=VLIt
Amp

SEC

INDUCTORS STORE ELECTROMAGNETIC ENERGY.

THEY MAY SUPPLY STORED ENERGY BACK TO

THE CIRCUIT BUT THEY CANNOT CREATE ENERGY.

LEARNING by Doing

Write the i-v
relationship for the
following inductors.

i(2)
v(1) L

THEY MUST ABIDE BY THE PASSIVE SIGN CONVENTION

(b)

Follow passive signh convention

[<«] [»]

v(t) =L

di(t)

dt

GEAUX »




VL—

dt

3 k i,(?) :% ]VL (x)dx

—00

Q|

diL Differential form of induction law

Integral form of induction law

i (0)=i,(t,) +% ij (xX)dx; t =1,

A direct consequence of integral form  |{ (1—) =i, (¢+); Yt | Current MUST be continuous

A direct consequence of differential form iL = Const. = v, = 0

DC (steady state) behavior

Power and Energy stored

d

di, .. 1,
p,()=v, ()i ()| W pL(t)ZLE(f)lL(f)=—(§L1L(t)

dt

1

t

=d (1
w(ty,t)= I—(—

Jdt\ 2

Li% (x)jdx J Current in Amps, Inductance in Henrys

yield energy in Joules

1 -9 1 -9 Energy stored on the interval
w(t,. 1)) = ELIL(’z) _ELIL(tl)

Can be positive or negative

wy (0= Li} (0

“Energy stored at time t”
Must be non-negative.
Passive element!!! <1 [»>
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LEARNING EXAMPLE | L=10mH. FIND THE VOLTAGE

i(r) (mA) &
W - - - - - —

di
v(t)=L—(1)
dt ENERGY STORED BETWEEN 2 AND 4 ms

\ .

|
|
|
. 1.
2\ 4 (me) w(4,2)=—Lli(4)—5Lli(2)

o _20x1074 :10{% " :—10{% 2
: W(4,2)=0—-0.5%10%107(20%107)? 4

2%x1073s s
THE DERIVATIVE OF A STRAIGHT LINE IS ITS
SHSi THE VALUE IS NEGATIVE BECAUSE THE
10(A/s) 0<¢t<2ms INDUCTOR IS SUPPLYING ENERGY
di PREVIOUSLY STORED
d—= —10(A/s) 2<t<4ms
t

0 elsewhere

di
E(t) =10(A4/s) = v(£) =100x 107V =100mV
L=10x10"H
w(r) (mV) &
1040

GEAUX »
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SAMPLE PROBLEM| L=0.7H, i(0)=2A. Find i(t), t>0

v(V)

ENERGY COMPUTATIONS

1 Energy stored on the interval
w(t2 ’ tl) - 9 LlL (tz) LlL (tl) Can be positive or negative
1 t
i(t)=i(0)+ 5 [v(x)dx
. Initial energy stored in inductor

2 1(s) w(0)=0.5%0.1[H](2A4)* =0-2[/]

t
v(x)=2= Jv(x)dx =2t; 0<t<2 “Total energy stored in the inductor”

0
L=0.1H = i(t)=2+20t; 0< £ <25 w(eo)=0.5*0. [ H]*(424)> =88.2J

v(x)=0;t>2=i(t)=i(2); t>2s
Energy stored between 0 and 2 sec

i(A) w(2.0)= Li}(2) = Lii (0)

w(2,0)=0.5%0.1%(42)* —0.5*0.1*(2)°
w(2,0)=88[J]

<1 [ [GrAT >
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' LEARNING EXAMPLE | The current in a 2-mH inductor is
i(t) = 2sin377tA

FIND THE kOLTAGE F\CROSS AND [THE ENERGY
STORED ( ON OF TIME)

di(t)

d
—1= (2 X 107°)—(2sin 3
7 ( )dr( sin 377¢)

v(t) = 1

v(i)= 1.508 cos 377t V

FOR ENERGY STORED IN THE INDUCTOR

w (6) = 1L20)

wi () = 3(2 X 107)(2 sin 3771)?

o =

= (.004 sin® 377t .

