Class 31: Outline

Hour 1:
Concept Review / Overview
PRS Questions — possible exam questions

Hour 2:
Sample Exam

Yell if you have any questions
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Exam 3 Topics

 Faraday’s Law
« Self Inductance

Energy Stored in Inductor/Magnetic Field
 Circuits

LR Circuits

Undriven (R)LC Circuits

Driven RLC Circuits

» Displacement Current
* Poynting Vector

NO: B Materials, Transformers, Mutual Inductance, EM Waves
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General Exam Suggestions

You should be able to complete every problem
f you are confused, ask
f it seems too hard, you aren’t thinking enough
_ook for hints in other problems
f you are doing math, you're doing too much
Read directions completely (before & after)
Write down what you know before starting
Draw pictures, define (label) variables

Make sure that unknowns drop out of solution
Don’t forget units!
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Maxwell’s Equations

(Gauss's Law)

(Faraday's Law)

(Magnetic Gauss's Law)

(Ampere-Maxwell Law)

F = g(E+VxB) (Lorentz force Law)
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Ampere’s Law: fﬁf} -ds = 1,1
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Faraday’s Law of Induction

dd

dt Moving bar,

entering field
P |
=—-N —(BAcos0)

dt 1 1

Ramp B Rotate area

Lenz’s Law: ImireLe

Induced EMF is in direction that opposes the
change in flux that caused it

£:¢Ewﬁ=—N
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PRS Questions:
Faraday’s & Lenz’s Law

Class 21



Self Inductance & Inductors
e SRy NO

LT v://\ [ =
| !
|
. ~ When traveling in
!\QA’ direction of current:
| dl
——g ! g — _L -
g ® Notice: This is called “Back EMF’

It is just Faraday’'s Law!
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Energy Stored in Inductor
1 2

Energy is stored in the magnetic field:

BZ

uB — . Magnetic Energy Density




LR Circuit

I Readings on Voltmeter
Ce ;\M a —Inductor (a to b)
. e Resistor (c to a)
L e—IR-1% oy

{é

t=0*: Current is trying to change. Inductor works as
hard as it needs to in order to stop it

t=w: Current is steady. Inductor does nothing.
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General Comment: LR/RC
All Quantities Either:

Value Value

Value o\

_______

PEE==0

Value(t) = Valuey,,, (I-e™")  Value(t) = Value,e "

T can be obtained from differential equation
(prefactor on d/dt) e.g. t=L/Rort=RC

P31-12



PRS Questions:
Inductors & LR Circuits

Classes 23, 25



Undriven LC Circuit

Oscillations: From charge on

R a b
WV }} ° capacitor (Spring) to current in
- c—/—= L inductor (Mass) 1
() —
NVLC
=0 I=1] [=lh =—")4
,:{;_Ct;: E? L g . £z 7 : éf
- N
[ = =0
IS \ J
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Damped LC Oscillations

R Q
A

MN

+|C
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PN
/ ol #
O

1 # % \
— . Fy —~
% £ ] F %
0 N
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z 8 : % i g
* 3 k] g3 4 yq - : o

Resistor dissipates WY
energy and system \L~
rings down over time “
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PRS Questions:
Undriven RLC Circuits

Class 25



AC Circuits: Summary

Current vs Resistance-
Element Vsl ' Reactance
Voltage
(Impedance)
Resistor | Vyp =1,R | InPhase R=R
| I, I
Capacitor | V,, =——= | Leads (90°) | X . =——
wC wC
Inductor | V,, =[,@wL | Lags (90°) X, =L

L32 - 17



Driven RLC Series Circuit

T 4+7VL 4>|<7V¢ _ % X
— WV Lo
R L C
(~O) [o VRO
\_/ |
Vs .

Now Solve: V. =V,+V, +V,

Now we just need to read the phasor diagram!

