today: dc circuits

mostly current &
resistance



At







RENTAMIN FRANKUINT?
[ YES?
T BRING A MESSAGE
FROM THE FUTURE!
T OONT ‘HAVE MUCH TIME. WHAT IS 172

THE CONVENTION YOURE SETTING
FOR ELECTRIC CHARGE 1S BACKWARD,
THE ONE LEFT ON GLASS BY SILK
SHOULD BE. THE NEGATNE CHARGE.

WE WERE. GOING TO USE THE TIME MACHINE TO
PREVENT THE ROBOT AFDCALYPSE, RUT THE

GUY WHO BULILT IT WAS AN ELECTRICAL ENGINEER.

not so funny now.

just wait ...









I = Cause/Resistance

I 1s the current, or flow rate,
describes different scenes:

(a) Heat flow
through
a wall

(b) Charge
flow
through
a wire

(c) Fluid
flow
through

a pipe

L

Resistance R
has the same form in most cases,

R=pL/A



Transport what? Heat Electric charges Displacement Volume of fluid

of a molecule

in a fluid
Current form [=-AT/R [ =—-AV/R v,, =1=-AP/R I =—-AP/R
(items/second)
Current units J/s or W C/s or m/s m3/s

amperes

Resistance form R=pLlA R = pL/A R=pLlA R = pL/A?
Detail of p p = 1/heat p = electrical p=6nm p=8nm

(resistivity)

conductivity

resistivity

battery = pump
voltage = pressure
current = flow
resistor = constriction
capacitor = diaphragm / flexible reservoir
diode = check valve
inductor = paddle wheel













real V source = idealV source + R

=

:
A
m
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actual circuit has a parasitic r
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R in series with output
(“‘steals’ V)



real current sources

current source

R in parallel with output
(“‘steals” 1)



series resistors: conservation of energy
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voltage divider

v R V. signal

R in ' signal
2 volume =~
7 out
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parallel resistors: conservation of charge

AV =AV,=AV
R>

1 ‘/\RN\F
'I'la b
i

|
+|I-
AV

Two Resistors in Parallel:

1 1 1

—_—= — 4 —
Izuq Rl R‘Z
Three or More Resistors in Parallel:

1 1 1 1

—— = — 4 — ...
Rq R1 Ry Rs

current divider
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rank the currents




more complex arrangements

@ h+h=l (b)

R2:3
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measuring voltage

b)

]
R -’T R

__\/\/\/\/__
208

 INCORRECT ! CORRECT




real voltmeters
(b)

ideal
meter

real
meter



measuring current

a) |
3
I T R
AN
Tos

b)

7]

CORRECT



a simple ammeter

1

Rprecise



dc Circuits, part |l

same thing, just more of it
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Thevenin equivalents

This image: Horowitz & Hill, The art of electronics

Vi =V (open circuit)

P V (open circuit)

0—'\/3‘»—|I||-0 Rth —

| (closed circuit)

|
V, vI_,,
any combination of R’s and V’s
is equivalent to a SINGLE R andV

disconnect from red dots = open circuit voltage
short red dots, current there is closed-circuit current.

(Norton equivalent: a single | source in parallel with R)
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series resistors: conservation of energy

| |
+ i
AV AV

Two Resistors in Series:

source voltage =
sum of voltages
on resistors

RN=R1+R2

Three or More Resistors in Series:

RL.Q=R1+R2+R3+...

The current through resistors in series is the same.
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parallel resistors: conservation of charge

AV =AV,=AV
R>

1 ‘/\RN\F
'I'la b
i

|
L
AV
Two Resistors in Parallel:
S
R Ry

Three or More Resistors in Parallel:

AR
<Rteq Rl R2 R3 g

source current =
sum of currents
in resistors

current divider
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so what!?

real sources = real meter =
ideal sources + R ideal meter with R

\'

what about
ammeter?
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V source loading

AVIoad — V - Ir
v for I € Rioad,
load AViead =V
r
source I V source wants R high
extra series one solution:
resistance large resistor in parallel with load
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| source loading

Iload = rrTR

0 RIOGd for Rioad & I,
|

lioad = |
/ lioad
source
extra parallel | source wants R low
resistance sourcing currents at high Ricad is hard
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measuring the meter
) 3

Rload Req

real ideal
meter meter

AVIoad — IReq — |_|_P|\R/rl Rload L1 AVIoad IR
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summary

voltmeter wants R low!
can use a buffer/follower ... later

| source wants R low
transformer pre-amp
consider sourcingV

V source wants R high
large series + parallel resistors
present large R
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Sourcing current

This is what a hand meter does.

Why is it no good!?

wires

thing

wires = | ( Rthing + 2 Rwires)

meter

"ENTER FOR MATERIALS FOR INFORMATION TECHNOLOGY
THE UNIVERSITY OF ALABAMA ( o ) ‘T\n(N\SF Sc?clzco and(Enginzcrin;T Cén(tor



Sourcing current, properly

Rwires . <v>
! Rthing
N\

- Rthing < Rinternal

Ruires or add buffer

No problem.
You just need four wires.
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Sourcing voltage

Rwires
Rthing

R

<
[

wires

Still have to measure voltage on device
the wires still use up some ofV
What about current?
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Sourcing voltage better

Vs == R

Rs Rthing |:-®
P\wires ( : )

R=AV/I =
R

precise
Note we need 4 wires again —

current meter - not hard _@_

still problems!?
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source/meter resistances

voltmeter wants R low
butV source wants R high

need buffer/amp onV meter
resistor in parallel with source

if V source is problem, R is too low
consider sourcing |
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what if | want to measure a *really* high R?

thing

R

wires

source voltage

VS Rwires
R € :
R, has same voltage as Rihing s S Rthing
R: has same current

2. 3
have done >10!'Y Ohm —@—
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what if | want to measure a *really™ low R?