NOTICE THAT ENERGY STORED AT
ANY GIVEN TIME IS NON NEGATIVE
-THIS IS A PASSIVE ELEMENT-

<] > [GrAT >




LEARNING EXAMPLE

L=10mH
i(1) (mA) & DETERMINE THE VOLTAGE

_ 4
=L (0

200 -F<F - == -

v=—100mV

>
STy 2 4 |
v:10><10‘3[H]><20><10_3 {é} { (ms)
2x10 S
() (mV) A
100
»
-
) 4 r{ms)
—100

Kigi=

GEAUX »




Voltage (mV) | LEARNING EXAMPLE | FIND THE CURRENT

1.0

v(t) =(1-3t)e*mV t=0
=0

(0.8

0.6 -

0.4 —
0.2 <

0

~(.2 S

i(t)=1i(0) +%;Iv(x)dx; t>0

v(t)=0;t<0=1i(0)=0

i(t) = 21_3:5 J (1 — 3x)e **dx
0

! ¢
= 5{ j e *dx — 3[ xe * dx}
0 0
(0.5 1 1.5 2 25 3 i
|<| > o GEAUX '




L=200mH Power (W) FIND THE POWER

F 3

v(t) = a- 31‘)#‘3"111\7 t=0 NOTICE HOW POWER CHANGES
_ .2 SIGN
=0 <0
0.15 -
: = Ste>'mA t=0 0.1
i(1) q

0

PONER| p(2) = v(2)i(r)

2.5 : :
005 _ Time (s)

=5(1 — 3t)e¥puW =0 "'~

) - FIND THE ENERGY
p) 1
=0 t <0 ~ ENERGY IS NEVER NEGATIVE.
30 - THE DEVICE IS PASSIVE
ENERGY ‘HJ(I') — %LIZ(I)

=252 ul (=0 s
w(t)

=0 t <0

a 05 1 15 2 2.5 ;GE AUX>
Kigi= T




| LEARNING EXTENSION |

r s E(I} {IIIA} L=5mH
FIND THE VOLTAGE

20 — — —

v =5x10"(H)x20(A/s); 0<t<lms =100mV
A (1) (mV)
100

-50

<1 [ [GrAT >




4 T T T T
CAPACITOR SPECIFICATIONS . _ VOLTAGE WAVEFORM _|
CAPACITANCE RANGE pF =~ C = 50mF s mingl curfent
IN STANDARD VALUES SR, XL A N R O | L Y
STANDARD CAPACITOR RATINGS = 0 3-2|Ls ] =
63V — 500V 5oL
STANDARD TOLERANCE 2 300n4
+5%, +10%, +20% -3
ILEARNING EXAMPLE _4[: 1 | 2 | 3 4 | 5 | 6 7
N Time(s)
1{t) C=100nF+20% — o(0) tgm
L d B '-E{I)@Cmin ]
. 14 3 i(t) @ Cryax [ 600
1)=C=~(t ! ]
i(t) dt( )

3|

W) e A N T
AV

Voltage (V)
=
T
I
I
I
I
1
]
1
1
1
|
)
1
1
1
1
=
Current (mA)

GIVEN THE VOLTAGE WAVEFORM -2 ' =400

DETERMINE THE VARIATIONS IN 3 i ----\ _—6{}[)

CURRENT _4_| I T | | | _4m
0 1 2 3 4 5 6 7




INDUCTOR SPECIFICATIONS 150 — GURRENT WAVEEORM ——
INDUCTANCE RANGES =~ InH < L<~10¢ 100 1073 4
IN STANDARD VALUES < 50 %107 {E}
STANDARD INDUCTOR RATINGS : 0
~mA — =14 <

_50
STANDARD TOLERANCE o
-1
+5%, £10%
_15{] 11 1 1 1 1 1 1 I 111 | I | I 1 1 1 1 1111
LEARNING EXAMPLE 0 10 20 30 40 50 60 us
L=100u H £10% — i(1)
- 'U(IJ' at Lmin
di [ t Lmax 2
. v(t)=Ld—(t) 150 [ | | | ( }Ia I 2
m & 100 === 1
L |
L 3v(t) ~ 50 f——— | L
E - =
- = 0 i -1=
= d =
=~ _50 -2

