


Charges in motion

< Potential difference VV > Metal wire
—r D <—— E really
T ‘_@ — charged e
N , @ ‘_@ , @ moving but
ML — define like +

cross-section

charge Aqg flows through in At

| = ale coulombs
— current = —ampere
At sec
Pb+S0,2 = PbSO+2 ¢ Electric Potential Source
PbOz+SO4'2+4H++|2e' = PbSO,+ H,0 Battery — dry cell 1.5V
e —
— ‘ Hg cell 1.35V

|

Chemical energy —— electrical energy

I | (+ current by def.) 3.1




e - : electrical registivity -
n qT A : p =
\ . p R N | | nqt_
é) L | marerial's reluctance
- il " to current
b A] I

voltage resistance current

L.
- 5
I—:é) (}—»1
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Vv
]
V=10 | theory.
! V=Yt v,
Voltage Vs Curent
®for 10 Qresistor 7 add lalferes 4 make
I T S S 7 B V,/ B
T e . =
£ 4fiotheory I b [b hm's Law
S 1V |
2Ly =T
>3 0.1A [
33 OSSO SO SN SOOI UOS SRS ST SO f “
70 N T N R = res/steace (OA”‘S J JL
""""""""""""""""""""""""""""""""""""""""" [ ressto
o i i i i i b
0 01 02 03 04 05 06 0.7
I (amps)
units | e = R »
e
a2 = V - VC = 3' s c.c.. (ka s -
A < - =) = 8=
Se e sec C*

Example: 10 Q resistor 5
V=IR = 1(10) : ( +

Rtﬂn&seu v Lah‘w/ wth  pe ‘e fura

I” l;
TL _M;V_JT
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Electrical Measurements
“Amp” meter (very little resistance

(A
I | D
= Volt meter (very large resistance)
IR | | lé R (V) (draws ~NO current.)

D E—

DC (direct current ) multi-meters measures volts & amps.

Don’t make a mistake on settings! [especially don’t try to measure V on amp setting]

R Many meters also measures R Q)

N

Vbattery = IR

(A) T——Measures | for known Vpat SO..

I R — Vbat

V
meter Vbattery 3-4




Power disipated to heat in resistor 0o
}-—————-V ﬁi V‘o//a;,e.- V=IR %
}:-_;; —_— g ._..-"'i'=-‘;=|2R ;
ol T = A44e ;
8 Gh med e AP s A
L n 0 W) T i U
L;/mé va w=z AR vV, (ﬂ‘;a At‘a e
in movingy Q@ acress |/ Units of power
” P=1V
= AW = A& V => JD:I/ [ C J J
3 At 0t L 4 | AV = =
powe r vl L \sec \C/ se
of&/é',M I ,
CS./;ec.): watls 2w Rk wlSo- =waitts
but V=2 TR ss Pz I&%}:}/I"ﬂzﬁ{
I 4/50“ |

abe T Y 5o - (B >}L ﬂ]

-~
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_Pawef‘ Exa-/(ﬂ- ‘.\ or P - 7{!-2,
4~ o /j—?f W S 4
Limdt Y wlaen A OK F= v~ _I
g P= T *p B gt B ;
2 _ - e a
Lot o ol s ,T‘OL C‘i)
o.5s (W = T* (roa) Swae) =v®
- J
2 - w
I "= op.os Z_;:_ (_f__;)
S ¢
r = OC.09% [
/ pes ] ‘ (.;.rg:;_
~ : S L
';’*"f e /;3_1_ -
£ < 2.2 = = V
5 . sl
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Circuit Analysis Kirchhoff’s Laws

Conservation of current charge

.Il \\/. ~ Il+ |2'|3:O
|, out
L a

In . :
In In out
In
The sum of the currents into any junction must equal zero.

(charge does not build up). (+=In -=out)
You can choose any direction for I, just stay with your choice throughout.

Equivalently
|
-~ \\o — |t 1L=1;
// 1 out
I2

In : :
In In_out

In
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Electric potential energy conservation

e T he sum of the potential difference around any closed loop is zero!