Rwires
J Rthing

)
R

wires

this works just fine ...

so long as your V meter is good or you can tolerate large |
v.good amp / part of a bridge

THE UNIVERSITY OF ALABAMA



what if | want to measure a small change in R?

R;3 balance bridge to V=0
detect small changes from null

V. ==
| R = ANMMAMN-
R> R«+dR ~ R;
make R;-R3 about the same
trimming resistor on R; = dR
v ( R, B R- ) V. R, — R3Ro
R3+R; Ri1+Rs R,
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Rules for analyzing
more complicated
circuits
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() T
AV = Vp-Vo=-IR
|
(b) T
AV = Vp-V,= +IR

(c) ] ‘+
ae |‘ ob
AV = Vp-Vo=+&

E

(d) "
ae | ob
AV = Vp-Vo=-&E
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(2)

(b)

AV, ——

W\ % VWWN—
W—1
R 8 R3
VWV VWV
R4 + l
131 AVz S
R2 - AV3
WAN—
b



capacitors

Definition of Capacitance: the capacitance C is the ratio of the charge stored on one

conductor {or the other) to the potential difference between the conductors:

_ Q|
C=jav]

frequency-dependent resistor
| and V are 90° out of phase
can’t dissipate power, ideally

_dQ _d(CV) a4V
dt dt ST dt

I

Capacitance of a parallel plate capacitor:

A
d

where d is the spacing between the plates, and A is the area of the plates.

(Jl—'t’.g

(4.12)

V+

THE UNIVERSITY OF ALABAMA

CENTER FOR MATERIALS FOR INFORMATION TECHNOLOGY
An NSF Science and Engineering Center



combinations of capacitors

C
+

C

G

Qi

— —

Q:

C«,=C1+C2

| |
| I

Qu=Q +Q

oy =

AV

(b)
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capacitors with stuff inside

Dielectric. K
elecC I"IC\

Co Qo

AV = Ao _ AW

2% €

T
- +
o C— Qo  KQo
AV AV,
Parallel plate capacitor with a dielectric between the plates:

A A
C= msoi = e,eoE {4.29)

the dielectric increases the capacitance by a factor k, the dielectric constant. The dielectric
constant is also written €. sometimes.
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rc circuits

=5

1.6-

C 1.4-

125

1.0-

\)

0.8-

R

0.4-

0.2-

0.1-
2000 1500 -1000 500 000 500 1000 1500 2031

S Time (sec)

Time constant 7 of an RC circuit:
v o e-T/ RC = RC (6.27)

This gives 7 in seconds [s| when R is in Ohms Q] and C is in farads [F].
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RC differentiator

C
|
O—l O
vin ( t) | R % vout ( t)
? I
d V
I[=C (Vin=V)= 5
for small RC, V(t) ~ RC%Vm(t)
Vin V
Cw ~R
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RC integrator

dV Vi =V
I=C% =&
1 t
for large RC (V < Vi) V(t) = 70 / Vin(t) dt 4 const
av. _ Vin
“# R
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so what!

filtering of signals

unintentional capacitive coupling
see from waveform shape

more later
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acC resistive circuits

() I

Vee Vg cos R= nothing earth-shattering happens

except P is lower than you expect
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ac capacitive circuits

o ! | andV 90° out of phase
average power is ZERO
Vo Vo sin ot C —
! frequency response!?
o, insulating at dc

conducting at high f

voltage “lags” current
1 -1
iwC  2mifC

7 —
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filters

low-pass high-pass

R C
vin _'V‘N‘T vout vin _l vout
T C R

I
— —
low-pass filter = 193lit 228q-wol =
I . ; . ; ; ; . ; ; . (]|
Aol T frequency cansupat Thom 7,
i [}
00 di” “Hl 10,5
Ik . - 401
Slope; -20 dBidecade | | ol 05- ol

e |l 2

a0 b 1 ] . 1 -
3dB at w = —
an b w RC : - 1 0w

4 -

Ciain (dB)
Cmuige)

-5 F 4 3 4 (2
Passhamd Stophand binelepaned Bt
'{ﬂ:l i i 'l i i i i i i i :?‘_-'"
(0] 0,00 0l | 1] (L] L] (L1 (] ] | .0 10 | CH N
.-'I.||!_'1|'I;|:r frequency (s p {=\an) wamsupsl 'I:Iirqu_llur'.
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familiar?

R C
vin _"V‘N'T vout vin _l vout
T C R

low-pass filter high-pass filter
frequency domain
¢
time domain
integrator differentiator

t
V(t) = % / Vin(t)dt + const V(&) ~ RC 5 Vin()
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high-pass




low-pass




audio crossovers

series tweeter series tweeter
| = 5
Vin N, — § ) Za §
audio input 1T @ | <
L %
barallel barallel

19]199M]

19]199M]

.
19Joom

ok

13Joom

vin |
audio input VWA “
=



mn

/'V.

out

1.0
0.8

0.6 -

R =1.0kQ, C=0.01uF
— high pass
low pass
series combo

2.0x10" 4.0x10" 6.0x10" 8.0x10* 1.0x10
f (Hz)



[V

out

1.0

0.8

' R=1.0kQ, C=0.01uF
- — high pass
0.6 low pass
i series combo
041t




0.11

>'” I

~_ 001
><:>

1E-3 |

1E-4 |

10

10

10

2

R =1.0kQ, C = 0.01uF

3

10

high pass
low pass

series combo

4

10
f (Hz)

10

5

10

6

7 8

100 10

dB/decade ...



o ¥ ek Today:
PSSl asv - amplify photodiode signal
+input i + E output
15V E V. "l E

741 pinout I OOI(