GIVEN THE CURRENT WAVEFORM 100 - 14

DETERMINE THE VARIATIONS IN i i

VOLTAGE ~150 ! ! ! Ly

Time (us) :’>
I<I > GEAUX




The Dual Relationship for Capacitors and Inductors

Capacitor Inductor
i(t) = C d’f) ot) = L d;(:)

o) = = Jti(:r) dx + o(t)

du(t) C>L
p(t) = Cu(t) I L
: \ Y l

w(t) = ;Co(t)? i —v

it) = % J v(x) dx + i(ty)
di(t
pt) = Li(f);—(?

w(t) = $Li0)

| |

GEAUX »




I_IDEAL AND PRACTICAL ELEMENTS |

li(t) li(t) li(t)
) @ o

_|_

RO C == )

[ =

IDEAL ELEMENTS

HICHL

CAPACITOR/INDUCTOR MODELS

INCLUDING LEAKAGE RESISTANCE

Y e
iO=C_ (O vy=L_ () in="9 ¢

leak

MODEL FOR “LEAKY”

CAPACITOR

Kigi=

v(t) =

+

v(t)

li(t)

Rieak

leakl(t)+L (t)

MODEL FOR “LEAKY”
INDUCTORS

GEAUX »



| SERIES CAPACITORS|

{ ' ” |: \
] ”"J'—|-Ir1 +?|':E-IE ;f‘;q _ —G 'Iij
. . : |
n::', C, C, i 1
v(r) i v{1) = Cy
vylt) I
T _
oy g e - 0
Clﬁ'r
v(t) = vy(t) + va(t) + vs(t) + - + vp(2) C = C,C,
r T C+C,
vit) = J i(t) dt + v,(ty) gae;iae;tg?smbination of two
r i
N1 [’ N | [ | ( | [
v(t) = (E E—)Ji(r) dt + > v(ty) AN AN AN
S = 6uF  3uF Cs=
1 X1 1 1 1 2UF
Cs ; C, C G Cx

o(t;) = i (1)

NOTICE SIMILARITY
i=

WITH RESITORS IN
PARALLEL | < | S GEAUX >




| LEARNING EXAMPLE |

Y lu Fl:
DETERMINE EQUIVALENT <
CAPACITANCE AND THE O + ”' —
INITIAL VOLTAGE N N
2R
v(r) i 3pFE=4vi g
D i F
— i
S | e
R
i_l+1+1 _342+1
C. 27376 &
OR WE CAN REDUCE TWO AT ATIME

E*(!H] — —3 V:+2V—4V—1V

ALGEBRAIC SUM OF INITIAL VOLTAGES

DIRECTION FOR THE VOLTAGE

POLARITY IS DICTATED BY THE REFERENCE

Kigi=

GEAUX »




LEARNING EXAMPLE Two uncharged capacitors are connected as shown.
Find the unknown capacitance
FIND C,
+ —0
+
—_— +
~ 30uF
C) sV 18V == ¢
12 V + 24V
4V 2T & .
_ 6v == 124 F
5
SAME CURRENT. CONNECTED FOR THE SAME TIME PERIOD
SAME CHARGE ON BOTH CAPACITORS
Q=QC0uF)@®V)=240uC 0=CV = 0Q=(2uF)6V)=72uC
. 0O 240pC _ 2uC
C =—= — =6 =——=
y v O F C, T 4uF

<] > [GrAT >




| PARALLEL CAPACITORS |

e(r)

i (£) me

. T

i(t) = iy(t) + i) + is(t) + -

dv(r) do(t)

dt

dt
( % )dv(r)

C, =

du(t)

=C
1 dt

CZ + C3

i(2)

ir)
_D_.=

i

+ in(t)

du(t)
Nodr

-+ Cy

ik(t) =C, %(t)

LEARNING EXAMPLE

<4uF F6uF ~FR2uF

b |

~ 3 uF

=4+6+2+3=15uF

| ]

GEAUX »




e |
5
)
\|
]|
&=
5

C«Eq — ' ........... - ST 2 FF

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

»
.