A b X
FU tY, =0

F->-~~-.,~. V"b s ng Vda
iO Q;) s T Ty That e
et | Wt Ve t Yl 1Y, 7O
A C y L

V‘.L* bx

4 b x Equivalently
Vcdab: chxb: Vcb

o Potential difference between 2 points

| same for all possible paths !
J c Y 3-8




Resistors 1n Series

A
_‘<I_
e 1} V.= I R,
—
ll } V,=IR,
_ B
In general

V=V, +V,+..+V. = IR,

Reff

=R, +R,+..+R,

| same everywhere

V=V, +V,
V=IR+ IR,
V=1[R+ R;]
V=1 R
Rerr= Rit R,
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Resistors 1n Parallel

| V=1, R;= 1, R,
[ | \ .
- Il — RZ
V— RS =Ry R .
| V
glll TIZ ) Ilzl I2:R_
I l R, ?
‘I—I +|2‘ I—V+V=V[1+1]=V
Rl RZ Rl RZ Reff
In general vV ; —
1 1 1 1 1 eff S
=[—+—+—...+—]
I Reff R1 RZ RS Rn } 3-10




Example:

1OOQ§

= 330

R reff— - =7

l:[l

|
1.,.1

R, 100

e

=3

_I_
337 Q

1
=[01+.03]{ }

Example: If 2A=1, what Is 133 & 15,7

I100+ I
1_ 1 =133+ 1,
R0 =1,,(1.3)
R =+ =102 =.25007 2 o =223
04 4 133 38 By 2
R, =250 | -
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3
o= 2A - L5A= 0.5A

V =114 (100)= 155(33) = gy=ly

What is | in each
leg?

B3,

=1.5A



Symmetry approach < @-— ~
for = parallel R’s

B
= {
N PL’:}A rJ % K ;" // ‘ "‘/W\—'r 5
{ TR
s R |
o E—— ; :
Ress = ? ;
—?wv\.—-..
I sees n  palhs  all Mo sama R
—onn—|
ST ..:_E_. /fn each /4/1\ : ﬂ ';
a . (1)
=
V= = R

[ ] d ( 3-11a




In general current ratio Ry

| W | small R larger power dissipated
— 1_> —> Owr QXam
5 — Q— -C." = A
W
R, 5'AJ/ (o0 33 J/ @/ cA

I, R R
R1I1:|2R2 — = — |2: 1_1 \.
L R, R, I,’ e, = U8 3>

|, R, Ratio of current | 2., = 225033)

L, R, inverse ratio of R. = 74.25
(” S-fy s Watts

P _ |22R2 &: R2 (Rl )2 .Q-g- (60 H) .

Pl |12R1 Pl Rl RZ ' 7_5— ”

P, R, Ratio of power

P, R, inverse ratio of R.
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R ¢ In parallel-general observation
R,=1000Q2 R ,=100

1 _ 1 1
1 1 N 1 11 R Ry R
R, 1000 100 1000
Reff_lOOO —910
| 11

R, big R+ A little less

R, small than R, (small).
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Capacitors Series

_Q 1
Vl_Cl _--_--Q
V| #=5 +
v-& |
CZ
V \/_|_\/2_)\/_Q_|_Q2 equal charge Q !
1 CZ
1 1 1
V=Q (T +)=Q—
Cl CZ Ceff.
1 1 1
Ceff Cl Cz
In general: i 1 1 1 +
C. C C2 C3 3-14



Capacitors Parallel

equal voltages Vs !!!

V Ceir = Quor.= Q11Q;

V C+=VC,+VC,
Cer=C11C,

Parallel capacitors add in general

(opposite from resistors)

like just increasing area of C
3-15



Example: 1 1 1 1 1
1 s )()
T 104 Cr, 10 15 5.0 pf
1 1 2 1
- =(1+=+.2) —=(1+—+.2) —
—— s u ( 3 )uf( > )uf
T 504 2 1
=(1+.66+.2) —
uf
i:1.86i C. =0.54puf
Ceﬁ Hf
Example:
1.0 uf
15 uf