P31-18



Driven RLC Series Circuit

Ty A.FVL 4>|<7VC _ 5
R L C
Q(t) = [, sin(wt — @)
(~)
\_/

VLO ‘
~?,;
[O VR 0

VSO :\/VR02 +(VLO _Vco)2 :]o\/R2 +(XL _Xc)2 E]OZ

=Zso| |z =R +(X, - X,)’

Impedance

A;—xgj

¢ =tan ( P
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=~ 0

Plot |, V’s vs. Time

| /\ | /\ I(t)=1, sin (wt)
N2
/\ / N\ Vi ()=I,Rsin (wt)

NZE %

:\ /\ /N V(O =1,X, sin (or+%)

+7|:/ 2: \/ \
Tc/2

Ve(t)=1,X. sin (@t —%)

l
LB l N
.

V@)=V, sin (ot +9)

L L L i L L L I
) ~se=] 2

: X, -X
*e- Time (Periods) ¢ = tan”' ( L B ¢ j
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Resonance
/, Vy :

J =20 , X, =0oL, X.=——
0 Z \/R2+(XL_XC)2 4 ¢ C()C
1 On resonance:
C-like: . lgis max; X =X;; Z=R;
6<0 L-like: »=0; Power to R is max
[ leads ¢>0 |
I lags

al)o - 1/ LC 0‘) P31-21




Average Power: Resistor

<P>=<I*(f)R >
=< I sin’(wt — Q)R >
= I_R <sin’(wt — @) >
=1,"R(3)
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PRS Questions:
Driven RLC Circuits

Class 26



Displacement Current

—Q:ngoEA:gOCDE

Capacitors,
] g ) EM Waves

/
. 40

dt
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Energy Flow

. ExB

Poynting vector: S =
Hy

* (Dis)charging C, L
» Resistor (always 1n)
 EM Radiation



PRS Questions:
Displacement/Poynting

Class 28



SAMPLE EXAM:

The real exam has 8 concept,
3 analytical questions



Problem 1: RLC Circuit

Consider a circuit consisting of an AC voltage
source: V(t)=V,sin(wt) connected in series to a
capacitor C and a coil, which has resistance R and
inductance L.

1. Write a differential equation for the current in this
circuit.

2. What angular frequency
maximum current?

3. What is the voltage across the capacitor when
the circuit is driven at this frequency?

s Would produce a

P31-28



Solution 1: RLC

Circuit

Ve —— V. H|<*V¢—* 1. Differential Eqn:
R L C VS_]R_Lﬂ_g 0
dt C
ﬂR+Ldf '_d — Vs
@ dt dt* C dt
Vo=V, sin (wt) =V, cos (wt)

2. Maximum current on resonance: |@W




Solution 1: RLC Circuit

M e A e 3. Voltage on Capacitor
' ' ' C Voo =1,X,. Whatis |y, X:?
Vy V
I, = — (resonance)
)

v, =V, sin (o) Jﬁ \F

v. L | V= VCO(—cos(a)t)
RVC =V o sm(&)t—;)

Voo =1 X =

P31-30



Problem 1, Part 2: RLC Circuit

Continue considering that LRC circuit.

Insert an iron bar into the coil. Its inductance
changes by a factor of 5 to L=L .

4. Did the inductance increase or decrease?

5. Is the new resonance frequency larger, smaller
or the same as before?

6. Now drive the new circuit with the original ®,..
Does the current peak before, after, or at the

same time as the supply voltage?

P31-31



Solution 1, Part 2: RLC Circuit

4. Putting in an iron core INCREASES the
inductance

5. The new resonance frequency is smaller

6. If we drive at the original resonance frequency
then we are now driving ABOVE the resonance
frequency. That means we are inductor like,
which means that the current lags the voltage.

P31-32



Problem 2: Self-Inductance

turns/mete
3numm¢r4 g

n turns/meter

The above inductor consists of two solenoids
(radius b, n turns/meter, and radius a, 3n
turns/meter) attached together such that the
current pictured goes counter-clockwise in both of
them according to the observer.

What is the self inductance of the above inductor?
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S

Solution 2: Self-Inductance

LN Inside Inner Solenoid:

g — —

D @A E <ﬁB'Cl’S=1'3l=,uo(nlI+3nl])
g § 3 = B=4u,nl
3 § 8 Between Solenoids:
g 3182 B = uynl
ol ROl
g o U =3 «Volume

o U

2 2

Z 3£ = (44n] ) wa’l+ (#1]) ﬂ(bz —az)é



Solution 2: Self-Inductance

B
> RRERREE

3 (o0l
2 0@ U= a ﬂ€{15a2+b2}
o 20,
o 2
o U=L1LI
©
; ()
QR |=>L="" ﬂ€{15a2+b2}
P L

3
! Could also have used: L = N—(D

1
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Problem 3: Pie Wedge

Consider the following pie
shaped circuit. The arm is
free to pivot about the
center, P, and has mass m
and resistance R.