.
. .
---------------
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SAMPLE PROBLEM

FIND EQUIVALENT CAPACITANCE

0 @

T,

1|
J

: ALL CAPACITORS ARE 4 uF

\|
Jl

C E'“F ™ |8UF

| ]

GEAUX »




SAMPLE PROBLEM

C3\./

c, Cc
! Ny
/é Al Ea
1 —| —|

| S| )

C, L ¢, Cs £L G Cs L C,
=~ C, =~ ¢ =~ C;

=~ C; = =~ ¢
=G =~ C; = G5

IF ALL CAPACITORS HAVE THE SAME CAPACITANCE VALUE C
DETERMINE THE VARIOUS EQUIVALENT CAPACITANCES

Kigi=
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Examples of interconnections

10

e

30 F X

I\

Ve

| |

All capacitors are equal
with C=8 microFarads

GEAUX »



SERIES INDUCTORS

—{_} -
+
N
o) g = SL
i=1
%
di
v(t)=L,—(t
(?) Sdt()

LEARNING EXAMPLE

§-4H

1H 2H
o— v A
+
v(r) Leq =7
o

ity +vy(0)- + w5(1) - +u4(1) -
O AT AL AAATT
- L, L, L, _]I
i) i
. Ly |
O . x A R
~ ) +
v(t) = vi(t) + vy(t) + vs(t) + - + vy(2)
di
i
v, (1) k g (2)
(iL)d:(t)
N
L'S' =— ELI
i=1
KIREE

GEAUX »




PARALLEL INDUCTORS |

i)
(1) —0 =
O e .
' 1) fH(¢) Ifs(";‘ _l inlr)
. vir)
) L L, g L; é Ly % Ly
-0 - e —0

i(t) = iy(2) + ip(t) + i5(t) + - + iy(2)

1 (" -
it) = 7 j (x) dx + i(t)
] “tq
_ &N 1)[ y .
0= (3 ) [vrar + Sia)
j=1 &/ j=1
1 1 1 1 1
=— 4+ — 4+ — 4 o+ —
L, L L, L Ly

N
i(to)=2i,-(to)
j=1

i(tH)FE — ru(x)_ dx + i

113 1
oy :
+ HY13A :
: 6A
v(t) ; 12 mH 6mH :
AmH |: 2mH

i(t))=3A—6A4+24=—14

CAPACITORS COM<.B.I

INDUCTORS COMBINE LIKE RESISTORS

=

E CONDUCTANCES




| LEARNING EXTENSION |
. \a

ALL INDUCTORS ARE 4mH

CONNECT COMPONENTS BETWEEN NODES

Leg : o6mH a 4mH‘
1 2mH g >3 AR
WHEN IN ................... f‘ .......... .
DOUBT... 4+1H %
REDRAW!
Leq do LYY ()C
o) : 2mH
@J ............................. - § mH

IDENTIFY ALL NODES
PLACE NODES IN CHOSEN LOCATIONS

&

S0

L, =(6mH ||4mH)+2mH =4.4mH

£ —— >




LEARNING EXTENSION |

ALL INDUCTORS ARE 6mH m
Q * o s
§ £ 6llclls
Leq m — AT
[c]
O—anns = —

KEEP IN MIND DIFFERENCE BETWEEN
PHYSICAL LAYOUT AND ELECTRICAL
CONNECTIONS

NODES CAN HAVE COMPLICATED SHAPES.

D

[B]D | SELECTED LAYOUT

2mH
L b

eq

omH

% omH

o O+ oo A0+ P e

o]
omH

L,=6+[(6+2)]6]=6+

66

48 24
—=6—m
14 7

L =—mH

eq =

O <]

GEAUX »




SUMMARY

e The important (dual) relationships for capacitors and inductors are as follows:

qg=Cv
L do(t) o dir)
i(t)y =C I v(t) = L %
v(t) = % L{:(t) dx i(t) = % L:r(x) dx
do(t) o di(r)
plt) = Colt) = plr) = Li)) <
Wa(t) = 1/2Cv¥(t) W, (1) = 1/2L*(1)

The passive sign convention is used with capacitors and inductors.

In dc steady state a capacitor looks like an open circuit and an inductor looks
like a short circuit.