5.0 uf

C... =(1.0+1.5+5.0)(uf)=7.5 pf
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Exponential Function i
.I: (t) _ e_; ~ 0.8 f{t'.'t)= a-tit
= time constant r 0§ /
T 0.4]
1/e —= [
fit=r)=¢™" =1/e=1/2.718 02 e
df 1 o5 1 15 2 25 -------- e
=-—f ‘P t/t
dt T t=1
df _ 1 a _ 1 _
dt T
Af 1 __t f(t)=¢e -
or =-—f In(f)=-— (t) =
At T

3-17 |Note: gen.soln. f(t)=f, e * (f,= constant)




Time varying electrical current Example: Capacitor discharge

t=0 close switch

OZVC +VR Q>0
+Q t=0 Q:QO t = O
Q dQ

0==+IR =%

Q c "X Fa

0.8} Q=Q,etRC <

PP —— .

0.2] T

Q, 9 _,

dt

[RC]

=R C=time constant

Q=[] e~
t=0

Q=Q, = [?]= Q,

=.Q=Q,e R¢

Recall IR= = - [=-—~—
C

Q Q

L ; L L L L :
o 0.5 1 1.5 2 25 3 3.5 4

b} tht t=RC

Q,/RC—='f,

08|

= 08|
04
1/e == |
0.2l
0
0

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

. i .
05 1 1.5

RC

2 25 3 35 4

$

t=t=RC

it 1=RC



t=0 close switch. Capacitor Charging A

R I |:_Q
/ B valr +2 -0 Again: At
v L —C C
il A A
_QR+Q:V:> Q+Q:V:>dQ+Q:V
At C At RC R dt RC R
Very similar to before but not identical
t=0 Q=0: t=oo I=0 VC—=1
le. Q, =VC " P
08| ""‘"---. — t'RC
Q =VC (1-eRLC) ) ° 0.4/ Q=VC(1-e*m)
| = - Q _|_V :_X(]_-e_R_C) + X Dc:: 05 1 15 2 25 3 35 4
RC R R # tht T=RC
t=1=RC
| Xe_ % '
R
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Appendix I: Temperature dependence of resistivity & superconductivity

W%/%nces

through
+ atomic posmon (+ lons) vibrate)

eScattering of e~ creates resistance to forward motion.

® Resistance IS enerqy Ios§ mechanism
~amotion —— heat

vibrating

Heavy atoms scatter ilttle e strongly
when atoms are vibrating (at finite T).
e Atoms vibrate less at low T

— Less electron scattering
_» Lower resistivity

Resistivity ((2-m)

100

80

60

40

20

Iron

Nickel

“ Manganin

P g @ @ » Pl atinum

o
TG T

200 400 600 800 1000

Temperature (°C)
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Super conductivity R = 0 at critical temp. T.in some materials
1911-Hg T.=4.2K
~ 1) 2 e attracted to + ion
1950-1970 NbsSn Te=23K 5y effective attraction between e

1989 Y,Ba,Cu,0, T,=95K 3) e-€ pairs form
_ 4) pairs don’t scatter so no resistance
T.=121 K highest yet!!!!

e e’
attractive\® ““attractive

3-1-2

An infinite number of mathematicians walk into a bar.

The first one tells the bartender he wants a beer.

The second one says he wants half a beer.

The third one says he wants a fourth of a beer.

The bartender puts two beers on the bar and says “You guys need to learn your limits.”



Appendix Il: Formal Kirchhoff's Laws approach/concepts

Rules /fl
junctions ; ' junction sign convention
— \N\ +in :: - out

(or opposite
I-I,-I,:0%

your choice but stick to it)
current conservation !!

OR |I=1;, +1,
= no charge build-u

Resistors: magnitude and sign convention
loop

>
_W
-IR |—
+IR <—| = €erot
3-11-1 A



Rules
Battery sign convention J_T_ +l, Y | +T +V

Voltage drop around loop = 0 (Energy conservation !!)

w“:.), ,Ira/; arenny /oc’

N 7

|

’

= V=g




g—nr fe fr'*.ﬁ f'lj;'jjlgrj
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Resistors in parallel

C o A Censer s,

C -7 —I,,--cﬂj

. ‘ +_]_ ‘
B — ™
e On §

I:I,flﬁ_,_ L)
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