1. If the angle 6 decreases in time (the bar is
falling), what is the direction of current?

2. If 6 =06(t), what is the rate of change of
magnetic flux through the pie-shaped circuit?

P31-36



Solution 3: Pie Wedge

1) Direction of |7

Lenz’'s Law says: try to
oppose decreasing flux

| Counter-Clockwise|(B out)

—

2) 6 = 0(t), rate of change of magnetic flux?

27 2 dt dt dt 2

2 dt

2 2
A:ﬂ_az(ijzﬁa d(DB:i(BA):BdHa

P31-37



Problem 3, Part 2: Pie Wedge

3. What is the magnetic force on
the bar (magnitude and
direction — indicated on figure)

4. What torque does this create
about P? (HINT: Assume
force acts at bar center)

P31-38



Solution 3, Part 2: Pie Wedge

B — 3) Magnetic Force?

©
dF = Ids xB F =1aB
;£ _1do, -1 Ba® d6
R R dt R 2 dt

2 3

F:Ba ao (Dir. as pictured)
2R dt

4) Torque?

2 4
i ixF o= p =29 991 (outof page)
2 4R dt

P31-39



Problem 4: RLC Circuit

— VYV The switch has been in
_m;_g)m position a for a long time.

T > The capacitor is uncharged.

C
|
|

1. What energy is currently stored in the magnetic
field of the inductor?

2. Attime t = 0, the switch S is thrown to position
b. By applying Faraday's Law to the bottom
loop of the above circuit, obtain a differential
equation for the behavior of charge Q on the
capacitor with time. P31-40



Solution 4: RLC Circuit

<o 1. Energy Stored in Inductor
—AWW—|
o /L 1 1 (eY
o . U=—L12:—L(—j
g TD 2 2 R
|-
*Q 2. Write Differential Equation
2
—Ld]—Q:O ]—d—Q:>LdQ+Q:O

P31-41



Problem 4, Part 2: RLC Circuit

<o 3. Write down an explicit

I
VTR solution for Q(t) that

: 7 satisfies your differential
equation above and the

I1° T Initial conditions of this
” problem.

4. How long after t = 0 does it take for the electrical
energy stored in the capacitor to reach its first
maximum, in terms of the quantities given? At that

time, what is the energy stored in the inductor? In the
capacitor?

P31-42



Solution 4: RLC Circuit

3. Solution for Q(t): QO(t)=Q, .. sin(wr)

P £ eNLC

—| o =1, = =
LC Qmax 0 R — Qmax R

4. Time to charge capacitor

=2 _oxJIC =1 —%:”“ZLC

Charge
Q

Energy in inductor = 0 5
Energy in capacitor = Initial Energy: U = lL(fj



Problem 5: Cut Circuit

Consider the circuit at left: A battery

(EMF €) and a resistor wired with
very thick wire of radius a.
At time t=0, a thin break is made in

the wire (thickness d).

1. After atimet =t, a charge Q = Q,
accumulates at the top of the break and Q
= -Q, at the bottom. What is the electric
field inside the break?

2. What is the magnetic field, B, inside the
break as a function of radius r<a?”?

P31-44



Solution 5: Cut Circuit

1. Cut looks like capacitor.
Use Gauss to find electric field:

{PE-dA = E4= Cuve _ 04
80 80

P31-45



Solution 5: Cut Circuit

k= on 2. Find B field using Ampere’s Law
Ta'g,
dd, d , dE
=g, —L =g —Enr’=¢gnr’—
+Q dt " dt dt
0
_ » d [ O, _ r dQ,
..(:2() - égi);7zrlﬂ 7 - 9
dt\ ma“g, a” dt

<J5]§-d§=327zr:uo(]enc+]) w,l, = U, r2 dc%

;uo r dg,
ordd dt

clockwise

P31-46




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