Leakage resistance is present in practical capacitors and inductors.

e When capacitors are interconnected, their equivalent capacitance is determined
as follows: Capacitors in series combine like resistors in parallel and capacitors in
parallel combine like resistors in series.

When inductors are interconnected, their equivalent inductance is determined as
follows: Inductors in series combine like resistors in series and inductors in
parallel combine like resistors in parallel. L-C

RC operational amplifier circuits can be used to differentiate or integrate an
electrical signal. €] >




RC OPERATIONAL AMPLIFIER CIRCUITS

INTRODUCES TWO VERY IMPORTANT PRACTICAL CIRCUITS
BASED ON OPERATIONAL AMPLIFIERS

THE IDEAL OP-AMP

IDEAL:>RO =O,Ri:0<>,A:oo

<1 [ [GrAT >




RC OPERATIONAL AMPLIFIER CIRCUITS -THE INTEGRATOR

G,
]
J1
R, v Vi
A N Lo
+
V1 (I) Ct) - v,
s o
v, =0 L
vy — U d . 1 ("
R, + G (v, —v.) =i v,(t) = R.C, ._mvl('x)' dx
IDEAL OP-AMP ASSUMPTIONS —1 (!
v =y, (A=) N v, dvﬂ = R C v1(x)_ dx + !)ﬂ(f_l)
i =0 (R,=e) R, G 172 %

<] [> @




RC OPERATIONAL AMPLIFIER CIRCUITS - THE DIFFERENTIATOR

& O
_|_
+
0 .
O
v, =0
KCL@v_ @i +i) =i replace i, interms of v, (i, =——2)
IDEAL OP-AMP ASSUMPTIONS L5
_ 4= dv, dv,
v_=v, (A=) . Yo _ RC, =2 +v, =—R,C,—(¢)
, dpar=s == dt dt
i =0 (R;=co) R,
. i IF R1 COULD BE SET TO ZERO WE WOULD HAVE

o1t | AN IDEAL DIFFERENTIATOR.
vi(t)=Rii, + | i)(x)dx DIFFERENTIATE | IN PRACTICE AN IDEAL DIFFERENTIATOR AMPLIFIES
I oo ELECTRIC NOISE AND DOES NOT OPERATE.

, dv, THE RESISTOR INTRODUCES A FILTERING

i =C, 7(1‘ ) ACTION. ITS VALUE IS KEPT AS SMALL AS

t POSSIBLE TO APPROXIMATE A DIFFERENTIAT?? :
GEAUX

KIBIL=

RC, ﬁ +
dt




ABOUT ELECTRIC NOISE

ALL ELECTRICAL SIGNALS ARE CORRUPTED
BY

EXTERNAL, UNCONTROLLABLE AND OFTEN
UNMEASURABLE, SIGNALS. THESE UNDESIRED
SIGNALS ARE REFERRED TO AS NOISE

SIMPLE MODEL FOR A NOISY 60Hz SINUSOID

CORRUPTED WITH ONE MICROVOLT OF 1GHz
INTERFERENCE.

noise amplitude

. ———=10"°
signal amplitude

y(¢) =sin(1207¢) +10°sin(2x10° 7 ¢)

signal noise

THE DERIVATIVE

noise amplitude 2000
signal amplitude 120

%(t) =1207 cos(12077) + 20007 cos(2x10° 7 1) =16.67

signal noise

KIgL=

GEAUX »



LEARNING EXTENSION

INPUT TO IDEAL DIFFERENTIATOR WITH R, =1kQ,C,=2uF

-e:mm‘[
N-—- - - - -

10 vV
5107 s

m =

f(ms)

| ]

IDEAL DIFFERENTIATOR

dv
v, =—R,C, (¢
0 21dt()

DIMENSIONAL ANALYSIS
vV _V VXs

AQ/Q

Fzg:Qszs
V

R,C, =1x10°Qx2x10°F =2x107s

GEAUX »



LEARNING EXTENSION

CAPACITOR IS INITIALLY DISCHARGED

v (mV) &

20

INPUT TO AN INTEGRATOR WITH R, =5kQ,C,=02uF
INTEGRATOR

RC,=10"s

() =7y ()= [rr()de
1~2 0

DIMENSIONAL ANALYSIS
V V  VXs

J.*I[Er}'b 4 Q/ 0

Fzg:Qszs
V

t
0<t<0.1s:v,(£) =20x107> = y,(t) = jvl(x)dx=20x10—3t(V><s):> y(0.1)=2x107 (V' xs)
0

. — _3 t
0.1<t<0.2s:v,(t)=-20x%10 = y,()=y,0.1)+ jvl(x)dx=2x10—3_2O><10—3(t—0.1)(V><s)

v (V) &

() (.1

0.1

v, ()=

t
RC, Y,(1)

(.2 0.3 (0.4

<] > [GrAT >




LEARNING EXAMPLE
Vo

SIMPLE CIRCUIT MODEL FOR DYNAMIC RANDOM ACCESS
MEMORY CELL (DRAM)

-

Io
sense _1 Cout

amps

|

V1o
—a 0

CDI.III
1.5V 450 fF

C[:E]l
s0 fE [

3V

CELL AT THE BEGINNING OF A MEMORY
READ OPERATION

Cce]l i
50 fT™ Veell (£) CAPACITANCES

REPRESENTS CHARGE LEAKAGE
FROM CELL CAPACITOR

NOTICE THE VALUES OF THE

+

_ V.,>1.5V FOR CORRECT STORAGE
OF A LOGIC ONE

lt
v =v-~(0)+— |i~(x)dx
¢ =vc(0) COICU

‘ cell Ccell
_1.5(V)x50x107°(F)

" 50x1072 4
THE CELL MUST BE “REFRESHED” AT

A FREQUENCY HIGHER THAN 1/¢,

=1.5x103s

THE ANALYSIS OF THE READ OPERATION
GIVES FURTHER INSIGHT ON THE
REQUIREMENTS

SWITCHED CAPACITOR CIRCUIT <]

> [GrAT >




CELL READ OPERATION IF SWITCH IS CLOSED BOTH CAPACITORS
MUST HAVE THE SAME VOLTAGE

Vo /
O ASSUMING NO LOSS OF CHARGE THEN

THE CHARGE BEFORE CLOSING MUST BE
Cout Ceell EQUAL TO CHARGE AFTER CLOSING

15V T 450 fF 50 fFT> 3V Qpefore = 1.5V x450x107° F +3V x50x10™° F
- - Q ier =V ier X (500x107° F)
Vofier =1.65V

a

Even at full charge the voltage variation is small.
SENSOR amplifiers are required

After a READ operation the cell must be refreshed

<1 [ [GrAT >




LEARNING EXAMPLE

TRRARIIT

T

| ‘{“ 'l‘F 3 ’iﬁi‘kﬁ‘{h

S,

i ."q'..IFT?ﬂ

R AT
L Jiley

.mulinm.

e 1

"‘u’

¥y

-

.

‘éu

IC WITH WIREBONDS TO THE OUTSIDE

GOAL: REDUCE INDUCTANCE IN
THE WIRING AND REDUCE THE
“GROUND BOUNCE” EFFECT

_ FLIP CHIP MOUNTING

f———

A SIMPLE MODEL CAN BE USED TO

DESCRIBE GROUND BOUNCE

[GEaux >



MODELING THE GROUND BOUNCE EFFECT = (Gate current

WV 50 — Ground bounce [1 015 |
L ’ -
) 40 Jo10 E
; ) di ~ 30 1005 =
i) C‘, Vap(t) = Ly df (¢) ““E: ] e
-/ : = 20 1000 ¢
T — ] b
e . =
I | < 0 1-005 X
el o i _1 nl I :
ball '!‘1H|Z|r.- 40X10—3A 0 . 010 'E
m = 9 ] ’ o
Ly, =0.1nH - 40x107s : £
b ” - _IU i i I I | [ | I | I | 1111 _[}']5 [‘D

0 25 50 75 100 125 150

Time (ws)
IF ALL GATES IN A CHIP ARE CONNECTED TO A SINGLE GROUND THE CURRENT
CAN BE QUITE HIGH AND THE BOUNCE MAY BECOME UNACCEPTABLE

USE SEVERAL GROUND CONNECTIONS (BALLS) AND ALLOCATE A FRACTION OF
THE GATES TO EACH BALL




